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Abstract

Together with ongoing experimental efforts to detect gravitational waves, several fronts of theoretical
research are presently being pursued, including second-generation detector design, data analysis, and
numerical-relativity simulations of sources. This thesis presents a study in each of these topics: i) The
noise in the most sensitive frequency bands in second-generation ground-based gravitational-wave
interferometers is dominated by the thermal noise of the test masses. One way to reduce test-mass
thermal noise is to modify shape of the laser beam so that it better averages over the thermal
fluctuations. When edge effects are neglected, the test-mass thermal noise is related to the beam
shape by simple scaling laws. This thesis presents a rigorous derivation of these laws, along with
estimates of the errors made by neglecting edge effects. ii) An important class of gravitational-wave
sources for space-based gravitational-wave interferometers is extreme-mass-ratio inspirals (EMRISs).
These are binaries in which an object of a few solar masses spirals into a (typically million-solar-mass)
supermassive black hole (or, if any exist, other type of massive body). Ryan (1995) proved that,
under certain simplifying assumptions, the spacetime geometry is redundantly encoded in EMRI
waves. One of Ryan’s assumptions was negligible tidal coupling. After first finding that only the
time-varying part of the induced tide is unambiguously defined when the central body is a black
hole, this thesis extends Ryan’s theorem by showing that both the spacetime geometry and details
of the tidal coupling are encoded in EMRI waves. iii) Merging black holes with comparable masses
are important sources of gravitational waves for ground-based detectors. The gravitational waves
near the time of merger can only be predicted by numerically solving the Einstein equations. Initial
data in numerical simulations must contain the desired physical content but also satisfy the Einstein
constraint equations. But conventional binary-black-hole initial data has physical flaws: a nonzero
orbital eccentricity and an initial, unphysical pulse of spurious gravitational radiation. Using the
Caltech-Cornell pseudospectral code, this thesis develops and implements methods to reduce both

of these effects.
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Chapter 1

Introduction

The direct measurement of gravitational waves promises to give us an unprecedented tool for observ-
ing the universe. Gravitational waves can be used to directly probe systems in which gravity is very
strong and (consequently) the spacetime geometry is strongly warped. These systems include both
the calm (e.g., a steller-mass object spiraling into a supermassive black hole) and the most violent
(e.g., two black holes colliding, releasing a significant fraction of their mass as gravitational waves).
Some systems (like colliding black holes) emit tremendous amounts of energy as gravitational waves
without any electromagnetic signature.

Over the past three decades, a great experimental effort has worked toward the goal of using
gravitational waves to probe experimentally such strongly-gravitating systems. Ground-based de-
tectors including LIGO [1], VIRGO [2], GEO600 [3, 4], and TAMA300 [5], are presently searching
for high-frequency (~ 10 — 10* Hz) gravitational-wave signals; in particular, LIGO is nearing the
completion of a year-long science run at its design sensitivity [6]. A planned upgrade of LIGO (“ad-
vanced LIGO?”), for which funding will begin in 2008 [7], will increase the event rate by a factor of
103. In the next decade, the Laser Interferometer Space Antenna (LISA) [8] will detect low-frequency
(~107* — 0.1 Hz) gravitational waves.

In parallel with the experimental program, theoretical investigations are being pursued on sev-
eral fronts, including i) maximizing the sensitivity of next-generation gravitational wave detectors,
ii) recovering the physical information that is encoded in astrophysical gravitational-wave signals,
and iii) using numerical relativity to simulate highly nonlinear sources, such as the gravitational-
waveforms emitted by colliding black holes. In this thesis, I describe investigations in each of these

three topics:

e Reducing test-mass thermal noise in advanced gravitational-wave detectors. In
advanced LIGO’s most sensitive frequency band (~ 40 — 200 Hz), the sensitivity is limited
primarily by test-mass thermal noise (e.g., Fig. 2 of [9]). The test-mass thermal noise is

manifested by random fluctuations of the shape of the mirror face. One way to reduce this



2

noise is by changing the laser-beam shape so that it better averages over these fluctuations.
In Sec. 1.1 and in Chapter 2, I discuss and derive simple scaling laws that determine how the

test-mass thermal noise depends on the beam shape when edge effects are neglected.

e Probing tidal coupling using gravitational waves. A primary objective of LISA is
to probe, with high accuracy, supermassive black holes (and, should any exist, other kinds
of massive central bodies) using gravitational waves from smaller inspiraling objects (such
as neutron stars and small-mass black holes). [Such gravitational-wave sources are called
“extreme-mass-ratio inspirals” (EMRIs).] Specifically, LISA will measure i) the central body’s
spacetime geometry (metric), ii) the details of the small object’s orbit, and iii) the tidal coupling
between the small object and the central body. Recovering this information in practice is one
of LISA’s data-analysis challenges; this goal was motivated in part by Ryan [10], who proved,
under several simplifying assumptions, that the full details of the central body’s spacetime
geometry are encoded in the EMRI waves. One of Ryan’s assumptions was that tidal coupling
is negligible; in this thesis, I consider how to lift this restriction. First, in Sec. 1.2.2 and
Chapter 3 I consider how to describe tidal coupling when the central object is a black hole.

Then, in Sec. 1.2.3 and Chapter 4 I extend Ryan’s analysis to include tidal coupling.

e Reducing eccentricity and junk radiation in binary-black-hole simulations. Gravi-
tational-wave detectors such as LIGO and LISA need accurate predictions of the gravitational
waves they are likely to see. These predicted waveforms will serve as templates in the LIGO
and LISA data analyses. One of the most important sources of gravitational waves for LIGO
is the inspiral, merger, and ringdown of two binary black holes of comparable mass. The
gravitational waves before and after the merger can be computed using perturbative methods;
however, near the time of the merger, the spacetime is so strongly and dynamically warped that
the waveforms can only be predicted by numerically solving the Einstein equations. Numerical
simulations of binary black holes begin with the choice of initial data. In this thesis, I will
discuss how, with improved choices for the initial data, binary-black-hole simulations can be
made more physically realistic in two ways. In Sec. 1.3.2 and Chapter 5 I describe how to
reduce the orbital eccentricity. Then, in Sec. 1.3.3 and Chapter 6 I describe how to reduce
the amount of junk radiation (i.e., spurious gravitational waves) present at early times in

binary-black-hole simulations.

The remainder of this introductory chapter summarizes the investigations listed above. Further

details are given in subsequent chapters.
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1.1 Reducing thermal noise in advanced gravitational-wave
interferometers

A gravitational-wave interferometer such as advanced LIGO measures two perpendicular arms’ dif-
ference in length. At each end of each arm is a test mass (i.e., a mirror). If mirrors 1 and 2 are in

one arm, and mirrors 3 and 4 are in the other, then the interferometer measures

h=1(g1—q) — (g3 — a4)]/L, (1.1)

where q1 2,34 are the positions of the four test masses and L is the length of each arm. Ideally, h =0
in the absence of a gravitational wave. When a wave passes through the detector, the lengths of the
two arms change, giving a nonzero h(t) as a function of time t.

The actual measurement of h includes both the gravitational-wave signal and noise. Reducing
the noise power (i.e, the spectral density, defined below) by a factor of n? is equivalent to increasing
the maximum range of the interferometer by a factor of n. The total volume of space seen by the
interferometer (and thus the event rate of the detector) then increases by a factor of n3.

For frequencies f ~ 40 — 200 Hz (where advanced LIGO is most sensitive), the noise is dominated
by thermal fluctuations in the test-mass substrates and coatings. There are two types of these
fluctuations: Brownian (in which thermally excited normal modes are coupled via imperfections
in the substrate and coating), and thermoelastic (in which random heat flow causes temperature
fluctuations, producing random thermal expansion and contraction). To maximize the event rate in
the f ~ 40 — 200 Hz band, one must minimize each type of thermal noise.

These thermal fluctuations in substrate and coating lead to fluctuations Z(¢; r, ¢) in the position
of each point (r, ¢) on the coating face. The laser beam averages over these fluctuations. The average
is weighted by the shape p of the laser beam’s power distribution. If the beam is axisymmetric, so

p = p(r), then the laser beam measures

q(t) = /drr/dan(t;r, ©)p(r), (1.2)

where p(r) is normalized so 27 [ drrp?(r) = 1.

The wider and flatter the beam shape p(r), the better the beam averages over the fluctuating
mirror surface and the lower the resulting thermal noise. However, the light power must be small
enough near the mirror edges that no more than ~ 10ppm is lost to diffraction per bounce. To
balance these two requirements, mesa beams [11, 12, 13] have been proposed as an alternative to
gaussian beams. For the same diffraction losses, the mesa beams are flatter and thus better average

over the mirror fluctuations. Other beam shapes are also being explored [14].
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Because changes to the laser beam shape can significantly affect the detector’s sensitivity, it is
important to understand deeply the relationship between the beam shape and the thermal noise. To
that end, O’Shaughnessy, Vyatchanin, and Vinet [13, 15, 16, 17] have proposed (with varying degrees
of rigor, and sometimes with unnecessary assumptions) simple scaling laws relating the beam shape
to the thermal noise when the beam is small compared to the mirror (“negligible edge effects”). The

scaling laws are
Sio Ly AR 5 (1)
Som [ dkkn [pa(K)]®

(1.3)

where n = 1 for coating Brownian and coating thermoelastic noise, n = 0 for substrate Brownian
noise, and n = 2 for substrate thermoelastic noise. Here p(k) is the Hankel transform of the beam

shape p(r), or equivalently its two-dimensional Fourier transform

B(k) = / " drrdo(kr)p(r),

/0 " Ak o (k) (R), (1.4)

!
—~
E
~—
I

where Jo(z) is the 0" Bessel function of the first kind. If the noise Sy for beam shape 2 is known,
then it is easy to use Eq. (1.3) to compute the noise S; if the beam shape were changed to pi(r)
while holding everything else constant, provided that edge effects can be neglected.

In Chapter 2, I present a rigorous derivation of these scaling laws and critique the prior deriva-
tions. My derivation is based on a variant of the fluctuation-dissipation theorem [18] that relates
the fluctuations (characterized by the spectral density) to the dissipated power Wy;ss if a sinusoidal
pressure, with the same distribution p(r) as the laser beam’s intensity distribution, were applied to

the mirror. The fluctuation-dissipation theorem is

kT W, iss
Sq(f) = —i;}z 7dF2(f). (1.5)

Here f is the frequency, F is the amplitude of the imagined applied pressure, and Wy;ss is proportional
to F'?, so that S, is independent of F. Each of the four types of thermal noise leads to a dissipated
power and a corresponding thermal noise.

Also in Chapter 2, using recent results by Agresti [19, 20] that include edge effects for the specific

case of mesa beams, I estimate the scaling laws’ errors due to neglecting edge effects.

I have submitted Chapter 2 to Classical and Quantum Gravity; I am the sole author.
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1.2 Probing tidal coupling with gravitational waves

1.2.1 Background

One of the scientific goals of the LISA mission is to use EMRI gravitational waves to measure the
tidal response of the massive central black hole (or, perhaps, other massive body). Finn and Thorne
[21] have shown that tidal coupling can influence the phase of the inspiral gravitational waves by
as much as a few percent. LISA will be able to measure the EMRI-wave phase to an accuracy of a
fraction of a cycle out of ~ 10* — 10° cycles; this motivates the possibility of using the EMRI waves
that LISA detects to probe tidal coupling with high precision.

In order to use EMRI waves to probe massive central bodies in this way, there must be an
algorithm to recover the physical parameters of the EMRI—including the central body’s spacetime
geometry, the details of the small object’s orbit, and the tidal coupling—from the emitted waves.
In practice, this may be quite difficult.

As a first step toward demonstrating the feasibility of recovering EMRI parameters from the
waves, Fintan Ryan [10] proved that in principle the central body’s spacetime geometry (i.e., its
multipole moments) can be extracted from the EMRI waves, provided that the following assumptions

hold:

1. The massive central body’s exterior is a vacuum, stationary, axisymmetric, reflection-symmetric,

and asymptotically flat (SARSAF) solution of Einstein’s equations.

2. The small object travels on a nearly circular, nearly equatorial orbit, with fundamental fre-
quencies ,, Q., and Q4. (The primary component of the waves has frequency f = Qg4 /m; Q,
and €2, show up in the orbit’s precession and in the waves’ precessional sidebands.)

3. Tidal coupling is negligible.

3

Additionally, Ryan proved that the multipole moments are encoded redundantly both in the “pre-
cession frequencies” €1, and €2, and in the waves’ phase evolution
f2
AN(f) = : 1.6
=G (16)

(Here f = Qg/m.)

Several studies have sought to generalize Ryan’s theorem to more realistic situations by lifting
some of these restrictions. Assumption 1 has been extended to electrovacuum spacetimes by Sotiriou
and Apostolatos [22]. Assumption 2 of nearly circular, nearly equatorial orbits is relaxed in a paper
by Li [23]. In this thesis, I consider how to define tidal coupling when the central body may be a
black hole (Chapter 3); then, I relax Assumption 3 by generalizing Ryan’s theorem to include tidal
coupling (Chapter 4).



1.2.2 Defining tidal coupling

In Chapter 3, I consider how best to define tidal coupling when the central body may a black hole.
Black-hole tidal coupling has previously been defined in terms of the flux of gravitational waves down
the hole (e.g., [24]) and in terms of the perturbation of the horizon’s intrinsic metric (e.g. [25, 26]).
Both definitions depend on the central body being a black hole.

Thorne [27] has argued that, in defining tidal coupling, one should allow for the possibility that
the central body is some other kind of object [such as a boson star (e.g. [28, 29]), soliton star
(e.g. [30]), or naked singularity]|. Specifically, Thorne proposed that for all types of central bodies,
the tides be defined by analogy with Newtonian tides:

When a Newtonian fluid planet is perturbed by a small, orbiting moon, a quadrupole moment is
induced on the central body. The induced quadrupole moment .%;; is manifested both in the change
of the planet’s shape and in the induced tidal field acting back on the moon to change its orbit.

This induced quadrupole moment can be characterized by two scalars:

1. Polarizability. The induced quadrupole moment .%; is proportional to the moon’s tidal field
&t
Jij = PL°&;. (1.7)

Here L is the characteristic size of the central body and P is a number of order unity called the
body’s polarizability. The polarizability characterizes the strength of the tidal perturbation

that the central body exerts back on the moon.

2. Phase shift. Because of viscous dissipation as the fluid planet’s shape changes in its own
rest frame, there is a torque back on the moon, so that energy and angular momentum are
transferred between the moon and the central body. In the case of a stationary moon outside

a slowly rotating planet, the lag angle is (Eqgs. (3.8) and (3.12) of [26])

19 Qu
0= —— 1.8
ST (18)
where ¢ is the acceleration of gravity, () is the angular velocity of the planet, and v is the

fluid’s kinematic viscosity.

In Chapter 3, in collaboration with Hua Fang, I investigate Thorne’s proposal for the case of
a central black hole. When a small object orbits a nonrotating black hole, we find that the only
gauge-invariant portion of the induced quadrupole moment (defined in terms of the induced tidal
field acting back on the moon) is
32

: d
ind __ 6 ext
S = MO ES (1.9)

where M is the black hole’s mass and 8%?“ is the moon’s perturbing tidal field. This induced
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quadrupole moment is proportional not to the perturbing tidal field but to its time derivative. The

part proportional to EZ—CJ?“ itself turns out to be ambiguous; in the particular coordinates that Fang

and I used in deriving Eq. (1.9), it vanishes. The unambiguous part (1.9), proportional to %Efj?‘t,

produces a torque back on the moon that changes its orbital energy by an amount equal and opposite

to the rate that energy flows into the black hole:

dBmoon  dEy 32 4 5 6
- — 220420 1.1
i a5 R (1.10)

Here p and €2 are the mass and orbital angular velocity of the moon, respectively. This agrees with
the result previously derived (using the “waves down the hole” picture) by Poisson [31].

Our analysis shows that the lag angle § and polarizability P of the black hole, as defined in
terms of the induced quadrupole moment, are ambiguous. However, there is an unambiguous lag
angle (i.e., “phase shift”) defined in terms of the orientation of the horizon’s tidal bulge (relative to
the moon’s angular location). Hartle [26] has computed this tidal phase shift on the horizon when
a stationary moon orbits a spinning hole. In terms of the hole’s mass M, horizon angular velocity
Qpr, and moon radius b > M, he finds (after a sign error in his analysis is corrected):

2
5:—§MQH—4MbQH. (1.11)

The phase shift is negative, meaning that the tidal bulge leads, rather than lags, the perturbing
tidal field. Hartle attributes this difference to the teleological nature of the horizon [26]: a fluid
planet’s evolution is computed from initial conditions, while the horizon evolves backward from a
final condition (giving a phase lead, not a phase lag).

When a nonspinning hole (with mass M) is orbited by a stationary moon (with angular velocity
Q, at a radius b > M), the situation considered in Chapter 3, Fang and I find the analog of Hartle’s
phase shift:

5= —gMQ—Q[b+2Mlog(b/2M— ). (1.12)

The phase shift is still a phase lead, but the second term is different from Hartle’s.

The terms depending on b in Eqgs. (1.11) and (1.12) are consequences of the way Hartle defines
the angle between the bulge on the horizon and the moon.

In Chapter 3, Hua Fang and I each performed all of the calculations independently of each other,
except for the generalization of Hartle’s phase shift (which was solely my work); we jointly wrote

the prose. We have published Chapter 3 in Physical Review D.
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1.2.3 Extending Ryan’s theorem to include tidal coupling

In Chapter 3, Fang and I find that only the time-dependent part of the induced quadrupole moment
is unambiguous. Motivated by this result, in Chapter 4, (in collaboration with Chao Li) I define
tidal coupling by dEyody/dt, the energy absorption of the central body. (Because the orbit is nearly
circular, the corresponding angular-momentum absorption is simply dLvody/dt = QorbitdEvody/dt,
where Qqbit 18 the small object’s orbital angular velocity.)

Using this definition, we extend Ryan’s analysis to include tidal coupling. In our analysis, we
retain Ryan’s other two assumptions [passage preceding Eq. (1.6)]. The inclusion of tidal coupling
breaks the redundancy in his theorem.

In Ryan’s analysis, as in the analysis of Chapter 4, the small mass is presumed to be sufficiently
distant that the adiabatic approximation is valid [10]. That is to say, the moon inspirals on a time
scale much greater than an orbital period. The frequencies Q, = 7f, €1,, and Q. slowly evolve
as the orbit loses energy and angular momentum to gravitational waves and the particle spirals
inward. On the time scale of an orbit, the particle essentially follows a single geodesic (when the
tiny, conservative self-force is neglected, as it can be in the limit pu/M — 0).

In Ryan’s original theorem, the spacetime geometry can be recovered independently from either
of the precession frequencies €2, and §2,. Since these frequencies are related only to the geodesic
motion of the small mass, and not to its slow, secular evolution, the precession frequencies are
independent of tidal coupling. Therefore, the spacetime geometry, via its multipole moments, can be
recovered from Q,(f) and Q.(f) using Ryan’s argument without modification. Additionally, with
knowledge of the spacetime geometry in hand, we show that the orbital parameters can, in principle,

be deduced from the amplitudes of the waves’ precession-induced modulations.

The tidal coupling information is then contained in the waves’ phase evolution AN(f) = d}-f /2 T
The total energy loss of the orbit is related to AN by
. . dEorbit df 2 dEorbit 1
EO':_EOI‘i:_ - = ~ 7 1.13
total bit af  dt f if AN ( )
Here dE;l’;b“ depends only on the geodesic motion (not on tidal coupling), AN is the measured

phase evolution, and dots represent time derivatives. In the absence of any influence of the central
body, the phase evolution would have a different value ANyp; (obtainable in principle, as Ryan

showed [10], from the spacetime geometry). Here “NBI” means “no body influence.” Therefore,

2 dEorbit 1
df  ANnpr

Eyotalnpr = — f (1.14)



is also observable. The difference

E.totaLBI = Etotal - Etotal,NBI = Ebody + EOOBI7 (115)

is the influence of the body on the rate of energy loss from the orbit. By energy conservation it
consists of two parts: Ebody is the energy absorption of the central body, and EOOEI is a small
influence in the rate of energy flux to infinity due to the details of the central body’s influence.
Both quantities are very small; contrary to a conjecture by Thorne, we see no way in general to
deduce the central body’s absorption by itself. However, in the case that the central body is very
compact, we argue that it is likely that Fop1/Ehody ~ O(v%), where v is the (small) velocity of the
orbiting particle. The relative smallness of Ep1 comes from the difficulty gravitational waves have
in penetrating the “effective potential” of the compact central body’s metric. Perturbations being
absorbed by the central body must cross the potential once, while perturbations carrying Eoopi
must cross the potential twice (once to come in contact with the central body, and a second time to
escape back to infinity).

Chao Li and I performed all of the calculations in Chapter 4 independently, except for the
Appendix, which is primarily Chao’s work. The text of this chapter is largely mine, but with
significant contributions from Li and from Thorne. Li and I have submitted it to Physical Review

D.

1.3 Improving binary-black-hole initial data

1.3.1 Background

In numerical simulations of binary black holes, one divides the four-dimensional spacetime (with
metric g,,) into a series of three-dimensional spatial slices (with spatial metric g;;). The spacetime

and spatial metrics are related by
ds? = g datda” = —a?dt* + g;j(dz’ + B'dt)(dx? + B dt). (1.16)

Here the lapse o and the shift 3¢ specify how the coordinates change from slice to slice.
Choosing initial data amounts to choosing the metric g;; and the extrinsic curvature Kj; of the
initial spatial slice. The extrinsic curvature is essentially the derivative of g;; normal to the spatial

slice; it is related to the coordinate time derivative of the metric 0.g;; by
(%gij = —2aK;; + 2V(iﬁj), (1.17)

where V is the covariant derivative in the slice.
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The tensors g;; and K;; must be chosen in accord with the desired physical content of the simu-
lation (here, a spacetime with two inspiraling black holes). However, g;; and K;; cannot be chosen

freely; together, they must ensure that the (vacuum) Einstein constraint equations are satisfied:

Goo =0,

Go; = 0. (1.18)

(This requirement is analogous to the restriction that, when solving Maxwell’s equations in vacuum,
the electric and magnetic field are initially divergence free.) The remaining Einstein equations,
G;; = 0, determine the solution on subsequent slices, given constraint-satisfying initial data, and if
the constraints (1.18) are satisfied perfectly in the initial data, then the evolution equations G;; = 0
will preserve them.

Several methods (e.g. [32, 33]) for generating constraint-satisfying initial data are known. How-
ever, the constraint-satisfying initial data that they generate can have undesirable, unphysical prop-
erties all too easily. In this thesis, I reduce two such effects for equal-mass, nonspinning black hole

binaries: orbital eccentricity and junk radiation.

1.3.2 Reducing eccentricity in binary-black-hole simulations

As two black holes in a binary orbit each other, they spiral together and emit gravitational waves.
During the inspiral, the holes’ orbits tend to circularize (faster than the holes inspiral) due to the
emission of gravitational waves [34]. (Qualitatively, this circularization happens because, on an
eccentric orbit, the holes radiate more power when they are closer together and less when they are
farther apart.)

To construct black holes on nearly circular orbits, my colleagues and I use quasicircular initial
data (e.g. [32]). In quasicircular data, the separation of the holes is initially constant in time;
however, this condition does not lead to noneccentric orbits. This is because quasicircular data
ignore the inspiraling motion of the holes.

If the initial data are constructed in coordinates that move with the black holes (“comoving
coordinates”), then the motion of the holes is captured by the asymptotic behavior of the coordinates.

In the asymptotically flat region, g;; = d;; and a = 1, and the spacetime metric is then
ds® = g datda” = —dt* + 6;;(da’ + B'dt)(da’ + Fdt). (1.19)

If the black holes are at rest, the comoving coordinates are asymptotically inertial, which implies
that 3(r — oo) = 0 in Eq. (1.19).

On the other hand, if the black holes are moving, the comoving coordinates have nonvanishing
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shift. Quasicircular data in particular require that the comoving coordinates be asymptotically a

pure rotation:
B (r — 00) = (2 x 1)’ (1.20)

This is a “pure rotation” in the sense that the gradient of the shift V;3; is purely antisymmetric.
Physically, the holes should also be slowly spiraling together. By requiring that the holes” inward

velocity be initially zero, quasicircular data ensure that the holes are initially at a turning point of an

eccentric orbit. To construct a non-eccentric orbit, the comoving coordinates must asymptotically

contract as well as rotate:
BH(r — 00) = (2 x 1) + Ir i, (1.21)
r

where v, < 0. The second term is a “pure expansion” in the sense that its gradient is a pure trace.
The appropriate choices for 2 and v,., at the modest hole separations s ~ 2r ~ 15M (with M

the total mass of the binary), are found by the following iterative scheme:
1. Start with the quasicircular guess for €2 and with v, = 0. Solve for the initial data and evolve
it.
2. Plot ds/dt, the rate of change of the proper distance between the holes’ apparent horizons, as

a function of time t. Find the best fit of ds/dt having the form

d
d_‘z = Ao + Ait + Bsin(wt + ). (1.22)

3. If the binaries were Newtonian point particles, the following changes to {2 and v, would remove

the eccentricity:

Bw
oN=0-_— 1.23
25t = 0) P (123)
B
ol = v, — Bl sin . (1.24)

Here the superscript “N” stands for “Newtonian.”

4. In the relativistic case, these changes will not remove the eccentricity completely. Instead, use

QN and vY as an initial guess, and go back to step 1.

Each iteration will reduce the orbital eccentricity.
In Chapter 5 I describe this argument and implement it using the Caltech and Cornell pseu-

dospectral code [35, 36, 37]. In this work, I collaborated with Harald Pfeiffer, Duncan Brown,
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Lawrence Kidder, Lee Lindblom, and Mark Scheel. My contribution to this work was limited to the

following:

e I independently arrived at Eq. (1.21), using the argument presented in this introduction. An

alternative derivation by Pfeiffer is presented in Chapter 5.

e I developed the code that, using the spectral elliptic solver developed by Pfeiffer [35], solves
the constraint equations (1.18) using the extended conformal thin sandwich (e.g. [38]) method
with (aside from modifications described above) the quasiequilibrium boundary conditions

suggested by Cook and Pfeiffer [32].
e [ solved the constraint equations for several quasicircular and noneccentric initial data sets.

e [ checked Pfeiffer’s derivation of the iterative scheme described in this introduction. Although
I did not carry out the scheme myself for the results described in Chapter 5, I did use the

method to reduce eccentricity in other initial data, such as that presented in Chapter 6.
e [ made some minor contributions to the prose of Secs. 5.2 and 5.7.

My coauthors and I have submitted this chapter to Classical and Quantum Gravity, and it has been

accepted for publication.

1.3.3 Reducing junk radiation in binary-black-hole simulations

Current simulations of binary-black-hole spacetimes contain, in addition to the black holes, an initial
pulse of spurious, unphysical gravitational waves (e.g., Sec. 3.2 of [39]) that we refer to as “junk
radiation.”

This “junk” is a consequence of the way the initial data are constructed. The constraints (1.18)

are typically solved by a conformal decomposition [40, 41] of the initial spatial metric:
9ij = 2/J4§ij. (125)

The conformal metric g;; is freely specified; v is determined by solving the constraint equations.

Binary black hole initial data are usually taken to be conformally flat:
9i; = V65 (1.26)

However, it is known that isolated black holes in equilibrium do not admit conformally-flat spatial
slices if the hole has linear [42] or angular [43] momentum; the holes in a binary, in general, have
both. Consequently, the simplifying demand for conformal flatness leads to initial data in which

the black holes are initially not in equilibrium; instead, they are unphysically perturbed. During
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the evolution, the holes vibrate, quickly relaxing to an equilibrium configuration, but as they do,
gravitational waves are emitted.

These spurious gravitational waves (called “junk radiation”) are unphysical (since there is no
physical mechanism behind the holes’ initial excitation), and they are computationally expensive.
Before extracting the physically-meaningful gravitational waves from a binary black hole evolution,
the simulation must run until the spurious gravitational waves have left the computational domain.
Moreover, the spurious waves have fine structure that necessitates higher resolution than would
otherwise be needed. Therefore, it is optimal to reduce this junk radiation as much as possible, even
when the holes initially are nonspinning and move at a small (v ~ 0.1) velocity.

One way of reducing the junk radiation is to choose a conformal metric that superposes two

boosted binary black holes:
Gij = G585 = 615 + e A/ (g = 6,) + B/ (gB — 6 1.27
Gij gzg - Y te (glj l]) +e (gu 1]) : ( . )

Here “SBS” stands for “superposed-boosted-Schwarzchild,” and gfj‘» and gf; are metrics of boosted
Schwarzschild black holes centered at positions r and r?, respectively. The Gaussians force the
metric to be conformally flat far from the holes, which ensures that g;; is consistent with asymptotic
flatness (i.e., that g;; is asymptotically flat and that ¢(r — o0) = 1).

In Chapter 6, T construct initial data using Eq. (1.27) for the conformal metric. Otherwise,
the initial data scheme is the same as that described in Chapter 5 (and summarized in the previous
subsection). Then, I evolve the SBS data (again using the Caltech-Cornell pseudospectral code [35]).
I compare the SBS and conformally-flat junk waves, and find them to be smaller in the SBS case
by a factor of approximately two in amplitude (four in power). This is a significant improvement.
Chapter 6 is solely my own, though the research described there was carried out under the guidance

of H. Pfeiffer and L. Lindblom. Some variant of it will be part of a future publication.
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Chapter 2

The dependence of test-mass
thermal noises on beam shape in
gravitational-wave interferometers

In second-generation, ground-based interferometric gravitational-wave detectors such as
Advanced LIGO, the dominant noise at frequencies f ~ 40 Hz to ~ 200 Hz is expected
to be due to thermal fluctuations in the mirrors’ substrates and coatings which induce
random fluctuations in the shape of the mirror face. The laser-light beam averages over
these fluctuations; the larger the beam and the flatter its light-power distribution, the
better the averaging and the lower the resulting thermal noise. In semi-infinite mirrors,
scaling laws for the influence of beam shape on the four dominant types of thermal noise
(coating Brownian, coating thermoelastic, substrate Brownian, and substrate thermoe-
lastic) have been suggested by various researchers and derived with varying degrees of
rigour. Because these scaling laws are important tools for current research on optimizing
the beam shape, it is important to firm up our understanding of them. This paper (1)
gives a summary of the prior work and of gaps in the prior analyses, (2) gives a unified
and rigorous derivation of all four scaling laws, and (3) explores, relying on work by J.

Agresti, deviations from the scaling laws due to finite mirror size.

Originally published as G. Lovelace, submitted to Class. Quantum Grav. (2007),
preprint available online at http://arxiv.org/abs/gr-qc/0610041.

2.1 Introduction and summary

Second-generation interferometric gravitational wave detectors such as Advanced LIGO will be ap-
proximately ten times more sensitive than the current LIGO interferometers, leading to an improve-

ment in event rate such that the first few hours of data at design sensitivity will contain more signals
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than the entire year-long science run that is presently under way [1]. In Advanced LIGO’s most
sensitive frequency band (f ~ 40 to 200 Hz), the sensitivity is limited by internal thermal noise,
i.e., by noise in the substrates and reflective coatings of the four test masses (see, e.g., Fig. 1 of [2]).
Lowering the internal thermal noise would increase Advanced LIGO’s event rate throughout that
band.

Internal thermal noise can be divided into two different types: Brownian thermal noise (due
to imperfections in the substrate or coating material, which couple normal modes of vibration to
each other) and thermoelastic noise (due to random flow of heat in the substrate or coating, which
causes random thermal expansion). When the laser beam shape is Gaussian, the Brownian and
thermoelastic noises in the substrate (e.g. [3]) and in the coating (e.g. [4, 5]) are well understood.

One way of lowering the internal thermal noise is to i) flatten the shape of the laser beam that
measures the test mass position so it better averages over the mirror faces’ fluctuating shapes, and ii)
enlarge it to the largest size permitted by diffraction losses. A specific enlarged, flattened shape, the
mesa beam, has been proposed by O’Shaughnessy and Thorne and explored (theoretically) in detail
by them, d’Ambrosio, Strigin and Vyatchanin [6, 7, 8], and by Agresti and DeSalvo [9, 10]. The mesa
shape was found to reduce the thermal noise powers by factors of order two, with corresponding
significant increases in the distances to which the planned interferometers can search. Motivated by
this, mesa beams are currently being explored experimentally [11, 12].

The mesa shape is unlikely to be optimal. Bondarescu and Chen (Caltech/AEI) are currently
seeking the optimal beam shape for each of the four types of noise; they are also seeking a balance
between the competing demands of the four optimal shapes. Further research will require balancing
practical aspects of mirror design against the (possibly impractical) ideal shapes.

In all this current research, a crucial tool is a set of scaling laws for the dependence of the
four types of thermal noise on the beam shape, in the limit of a mirror that is large compared
to the beam diameter (“semi-infinite mirror”). These scaling laws have been proposed by various
researchers over the past several years, and they have been derived with varying degrees of rigour,
and in some cases with unnecessarily restrictive assumptions. This prior work will be discussed and
critiqued in Sec. 2.2.2.

Because these scaling laws are so important for current research, this paper scrutinizes them and
their accuracies in some detail. In Sec. 2.2 the scaling laws and assumptions underlying them are
presented and prior research on them is described. Then in Sec. 2.3 a unified and rigorous derivation
of all four scaling laws is presented. In Sec. 2.4 the breakdown of the scaling laws due to finite mirror

size is explored. And finally, in Sec. 2.5 a few conclusions are given.
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2.2 The scaling laws and prior research on them

2.2.1 Model and summary

To explore the effect of the beam shape on the internal thermal noise, I consider a cylindrical test
mass substrate of radius R and thickness H and suppose that these size scales are comparable:
R ~ H. T choose a cylindrical coordinate system (r, p,z) such that » = 0 is the mirror axis, z = 0
is the reflectively coated surface of the mirror substrate, and points with 0 < z < H are inside the
mirror substrate.

An axisymmetric laser beam with intensity profile p(r) is normally incident on the mirror!. The

intensity profile is normalized, so

R
27T/0 drrp(r) = 1. (2.1)

The beam measures ¢(t), a weighted average of the mirror’s longitudinal position Z(r, ¢, t)
(Eq. (3) of [13])
2 R
q(t) E/ dcp/ drrp(r)Z(r, ¢, t). (2.2)
0 0

In LIGO, so as to keep diffraction losses < 1 ppm, the beam radius over which, say, 95% of the
signal ¢(t) is collected, is kept significantly smaller than the mirror radius R and thickness H. This
motivates the idealization of the mirror as a semi-infinite slab bounded by a plane, R — oo, H — 0.
(The accuracy of this infinite-test-mass (ITM) approximation will be discussed in Sec. 2.4.2.)
Internal thermal noise will cause small fluctuations in the longitudinal position of the mirror
Z(r,p,t). The spectral density S, associated with the measurement of the mirror position ¢ is given

by the fluctuation dissipation theorem (Eq. (1) of [13]):

~ 2kBT Waiss

Here kp is Boltzmann’s constant, T is the temperature of the material, and Wy;ss is the power that
would be dissipated if a longitudinal force of amplitude F', frequency f, and pressure distribution
p(r) were applied to the mirror surface (Levin’s thought experiment [13]). Because the frequencies
of interest (i.e., f ~ 100 Hz) are far below the lowest resonant frequencies of the mirror fres ~
(a few km/s)/(about 10 cm) ~ 10% Hz, the hypothetical applied force can be idealized as static
when computing the resulting strain of the mirror.

Thus the noise S; can be computed using the following algorithm:

1. Statically deform the (semi-infinite) mirror with a force with amplitude F' and pressure distri-

bution p(r) the same as the light’s intensity profile;

IThe shape of the mirror faces must also be changed slightly (by height changes < one wavelength of the laser
light) so that p(r) is an eigenmode of the arm cavity. In this paper, I assume that the mirror faces take whatever
shape is necessary to support a beam with intensity profile p(r).
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2. compute the Brownian and thermoelastic dissipated power Wy;ss due to the deformation caused

by the applied force;

3. substitute Wyiss into Eq. (2.3) to get the spectral density S, of the thermal noise of a mea-

surement of the average position q.

Note that from S, one can easily compute the thermally-induced gravitational-wave-strain noise
power Sp(f) in a measurement by the interferometer. If mirrors 1 and 2 are in one arm (of length
L =4 km), and mirrors 3 and 4 are in the other arm (also of length L), the interferometer measures
h=1[(g1 — q2) — (¢3 — qa)]/ L, where q1,2,3.4 are the measured positions of the four mirrors. Because
the noises in the four test masses are uncorrelated, the spectral density Sy, is just S, = (4/L*)S,. In
the remainder of this article, when referring to the noise of a single test mass, the subscript “q” will
be suppressed (i.e., S = S;), while the gravitational-wave-strain noise power will always be referred
to as Sy.

In Sec. 2.3.1, I compute the strain distribution that results from applying the pressure F'p(r) to a
homogeneous, isotropic, semi-infinite mirror with a very thin reflective coating of a possibly different
material. The calculation is a straightforward generalization of Sec. 2 of [4]. In this calculation, I
model the coating as a thin layer (of order microns, as compared to the cm size scales of the substrate)
which adheres to the mirror surface. In Sec. 2.3.2 I use the strain distributions to compute each of
the four types of thermal noise S(f). I find that if p1(r) and ps(r) are two different beam shapes,

then - )
Sl,n o fo dkk™ [ﬁl(k)]

Son  JoT dkkn [pa (k)]

(2.4)

where n = 1 for coating Brownian and coating thermoelastic noise, n = 0 for substrate Brownian
noise, and n = 2 for substrate thermoelastic noise. Here p(k) is (up to factors of 27) the two-

dimensional Fourier transform of p(r) over the surface of the mirror:

=

—~
l

S—
Il

/OO drrJy (kr)p(r),
0

!
~—
=
~—
I

/0 = Ak o (o)), (2.5)

Here Jy(x) is the 0" Bessel function of the first kind (the axisymmetry allows the 2D Fourier
transform to reduce to a 1D Hankel transform).

If one knows Sy ,,, computing Ss ,, amounts to computing simple integrals of p(k). If one holds
everything else fixed but changes the beam shape, the scaling law (2.4) makes it straightforward
to determine the improvement in the thermal noises and the corresponding improvement in the
interferometer sensitivity.

In the remainder of this paper, I derive these scaling laws, comment on their implications for

Advanced LIGO, and estimate their accuracy for finite test masses. In Sec. 2.2.2, I discuss prior
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work related to the scaling laws. In Sec. 2.3.1, I compute the strain .S;; due to a hypothetical applied
force with amplitude F' and pressure distribution p(r). Then, in Sec. 2.3.2, I compute the dissipated
power Wyiss for the Brownian and thermoelastic dissipation in the coating and the substrate and
insert Wyiss into Eq. (2.3) to determine how the noise depends on the beam shape. In Sec. 2.4.1, I
discuss implications of this result for Advanced LIGO, and in Sec. 2.4.2 I discuss the accuracies of the
infinite-test-mass (ITM) scaling laws by comparing with others’ finite-test-mass (FTM) predictions

for the cases of Gaussian and mesa beam shapes. I make some concluding remarks in Sec. 2.5.

2.2.2 Discussion of prior research
2.2.2.1 Thermoelastic substrate noise

In Levin’s thought experiment, the dissipation associated with thermoelastic noise arises from heat
flow down temperature gradients, which are induced by compression of the coating or substrate by
the applied force. The increase in entropy corresponds to a dissipated power.

In 2003, in connection with his invention of the mesa beam and exploration of its properties,
O’Shaughnessy used Levin’s thought experiment to derive the following scaling law for the thermoe-
lastic substrate noise:

sub

STE — ¥ / dkE*p?(k), (2.6)
0

where CIE does not depend on the beam shape. This scaling law ultimately motivated the other
three. O’Shaughnessy included his derivation of this law as Appendix H of his (as yet unpublished)
2004 paper with Strigin and Vyatchanin [8] on mesa beams. He used a slightly different (but no
less rigorous) method from the unified derivation I give in Sec. 2.3.2.4 [Eq. (2.38)]. O’Shaughnessy

wrote the scaling law in terms of 2D Fourier transforms; the reduction to 1D Hankel transforms

makes numerical evaluation of the scaling law (2.6) very efficient (Sec. 2.4.1).

2.2.2.2 Thermoelastic coating noise

Braginsky and Vyatchanin (Appendix B.2 of [5]) and Fejer and collaborators (Sec. IV D of [14])
have independently calculated the thermoelastic coating noise for Gaussian beam shapes (though
the analysis in [5] is only valid when the coating and substrate elastic properties are identical [14]).
Scrutinizing the derivation in [14], Thorne speculated in 2004 (unpublished) that the thermoelastic

coating noise obeys a scaling law of the form

coat coat

STE — oTE / dkkp? (k). (2.7)
0

In 2006 I verified Thorne’s conjecture via almost trivial generalizations of the Braginsky-Vyatchanin

and Fejer et al. analyses; my derivation is given in Sec. 2.3.2.2 [Eq. (2.28)]. In 2006 O’Shaughnessy,
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learning of my work but not knowing my result, extended a clever dimensional analysis argument
(Sec. 2.2.2.5) that he originally invented for Brownian coating noise (below) to the other three types
of noises [15]; but for thermoelastic coating noise he got an answer that disagrees with Thorne’s
conjecture and my result (2.7). When I pointed out the discrepancy, O’Shaughnessy found an error

in his dimensional analysis and revised his manuscript to give the correct scaling law (2.7) [16].

2.2.2.3 Brownian coating noise

In Levin’s thought experiment, the dissipation associated with Brownian thermal noise can be mod-
elled as arising from a loss angle, which is an imaginary (i.e., damping) correction to the material’s
Young’s modulus caused by coating or substrate imperfections.

In 2004, Thorne communicated to O’Shaughnessy and Vyatchanin his conjecture (2.7) for the
scaling law for thermoelastic coating noise, and challenged them to find an analogous scaling law for

Brownian coating noise. Independently, they each devised simple arguments that led to the law

coat = “coat coat

SBR — OBR / drrp*(r) = CBR / dkkp? (k). (2.8)
0 0

O’Shaughnessy gave both an argument based on dimensional analysis (Sec. 2.2.2.5) and a derivation
for the special case that the substrate and coating have the same elastic properties. Vyatchanin’s
analysis [17] was based on a derivation for Gaussian beams, followed by an argument that, if a beam
with another shape p(r) can be constructed by superposing Gaussian beams, then this scaling law
must hold also for that other shape.

The scaling law (2.8) is local, i.e., the noise at a point on the mirror depends only on the beam
intensity evaluated at that point. Thorne’s intuition, however, led him to believe (incorrectly) that
the scaling law should be nonlocal?. Consequently, Thorne was so highly sceptical of O’Shaughnessy’s
and Vyatchanin’s arguments and the claimed scaling law that he—unfortunately—dissuaded both
O’Shaughnessy and Vyatchanin from publishing their arguments and result.

The following year (2005), Thorne, still sceptical of the O’Shaughnessy-Vyatchanin result (2.8),
suggested to me that I carry out a detailed derivation of the Brownian-coating-noise scaling law
from first principles. My analysis, based on Levin’s method and reported in this paper, gave the
result (2.8), in agreement with O’Shaughnessy and Vyatchanin, and motivated O’Shaughnessy to
publish [16] his dimensional-analysis argument.

O’Shaughnessy’s derivation is restricted (unrealistically) to identical elastic properties for sub-
strate and coating. My derivation [Eq. (2.23) below] allows the substrate and the coating to have
different elastic properties. Vyatchanin’s derivation is valid only for those beam shapes that can be

achieved by superposing Gaussians—though it might well be that any shape can be achieved in this

2Tt turns out (Sec. 2.3.2.1) that nonlocal terms do appear at intermediate steps in the derivation but do not
contribute to the scaling law itself.
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way. My derivation is definitely valid for any axially symmetric beam shape p(r).

2.2.2.4 Brownian substrate noise

In 2005 Vinet proposed [18] the following scaling law for the substrate Brownian noise:

SBR _ (BR /O Ak (k). (2.9)

He deduced this law as a trivial consequence of his Eqs. (1)—(3). He did not present a derivation of
those equations, but he recognized that they can be obtained by generalizing the derivation in [19],
which assumes that the beam shape is Gaussian. In Sec. 2.3.2.3, T explicitly derive Eq. (2.9). In
parallel with my work, O’Shaughnessy applied his dimensional analysis technique to verify Vinet’s

scaling law (2.9).

2.2.2.5 Dimensional analysis

O’Shaughnessy’s dimensional analysis argument, referred to above, consists of three steps:

1. The scaling laws must take the form of a translation-invariant inner product of p(r) with itself,
since the mirror is taken to be semi-infinite. In the Fourier domain, for axisymmetric beam

shapes p1(r) and pa(r), the scaling law must then take the form:

So [ dkkG(k)pa(k)”

S 7 dkkG (k)p3 (k)
_Jo - (2.10)

2. The only length scale (other than the width of the beam) is the small coating thickness d, so

G(k) = k™d for coating thermal noise and G(k) = k™ for substrate thermal noise.

3. The power n is chosen by demanding that, when the beam shape is a Gaussian, the noise scale

as the correct power of the beam width.

This argument turns out to produce the correct scaling laws, but without sufficient care, it can
also lead one amiss. For instance, when considering thermoelastic coating noise, step (ii) must be
amended, since there is a second length scale: the characteristic length of diffusive heat flow [5, 14].
In his original manuscript [15], O’Shaughnessy neglected this second length scale, and incorrectly
deduced that n = 3 for coating thermoelastic noise. After I contacted O’Shaughnessy regarding
this error, he corrected his analysis [16] and obtained the same result, n = 1, as I had derived

(Sec. 2.3.2.2) below.
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2.3 Derivation of the infinite-test-mass (ITM) scaling laws

2.3.1 Strain of a semi-infinite body with thin facial coatings due to a

static, axisymmetric force

The thermal noise is determined by the symmetric part of the strain S;; that the test mass would
experience if a normal force with pressure p(r) were applied to the mirror surface. In this section, I
evaluate S;; in the mirror substrate and coating. In Sec. 2.3.2, I use these results to compute Waigs
[which, by Eq. (2.3), determines the thermal noise].

If the displacement vector of an element of the test mass is u;, then the strain S;; is S;; = Vu;.
Following the methods developed in [19] (but correcting some typographical errors), Eq. (19) of [3]

gives the cylindrical components of the displacement of the test mass substrate:

1 [~ _ A+ 2p0 .
. = — dkJy (kr)e ™% (1 — k k
wo= g [ ket (1352 k) ),
(2.11a)
u, = 0, (2.11b)
1 [ _ 1 _
L, = — dkJo(krye ™ (1 + —L— + & k).
U 2#/0 o(kr)e ( +/\+H+ z)p()
(2.11c)

Here A\ and p are the Lamé coefficients of the substrate. The vector u; satisfies the equilibrium
equation V;T;; = 0. (Throughout this paper, I use the Einstein summation convention.)
The non-vanishing components of the symmetric part of the strain are [with commas denoting

partial derivatives]

o = Si, (2.12a)
Srr = Uy =0—-295., — Sy, (2.12b)
Spp = u7 (2.12¢)
Strzy = Sery = %(ur,z + Uz ), (2.12d)
S.: = U (2.12¢)

Evaluating the derivatives of Egs. (2.11a)—(2.11c) and inserting the result into Eqgs. (2.12a)—(2.12¢)
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1 > —2p —kz ~
0 = — dkkJy(k — “p(k
o [ ki) (528 ) i),
Srr = H_Szz_stptpa
1 Ji(kr) _, A+ 2u -
= — db———>e ™ (1 - —+ k& k
See 2#/0 P )\+/L+Zp()’
1 > —kz~
Siry = —o— dkkJy (kr)(kz)e” " p(k),
2p Jo
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1 [ 1 ke
— dkkJy(k —— —k “p(k).
o [ bk (<2 = ke ) e

I

(2.13a)

(2.13b)

(2.13¢)

(2.13d)

(2.13¢)

Setting z = 0 in Egs. (2.13a)—(2.13¢) and combining with Eq. (2.5) yields the nonvanishing stresses

on the substrate surface:

Ao = (55) o
Srr |z:0 % (%) p(r) — See |z:0 )
e = Sk ) [T
Szzl.—0 % (%) p(r).
Here I have used the identity
/00 dkkJo(kr)Jo (kr') = W
0

(2.14a)
(2.14Db)
(2.14c)

(2.14d)

(2.15)

Note that on the surface of the substrate § and S.. are local [i.e., their values at any point depend

only on the value of p(r) at that point], while S, is nonlocal. The component S, can be written

as the sum of a local part and a nonlocal part; the nonlocal part of S, is just —S,,.

The thin-coating approximation gives the nonvanishing components of the coating strain in terms
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of the strain on the substrate surface (Eq. (A4) of [4]):

coa A + 2,ucoat
9 t - )\coat + 2,UJcoat (9 B SZZ)|z:0
A+ 2u
T 5 Szzlimo> 2.16
Acoat + 2,UJcoat |Z_O ( a)
t _ at at t
S;ﬂ:ga _ STle:() — gcoat _ S;?Pa _ Sgcz)a ,
(2.16b)
SZ‘ZS“ - S<P<P|z:0 )
(2.16¢)
)\ - )\coat
geot = T (g8,
)\coat + 2Mcoat ( )|Z70
A+2u |
Acoat + 2,UJcoat FEla=0"
(2.16d)

In [4], these conditions are said to hold in the limit that the Poisson ratio of the substrate and
coating are “not too different,” but this restriction is unnecessary (see 2.7).

Finally, after inserting Egs. (2.14a)-(2.14d) into Egs. (2.16a)—(2.16d) I conclude that §°°** and
S99 are local; while S’;‘:jt and S are nonlocal. However, this nonlocality turns out not to
influence the coating noises. This is because, after using Eq. (2.16b) to eliminate S2* it turns out
that the remaining nonlocal part S{2* only appears in the coating Waiss [according to Egs. (2.22)

and (2.27)] via the integral
| arsigysigy = [ anroszgr + sg? + (s
- /0 drr[ (90 = S52)? 4 (S52)% 4 2(St)? — 2568 (600 — S5 |. (2.17)
In 2.6, I show that
/O drr(SEo2t)2 — SEont (g0t — 500ty = 0, (2.18)

so only the local parts of the strain (°°*" and S¢*') influence the thermal noise. This fact turns
out to imply local coating scaling laws in agreement with O’Shaughnessy’s [16] and Vyatchanin’s

[17] arguments (Sec. 2.3.2).
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2.3.2 Internal thermal noise

2.3.2.1 Brownian coating noise

For Brownian thermal noise in an elastic material, the dissipated power is [Eq. (12) of [13] with a

static applied force and with U = —(1/2)5;,T;;]

d 27 0o
Waiss = —Wf/o dZ/O dw/o drré(f)Si;Tij- (2.19)

Here ¢ is the loss angle (i.e., the imaginary, damping part of the Young’s modulus of the coating
material) and T;; is the stress. When the material is the thin reflective coating of a mirror, there

are effectively two loss angles [4], ¢ and ¢, defined so that in the previous equation

S(£)Si Ty — oy (f) (ST + SgEMTEE") + oo (£) S Tee™

= OI(N)STE + (o — ) SePTee™. (2.20)

This result can be obtained by combining Eqgs. (4) and (13)—(15) of [4] with Eq. (9) of [13] and
recalling that in the coating, the strain [Eqs. (2.16a)—(2.16d)] is diagonal.

For a homogeneous coating, the stress ﬂ%oat is

n%oat — _/\coatecoat5ij _ 2ucoatSE:ioja;t, (221)
where A\°°" and p?' are the Lamé coefficients of the coating, S(ij‘;t is the symmetric part of the

coating strain, and 6 = S;; is the expansion. Combining Eqs. (2.20), (2.19), and (2.21) gives the

following expression for Wyiss:

Wdiss = 27T2fd¢|| (f) / drrA + 27T2fd [gf)l (f) — ¢|| (f)} / dTTB,
0 0
_ coat 2 coat gcoat gcoat
A = ()\ Ocoar + 205 S0 Sty ) ;
B = Sgcz)at ()\coatecoa‘c + 2ucoats§cz)at) . (222)

Combining Egs. (2.22), (2.16a)—(2.16d), (2.14a)—(2.14d), and (2.18) and then inserting the result
into Eq. (2.3) gives the spectral density S of the Brownian coating noise. However, for the present
purpose, only terms involving the beam shape are relevant. Absorbing all other terms into a single

constant CER. vields

coat coat

SBR :CBR/ drrp?(r). (2.23)
0

This is a local scaling law; i.e., the noise at each point on the mirror’s surface is proportional to the

square of the beam intensity there. This law is the same as O’Shaughnessy’s [16] and Vyatchanin’s
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[17] scaling law for the Brownian coating thermal noise.
Parseval’s equation [which follows from Eq. (2.5)] makes it easy to rewrite this scaling law in the

Fourier domain, which will facilitate comparison with the substrate noise. The result is

coat coat

SBR — CBR / dkkp? (k). (2.24)
0

2.3.2.2 Thermoelastic coating noise

The calculation of the thermoelastic coating noise is similar to the calculation of Brownian coating
noise. But now, in response to the static, normal applied pressure p(r), the dissipated power Wi is

caused by heat flow, &« VT, down a temperature gradient VT caused by the material’s deformation:

Wiies = — / dz / drr (VOT)? . (2.25)
T 0 0

[Eq. (5) of [3] in the case of a static applied force and after evaluating the time average and trivial
¢ integral]. Here T is the temperature of the coating in the absence of the deformation and « is the
material’s coefficient of thermal conductivity.

Braginsky and Vyatchanin [5] and Fejer and collaborators [14] have independently solved for
the thermoelastic coating noise. The results obtained in [5] are correct only when the coating and
substrate have the same elastic properties (Sec. I in [14]); however, this restriction is not relevant
here, since [14] and [5] agree on the coating thermoelastic noise’s dependence on the beam shape
p(r).

If the temperature change were adiabatic, 67" would simply be proportional to 8 (see, e.g.,
Eq. (12) of [3]). (Physically, this simply means that the temperature of an element in the coating
changes linearly with volume.) However, as noted in [5], the diffusive heat characteristic length ¢p
of the substrate and coating (on the order of mm) is far larger than the coating thickness d (which
is on the order of a few microns). Because diffusive heat flow in the longitudinal direction is not
negligible, heat flow in the direction normal to the coating cannot be treated adiabatically [5]. By
contrast, the substrate thermoelastic noise can be treated adiabatically (Sec. 2.3.2.4), as can the
heat flow in the plane of the coating (“tangential” heat flow).

Because the tangential heat flow is adiabatic, 96T /0r ~ 0 /w, where w ~ cm is the length scale
over which p(r) varies. On the other hand, 96T /0z ~ 6/¢p, where {p ~ mm is the diffusive heat
characteristic length. Because the tangential derivatives are much smaller than the longitudinal
derivatives, all derivatives except 9/0z may be neglected. It follows that W;ss will depend only on
p(r) and not on its radial derivatives.

Based on these observations, Braginsky and Vyatchanin [5] and Fejer and collaborators [14] solve

the thermoconductivity equation (e.g., Eq. (1) of [14]) for the temperature perturbations 67". Both
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[5] and [14] assume that the beam shape is Gaussian, but it is quite easy to generalize their arguments
to non-Gaussian beam shapes. Combining Eqgs. (B5)—-(B7), (66), and (68) of [14] (but now regarding
their function p(r) as a generic beam shape) shows that the temperature perturbations in the coating
have the form

0T x p(r) x F(z), (2.26)

where F'(z) is a function of z only. [Equivalently, Eq. (2.26) can be obtained by combining Eqgs. (B.10)
and (B.12) of [5] (but now regarding 6 as an expansion corresponding to a generic beam shape) with
Egs. (2.14a) and (2.16a).] The precise form of F(z) is given in [5] and [14] but is not needed in the
present discussion.

Next, Braginsky and Vyatchanin compute the squared gradient (V&T)? ~ (96T /0z)? in Eq. (2.25)
to obtain Wyiss; Fejer and collaborators instead compute Wiyiss by considering the interaction of 1)
the unperturbed stress and strain [i.e., the stress and strain due to p(r) when temperature perturba-
tions are neglected], and ii) the (complex) perturbations of the stress and strain caused by the small
temperature perturbations §7". Both methods lead to the following expression for Wyiss: (Egs. (B.13)
and (B.10) of [5]; Eq. (69) of [14])

Waiss = const x / drrp?(r). (2.27)
0
Plugging this result into Eq. (2.3) gives the scaling law
coat coat

STE — 1B / drrp?(r) = CTE, / dkEkp? (k). (2.28)
0 0

This is the same scaling law as for Brownian coating thermal noise. The coating thermoelastic noise
is local and is the same as O’Shaughnessy’s [16] and Vyatchanin’s [17] law for Brownian coating

thermal noise.

2.3.2.3 Brownian substrate noise

For Brownian substrate thermal noise there is only one relevant loss angle, ¢, so the dissipated power

is (Eq. (49) of [3] with a static applied force)

Waiss = 272 fo(f) / dz / drr (A + 2053y S(ij) ) -
0 0
(2.29)
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The integral of the squared strain can be expanded as

/ dz/ drrSiz) S :/ dz/ drr (Sfr—i—Siw—i—sz)
0 0 0 0

- /0 dz/o drr[ (0 — S..)° + 82, + 257 .+ 252, =255, (0 - S.2) ] (2.30)

In 2.6, I show that

/Oo drr [S2, — Spp (0 — S22)] = 0. (2.31)
0

Substituting this result into Eq. (2.30) yields
Waiss = 27r2f¢(f)/ dz/ drr [)\92 +2u (0 —S..)° +2uS2, + 4#5(27'z):|- (2.32)
0 0

This expression can be evaluated term by term. Inserting Eq. (2.13a) into the integral of 62 gives

Igz/ dz/ drre?
0 0

o 1 2# 2 [e'e] _ o0 S , /oo _(k+k/)z/oo ,
e (AJF#) /0 dkkp(k)/o dk'E'p(k) ) dze ; drrJo(kr)Jo(K'r).  (2.33)

Using the identity
[e'e} L/
/ drrJy, (kr)J, (K'r) = M (2.34)
0

on Eq. (2.33) and evaluating the integral over z yields

1 [ 2u 2/00 i
Iy = —|—— dkp® (k). 2.35
v = gs () [awrm (2.39)

The other terms in Eq. (2.32) can be evaluated similarly; they all turn out to have the same depen-
dence on p(k) as Ip. Inserting this result for Wyiss into Eq. (2.3) gives the scaling law

SBR — oBR / dkp? (k). (2.36)
0

This scaling law is the same as the scaling law (2.24) for the coating thermal noise except that the
z integration has reduced the power of k in the integrand by one. This scaling law agrees with

Eqgs. (1)-(2) of [18].

2.3.2.4 Thermoelastic substrate noise

In contrast to the case of coating thermoelastic noise, the substrate thermoelastic noise can be

treated using the adiabatic approximation. Therefore, the temperature perturbations §7" that drive
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the substrate thermoelastic noise SI¥ are proportional to the expansion, i.e., 6T o 6. This implies

(e.g., by Eq. (2.25), or Eq. (13) of [3])

ST — sub/ dz/ drr(V6)? (2.37)

with CIE independent of the strain (and thus also the beam shape). Inserting Eq. (2.13a) into

Eq. (2.37) gives the scaling law; after absorbing all constants into Cg;%, it takes the form

Ssub Csub / dkk2ﬁ2(k)7 (238)
0

which O’Shaughnessy, Strigin, and Vyatchanin obtain in [8]. This scaling law is the same as the
scaling law (2.36) for the substrate Brownian noise except that the gradient raises the power of k

by two.

2.4 Applying the ITM scaling laws to second-generation
gravitational-wave interferometers

To illustrate the scaling laws (2.23), (2.28), (2.36), and (2.38), suppose that the noise S;j [with
beam shape py(r) and thermal noise type 7] is known. Here and throughout the remainder of this
article, 7 is a label that takes one of the following values: coating Brownian (Coat BR), coating
thermoelastic (Coat TE), substrate Brownian (Sub BR), or substrate thermoelastic (Sub TE).

Now, if the beam shape were changed to p,(r) [while holding everything® else fixed], then the
unknown noise S;,, [with beam shape p,(r)] would be [Eq. (2.4)]:

ST,u = C'IQTM [T;puapk]sr,ka (239)
with f (152
ARk (k)
Clrm[T; Pus i) = (2.40)
IT™ fo dkkn(T) k(k)
and

1 : 7 =Coat BR or Coat TE
7 = Sub BR (2.41)
2 : 7=Sub TE

n(7)

Il
o

When the beam shape is changed from py to p,, the amplitude sensitivity changes by a factor

3Since here I am neglecting edge effects, “everything” means the temperature, the materials’ elastic and thermal
properties, the coating thickness, and the frequency. In Sec. 2.4.2, when edge effects are considered, it will be the
diffraction loss, not the mirror size, that is held fixed.
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Figure 2.1: A plot of pgauss(7/b) and pmesa(r/b) for beams with 1 ppm diffraction losses (in the

clipping approximation) on a mirror with radius R = 17 cm. Here b = /LA/27 = 2.6 cm is the
width of the smallest Gaussian beam that can resonate in a LIGO arm cavity with length L = 4 km
and light wavelength A = 1064 nm.

of Crrm|[T; pus Di]-

2.4.1 TImplications for Advanced LIGO

In Advanced LIGO, the thermal noise may be significantly reduced by changing the shape of the laser
beam. One proposal is to replace the Gaussian beam shape with a mesa beam (also called a flat-top
beam) [6]. O’Shaughnessy, Strigin, and Vyatchanin [8] have calculated the resulting reduction in
substrate thermoelastic noise, Vinet has done the same for substrate Brownian thermal noise [18],
and Agresti [2] and Agresti and DeSalvo [9, 10] have done the same for both substrate and coating
thermal noises—all for the realistic case of finite mirrors. The reduction in thermal noise can also
be understood as a consequence of the simple ITM scaling laws derived above. Although I only
compare Gaussian and flat-top beams here, the scaling law given in Eq. (2.4) makes it simple—if
one neglects finite-test-mass (FTM) effects—to compute the relative change in sensitivity for any
two beam shapes.

The normalized Gaussian beam shape is

e—7‘2/w2

Peauss (W; 1) = (2.42)

Tw?

where w is the width of the Gaussian beam. It is straightforward to compute Pgauss(w; k), since the

integral can be done analytically; the result is

e—7‘2/w2

o 1 2,2
Poauss (W k) = drrJo(k = —e kw4 2.43
e (wik) = [ drr ) e = e (2.43)

2
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Figure 2.2: A log-log plot of the Gaussian beam-width parameter w and mesa beam-width parameter
D as a function of mirror radius R (top of figure), for mirrors with 1 ppm diffraction loss in the
clipping approximation. The ratio D/w is shown on the bottom of the figure. The parameter b is
defined in Fig. 2.1.

In position space, the mesa beam can be written as (Eq. (2.5) of [7])

pmcsa(D; T) = N (244)

D 2 /2 : ’ :
. () ) rr’ (1 —1)
271'/0 dr'r’ exp [ o x Iy {71)2 }

Here D is a measure of the width of the beam, b = \/m, with L = 4 km the arm length
and A = 1064 nm the wavelength of the laser beam’s primary frequency, and N is a normalization
constant adjusted so Eq. (2.1) is satisfied. Note that pmesa(r) must be evaluated numerically; to
compute p(k) efficiently, I use the Fast Hankel Transform algorithm [20].

Examples of the Gaussian and mesa shapes are plotted in Fig. 2.1. In Fig. 2.2, the width
parameters w and D of a sequence* of Gaussian and mesa beams are plotted as a function of mirror
radius R for beams with 1 ppm of diffraction loss in the clipping approximation®. The ratio D/w
is also shown on the bottom horizontal axis. It is sometimes useful to regard D and w (for 1 ppm
losses) as functions of D/w rather than of R—with D/w actually being a surrogate for R.

The following three cases use Egs. (2.39)—(2.41) to illustrate how the thermal noise in Advanced

LIGO changes with different choices of Gaussian and mesa beam shapes.
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Figure 2.3: The scaling of thermal noises with beam width w for Gaussian beams in the infinite-test-
mass (ITM) approximation. More specifically: a log-log plot of Crrm [T; Pgauss (W; T"), Pgauss (Wo; )] as
a function of w/b. Here w,/b = 1.24, which corresponds to R = 12 cm and 1 ppm diffraction losses.
Each curve is a power law obeying C' o 1/w7.

2.4.1.1 Noise of a resized Gaussian beam

Suppose pg(r) = Pgauss(Wo; 7). Then the thermal noises for a Gaussian beam of some different size w
are determined by evaluating Crrm|[T; Pgauss (W; T), Pgauss (Wo; 7)] [Eq. (2.40)] and inserting the result
into Eq. (2.39). In this well-known case (see, e.g., the discussion and references in [10]), Crrm can

be evaluated analytically, yielding the following relation:

1

W. (2.45)

CIQTM [T; Pgauss (w; T)v Pgauss (wo; T)] X
In Fig. 2.3, Crrm[T; Pgauss (W; ), Dgauss (Wo; 7)] is plotted as a function of the beam width w.

2.4.1.2 Noise of a resized mesa beam

Suppose pr(r) = Pmesa(Do; 7). Then the thermal noises for a mesa beam of some different size D
are determined by evaluating Crra [T; Pmesa(D; 7), Pmesa(Do; )] [Eq. (2.40)] and inserting the results
into Eq. (2.39). As shown in Fig. 2.4, in this case Cirm does not scale as an exact power of D

(although the actual relations are very well approximated by power laws).

4This particular sequence was chosen to facilitate comparison with the results of [10], which includes edge effects.

5In the clipping approximation, the diffraction loss is simply 27 fgo drrp(r), where R is the mirror radius. In the
ITM approximation, R is larger than all other length scales; however, the actual, finite value of R must be used in
the clipping approximation for the diffraction loss to be nonvanishing.
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Figure 2.4: The scaling of thermal noises with beam-width parameter D for mesa
beams in the infinite-test-mass approximation. More specifically:  a log-log plot of
Crrm |75 Pmesa (D3 1)y Pmesa(Do; )] as a function of D/b. Here D,/b = 1.76, which corresponds to
a mirror radius of 12 cm and 1 ppm diffraction losses. The curves are well approximated by power
laws of the form C' o 1/D7.

2.4.1.3 Noise reduction by switching from a Gaussian beam to a mesa beam with the

same diffraction loss and mirror radius

Finally, the scaling law (2.39) can be used to estimate the reduction in thermal noise by switching
from a Gaussian beam to a mesa beam that has the same clipping-approximation diffraction loss on
a mirror of the same radius.

Two complications in the resized-beam scalings are not present when scaling from Gaussian to
mesa beams. First, while the original and resized beams were associated with different-sized mirrors,
now the Gaussian and mesa beams are associated with the same mirror. Second, when relating the
Gaussian and mesa beams, there is no need to specify a fiducial beam size (i.e., there is no analogue of
w, and D,). Without these two complications, the Gaussian-to-mesa scaling is perhaps conceptually
cleaner than the resized-beam scalings.

Fig. 2.5 shows Crrum[7; Pmesa(D;7), Pgauss(w; )] for the sequence of beams shown in Fig. 2.2
(beams with 1 ppm diffraction loss in mirrors of the same radius R). The relative improvement in
amplitude sensitivity increases monotonically with the mirror radius R, or equivalently, with D /w;
however, when edge effects (i.e., finite-test-mass effects) are included, there is a limit to how much

the sensitivity can be improved (Sec. 2.4.2).

2.4.2 Errors due to neglecting finite-test-mass (FTM) effects

In the previous section, the ITM scaling laws predicted that, if the diffraction losses are held fixed,

then the coating and substrate noises decrease monotonically with increasing beam width [Figs. 2.3,
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Figure 2.5: The improvement in amplitude sensitivity when mesa beams are used instead of Gaussian

beams. More specifically: a log-log plot of Crram|7T; Pmesa(D;7), Pgauss(w; )] as a function of D/w.
For each mirror radius R, w and D are chosen so that the diffraction losses are 1 ppm in the clipping
approximation.
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Figure 2.6: How the Gaussian beam width parameter w compares to the mirror radius R and
thickness H, when i) the radius R is fixed so the clipping-approximation diffraction loss is 1 ppm
(unless a 10 ppm loss is indicated), and ii) the thickness H is then determined by holding the mass
at 40 kg, the Advanced-LIGO baseline mirror mass. Each curve is proportional to w?”. FS and Sap
mean fused-silica and sapphire substrates.
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Figure 2.7: How the mesa beam width parameter D compares to the mirror radius R and thickness
H, when i) the radius R is fixed so the clipping-approximation diffraction loss is 1 ppm (unless a
10 ppm loss is indicated), and ii) the thickness H is then determined by holding the mass at 40 kg.
The mirror radius R for 1 ppm losses is shown on the top axis; the 10 ppm mirror radii are (from
left to right) R0 PP™ =13.94 ¢cm, 15.7 cm, 16.37 cm, 18.85 cm, and 21.36 cm. FS and Sap mean
fused-silica and sapphire substrates.

2.4, and 2.5]. In other words, for a given diffraction loss, the optimal beam width is simply “as large
as possible.”

However, this conclusion is only as strong as the I'TM approximation. Its validity can be checked
by comparing the beam widths to the corresponding mirror dimensions. In our modelling, the mirror
radii R are adjusted to maintain a constant clipping-approximation diffraction loss (CADL) [Fig.
2.2], while the thicknesses H is then determined by requiring the mirror mass be 40 kg—the design
specification for Advanced LIGO. (Thus H will depend on whether the substrate is fused silica (FS)
or sapphire (Sap), since the densities of these materials differ by a factor of about 2.)

As shown in Figs. 2.6 and 2.7, for the sequences of beam widths considered in Sec. 2.4.1, w
and D can approach or even exceed H while simultaneously being significant fractions of the R.
Consequently, edge effects (finite test-mass effects) may significantly change the sensitivity scalings
depicted in Figs. 2.3, 2.4, and 2.5.

To estimate the importance of these edge effects, I compare the results in Secs. 2.4.1.1-2.4.1.3 to
the finite-test-mass (FTM) results® of Agresti and DeSalvo [10] (all types of thermal noise, 1 ppm
CADL) and O’Shaughnessy, Strigin, and Vyatchanin [8] (substrate thermoelastic noise only, 10 ppm

6The FTM data used here assume that the coating extends all the way to the edge of the substrate face. In
Advanced LIGO, the coating radius will actually be several mm smaller than the substrate radius (the baseline
substrate radius for Advanced LIGO is 170 mm).
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Figure 2.8: A log-log plot of A[T; pgauss(W; ), Peauss(Wo;7)]. The fractional error of the sensitivity
change made by neglecting edge effects is |1 —A|. Here w,/b = 1.24, which corresponds to R = 12 cm
and 1 ppm diffraction losses. The FTM values are obtained by taking ratios of the noises calculated
by Agresti and DeSalvo (2007). FS and Sap mean fused-silica and sapphire substrates.

CADL). Specifically, from these data I read off the ratio

ST
Crrm[T; pu(r), pi(r)] = SFW (2.46)
T,k

This change in sensitivity can be compared to Crrum [T; pr (), pu (r)], the change in sensitivity obtained

by the ITM approximation. Specifically, if

Crrm[T; pu(r), pr ()]

Alrpu(r), pe(r)] Crrm[7; pu(r), pr(r)]

(2.47)

then |1—A| is the fractional error made by using the ITM approximation to compute C/[7; p,, (1), pr(7)].
In the following subsections, I consider the errors |1 —A| made [Secs. 2.4.1.1-2.4.1.3] by neglecting
FTM effects.

2.4.2.1 Resized Gaussian beam

Fig. 2.8 plots A[T; Pgauss (W; T), Pgauss (Wo; 7)] for mirror substrates made of fused silica, the baseline
material for Advanced LIGO mirrors [1]. For comparison, the figure also shows the corresponding
values of A for sapphire substrates.

When the substrate is fused silica, the ITM and FTM scaling laws agree to better than about
10% so long as R < 17 em, the Advanced-LIGO baseline mirror radius [1]. As R increases beyond
about 17 cm, |1 — Al for fused silica increases dramatically (to about 50% when R = 21 c¢m), because
for such large radii the noise increases (e.g. [10, 8]) with R, while the ITM scaling laws predict [Fig.

2.3] that the noise always decreases with increasing R.
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Figure 2.9: A log-log plot of A[T; Pmesa(D;7), Pmesa(Do;7)]. The fractional error of the sensitivity
change made by neglecting edge effects is |1 — A|. Here the diffraction losses are 1 ppm (unless
10 ppm is indicated), and D,/b = 1.76 (D°PP™ = 3.00), which corresponds to a mirror radius
R =12 cm (R PP™ = 13.94 cm). The corresponding mirror radii are given on the top axis (1 ppm
losses) and in Fig. 2.7 (10 ppm losses). The FTM values are obtained by taking ratios of the noises
calculated by Agresti and DeSalvo (2007), except for the 10 ppm values due to O’Shaughnessy,
Strigin, and Vyatchanin (2003). FS and Sap mean fused-silica and sapphire substrates. (The fused-
silica substrate thermoelastic noise is negligible; this case is omitted from the figure.)

When the substrate is sapphire, the FTM effects for the thermoelastic noises lead to errors that
are comparable to the fused-silica FTM errors. For a mirror radius of” R = 16 cm, the fractional
error |1 — Al for sapphire substrates is about 15% for substrate thermoelastic noise and about 20%

for coating thermoelastic noise.

2.4.2.2 Resized mesa beam

The FTM effects in the resized-mesa-beam case are similar to the resized-Gaussian-beam FTM
effects. Fig. 2.9 plots A[T; Pmesa(D; ), Pmesa(Do;7)]. When the substrate is fused silica and R <
17 ¢cm, the ITM scaling law errs by less than about 10% for the coating noises and by less than
about 25% for the substrate Brownian noise. (The substrate thermoelastic noise is negligible when
the substrate is fused silica [10].) Again, the ITM scaling law disagrees more and more strongly as
R is increased beyond 17 cm. In this regime, the noise increases with R, but the I'TM scaling law
[Fig. 2.4] predicts that the noise always decreases with increasing R.

When the substrate is sapphire, the FTM effects for the thermoelastic noises are comparable to
the Brownian-substrate errors for fused silica. When R = 16 c¢m, the FTM effects on the sapphire

thermoelastic noises correspond to a fractional error |1 — Al of 20%-30%.

“When sapphire was the baseline test-mass material for Advanced LIGO (it has since been abandoned in favour
of fused silica), the baseline mirror radius was R = 15.7 cm [21].
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Figure 2.10: A log-log plot of A[T; pmesa(D;7), Dgauss(w; 7)]. The beam width parameters w and D
are chosen so that the diffraction loss is 1 ppm (unless 10 ppm is indicated). The corresponding
mirror width for 1 ppm diffraction losses is shown on the top axis; the 10 ppm point corresponds
to a mirror radius of 15.7 cm. The fractional error of the sensitivity change made by neglecting
edge effects is |1 — A|. The FTM values are obtained by taking ratios of the noises calculated by
Agresti and DeSalvo (2007), except for the 10 ppm value, which is due to O’Shaughnessy, Strigin,
and Vyatchanin (2003). FS and Sap mean fused-silica and sapphire substrates. (The fused-silica
substrate thermoelastic noise is negligible; this case is omitted from the figure.)

2.4.2.3 Switching from a Gaussian beam to a mesa beam with the same diffraction

loss and mirror radius

The errors due to neglecting FTM effects in the Gaussian-to-mesa case behave qualitatively differ-
ently from (and are generally smaller than) the resized-beam errors. Fig. 2.10 plots
A[T; pmesa(D; ), Daauss (w; )] for fused silica and sapphire substrates. For both fused-silica and
sapphire substrates, the coating sensitivity changes are not strongly sensitive to edge effects; in
these cases, Cpry and Ciryy differ by less than about 10% even when the beam widths exceed 17
cm (and thus are significant fractions of R and H [c.f. Figs. 2.6 and 2.7]). The substrate sensitivity

changes are more sensitive to edge effects, but even then the edge effects remain below about 15%,

provided that R < 17 cm for fused-silica substrates and R < 16 cm for sapphire substrates.

2.5 Conclusion

Changing the shape of the laser beam in Advanced LIGO can reduce the thermal noise, which is
the limiting noise source at frequencies from 40 Hz to 200 Hz. In the Fourier domain, the relations
between the thermal noise and the beam shape for semi-infinite mirrors take the form of simple
scaling laws. Moreover, the coating thermal noises obey the same local scaling law. These results
enable a straightforward comparison of the thermal noises for two different beam shapes when

edge effects are neglected. The scaling laws predict the improvement of mesa-beam sensitivities vs.
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Gaussian-beam sensitivities quite well. For 40 kg, fused-silica mirrors the substrate-noise scaling
laws agree with the finite-mirror results within approximately 15% for mirror sizes not larger than
the Advanced-LIGO baseline size of about 17 cm; the coating-noise scaling laws agree with the
finite-mirror predictions to better than about 10%. Therefore, the infinite-test-mass scaling laws
may be a very useful tool for estimating optimal beam shapes for Advanced LIGO and other future

gravitational-wave interferometers.

2.6 Appendix A: Derivation of equations (2.31) and (2.18)

In this appendix, I derive Eq. (2.31), which T use in the derivation of the scaling law (2.36) for
Brownian substrate noise. Then, I deduce Eq. (2.18), which I use in the derivation of the scaling
law (2.23) for Brownian coating noise.

First, consider the integral
/ drr [wa — Sy (0 — Szz)] ) (2.48)
0
Combining Eqs. (2.13a) and (2.13e) gives

0-5..=— / dke " 5(k) [% + kz] kJo(kr).

2p Jo

(2.49)

Inserting Egs. (2.49) and (2.13c) into the left-hand side of Eq. (2.48) yields

/ drr [wa — Spp (0 — Szz)}
0
L /Oo dk /Oo ke~ (kK= [_—“ + kz] {_—“ + k’z] Bk)BK), (2.50)
4p? Jo 0 At p A+ p
where
oo k: k:/ o0
I= / ap LN KT k/ drdy (kr) Jo(k'r). (2.51)
0 r 0

Since k and k' are variables of integration, and since aside from I itself, (2.50) is unchanged by

letting k < k', I can be rewritten as

r

_ - Jl(kT)Jl(k/T) _l o [T r r Iy _1 > r /e r
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The integrals in (2.52) are special cases of Eqgs. (11.4.33), (11.4.34), and (11.4.42) of [22]:

Jy(kr)Ji(K'r) K’ ,
dr———=——+= = —nk-F k' —k
/0 T 21k = K)o+ gk = ).
(2.53a)
/ drJy(kr)Jo(K'r) = % (2.53b)
0
Here 7 is the unit step function. Inserting (2.53a) and (2.53b) into (2.52) shows that
I=0= / drr [S2, — Sy (0 — S22)] =0, (2.54)
0
which is Eq. (2.31).
Next, combining Egs. (2.16a)—(2.16d) shows that
Sot = S |.—g (2.55a)
G0t — S = (0 — S..)|,_ - (2.55D)
Thus, setting z = 0 in (2.54) gives
/ drr | (S602t)” = secat (9o - 22) | = 0, (2.56)
0

which is Eq. (2.18).

2.7 Appendix B: Junction conditions for the stress and strain
of a statically deformed, semi-infinite mirror with thin
coating

The junction conditions (2.16a)-(2.16d) are listed in Eq. (A4) of [4] along with the statement that
for these conditions to hold, the Poisson ratios of the coating and substrate should not be “too
different.” This restriction is actually unnecessary, provided that the coating is sufficiently thin.
One can see this as follows:

Because the coating adheres to the substrate surface, the substrate surface and coating have the
same tangential displacement. Continuity of w, and u, immediately implies continuity of S, and
Spp- A straightforward pillbox integration of the equilibrium condition V;T;; = 0 then shows that
T.. and T,., are also continuous across the junction.

All of the other junction conditions given in Eq. (A.4) of [4] then follow, with one exception: the

junction condition on S,y should read MC"‘“SC;’;‘; bubSbﬁﬁ’), not S(C;’;t Sbﬁf) But since T},
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on the coating surface (and thus also to high accuracy throughout the thin coating), this error is

irrelevant; the correct junction condition is simply Sff:)‘ = S(S‘Tlf) =0.
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Chapter 3

Tidal coupling of a Schwarzschild
black hole and circularly orbiting
moon

We describe the possibility of using LISA’s gravitational-wave observations to study,
with high precision, the response of a massive central body (e.g., a black hole or a soliton
star) to the tidal gravitational pull of an orbiting, compact, small-mass object (a white
dwarf, neutron star, or small-mass black hole). Motivated by this LISA application, we
use first-order perturbation theory to study tidal coupling for a special, idealized case: a
Schwarzschild black hole of mass M, tidally perturbed by a “moon” with mass u < M
in a circular orbit at a radius b > M with orbital angular velocity 2. We investigate
the details of how the tidal deformation of the hole gives rise to an induced quadrupole
moment .%;; in the hole’s external gravitational field at large radii, including the vicinity
of the moon. In the limit that the moon is static, we find, in Schwarzschild coordinates
and Regge-Wheeler gauge, the surprising result that there is no induced quadrupole mo-
ment. We show that this conclusion is gauge dependent and that the static, induced
quadrupole moment for a black hole is inherently ambiguous, and we contrast this with
an earlier result of Suen, which gave, in a very different gauge, a nonzero static-induced
quadrupole moment with a sign opposite to what one would get for a fluid central body.
For the orbiting moon and the central Schwarzschild hole, we find (in agreement with a
recent result of Poisson) a time-varying induced quadrupole moment that is proportional
to the time derivative of the moon’s tidal field, .#;; = (32/45)M5&;; and that therefore
is out of phase with the tidal field by a spatial angle 7w/4 and by a temporal phase shift
/2. This induced quadrupole moment produces a gravitational force on the moon that
reduces its orbital energy and angular momentum at the same rate as the moon’s tidal

field sends energy and angular momentum into the hole’s horizon. As a partial analog of
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a result derived long ago by Hartle for a spinning hole and a static distant companion,
we show that the orbiting moon’s tidal field induces a tidal bulge on the hole’s hori-
zon, and that the rate of change of the horizon shape (i.e., the horizon shear) leads the
perturbing tidal field at the horizon by an angle 4M . We prefer to avoid introducing
an ingoing null geodesic, as Hartle did in his definition of the phase shift, because the
moon is in the central body’s near zone (b < 1/€2) and thus should interact with the
horizon instantaneously, not causally. We discuss the implications of these results for
LISA’s future observations of tidal coupling, including the inappropriateness of using the
concepts of tidal polarizability and tidal lag or lead angle, for the massive central body,

when discussing LISA’s observations.

Originally published as H. Fang and G. Lovelace, Phys. Rev. D. 72 (2005) 124016.
Copyright (2005) by the American Physical Society.

3.1 Introduction and summary

3.1.1 Motivations

One of the primary scientific requirements for LISA (the Laser Interferometer Space Antenna) is to
map, in exquisite detail, the spacetime geometries of massive black holes (and, if they exist, other
massive, compact bodies) by using the gravitational waves emitted by inspiraling white dwarfs,
neutron stars, and small-mass black holes. This emission process has come to be called “Extreme
Mass Ratio Inspiral” (EMRI, pronounced emm-ree). The possibility of making such maps from
EMRI waves was discussed by Thorne in the early 1990s (e.g., in [1, 2]). In 1995 Ryan [3] laid
the first detailed foundation for such mapping: he showed that, when the massive, central body
is general-relativistic, axisymmetric, and reflection-symmetric, and when the orbiting object is in
a near-equatorial, near-circular orbit in the vacuum region surrounding the body, the full details
of the central body’s metric are encoded in (i) the phase evolution of the waves and also in (ii)
the evolution of the frequencies (or phases) of wave modulation produced by orbital precession.
Phinney [4] has given the name “bothrodesy” to the mapping of a black hole’s metric via EMRI
waves, and bothrodesy has been identified, by the LISA International Science Team (LIST), as one
of the prime goals for LISA [5]. The initial phase of scoping out LISA’s data analysis challenges for
EMRI waves is now underway [6, 7].

Ryan’s proof that the EMRI waves carry a map of the central body’s metric ignored completely
the influence of tidal coupling between the central body and the orbiting object. Finn and Thorne [§]
have shown that, for values of the body and object masses in the range relevant to LISA, the tidal

coupling can have an influence as large as a few percent on the evolution of the waves’ inspiral phase—
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a phase that should be measurable to a fraction of a cycle out of tens or hundreds of thousands of
cycles. Thus, the influence of the tidal coupling may be measurable with rather high precision.
Because, in Ryan’s analysis, the map is encoded redundantly in the EMRI waves’ inspiral phase and
in their modulations, it is reasonable to hope that the tidal coupling will break that redundancy in
such a manner as to permit extraction of both the map and details of the central body’s response
to the tidal gravitational pull of the orbiting object [9].

Thorne [10] has argued that if we are to keep an open mind about the physical nature of the
central body from the outset [e.g., if we are to allow for the possibility that it is a boson star
(e.g., [11, 12]) or a soliton star (e.g., [13]) rather than a black hole], then we must describe the tidal
coupling in a manner that can encompass all possible types of central bodies—a body-independent
manner.

In the case of the earth and moon, the tidal coupling is normally described in terms of the rise
and fall of the earth’s surface or ocean’s surface, and in terms of energy dissipation in the earth’s
oceans. Noticeably different from this, the tidal coupling in the case of a black hole has always,
until now, been described in terms of the influence of the orbiting object’s gravitational field on the
hole’s horizon—the perturbation of the horizon’s 2-metric (e.g., [14, 15]), or the conversion of the
tidal field into gravitational radiation at the horizon by gravitational blue-shifting and the energy
and angular momentum carried inward by those waves (e.g., [16]).

One tidal feature in common between a black hole, the earth, a boson or soliton star, and all
other conceivable central bodies, is the body’s tidally-induced multipole moments and multipolar
gravitational fields. It is these induced fields, acting back on the orbiting object, that change the
object’s orbital energy and angular momentum, secularly change its orbit, and thereby alter the
emitted gravitational waves. For this reason, Thorne [10] has proposed that we adopt these induced
multipole fields or moments as our body-independent description of tidal coupling when analyzing
LISA data.

As a first step in exploring Thorne’s proposal, we compute in this paper the tidally induced
quadrupole moment and its back reaction on the orbiting object in the special case where the

central body is a Schwarzschild black hole, and the object is a distant, circularly orbiting moon.

3.1.2 Framework and results

Consider a moon of mass p orbiting around a massive central body at a large distance. When the
central body is a planet [17] (see Sec. III of [15] for a review), the external tidal field produced by

the moon, denoted by Efj?‘t, raises a tide on the central body and induces a quadrupole moment fii;‘d

that is proportional to Eie]?“. The proportionality constant is the body’s polarizability. Because of

viscous dissipation, the induced quadrupole moment fii;‘d will be slightly out of phase with 5;?;“;

it will have a small phase lag with respect to the applied field. This phase lag is generally referred
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to as the tidal lag angle, and can be defined equivalently as the ratio of the tangential and radial
component of the tidally-induced force acting back on the moon. One objective of this paper is to
explore whether this type of characterization via polarizability and lag angle is also reasonable when
the central body is a black hole.

To explore this, we study a model problem where the moon is orbiting circularly around a massive
Schwarzschild black hole of mass M (>> p) at large distance b (3> M). We assume the separation b
is large enough that there exists an intermediate region between the hole and moon where (i) gravity
is weak so space is nearly flat; (i) the moon’s tidal field does not vary appreciably. This region is
referred to as the black hole’s local asymptotic rest frame (LARF) [18]. Because the spacetime is
nearly flat, one can write down the full tidal field in the LARF (in Cartesian coordinates) to linear

order in each multipole moment as [19]

= Rows (D, (1
81] = RO’LOJ - ; £| Ay (T) ij A,
= (20— 1)
= STy L Xars (3.1)
=2 '

Here .#4, and 24, are the fth internal and external moments; they are symmetric and trace free
(STF) in their tensor indices A; = aj...ap [20]. The “internal moments” .#4, characterize the central
body, while the “external moments” 24, characterize the gravitational fields of distant sources that
perturb the central body. In our problem, the tidal field Efj?‘t is physically the same as the external
quadrupole moment 2;;; they differ only by a constant scaling factor, &;; = —(1/3)2;;. The internal
quadrupole moment is induced by the applied tidal field and characterizes the tidal deformation of
the central body.

Eq. (3.1) is the gravitational analogy to the multipole expansion of an electromagnetic field. It
will be sufficiently accurate for our purpose, since we shall compute the nonspherical parts of the
Riemann curvature tensor by solving the linearized Einstein field equations. It will be shown in
Sec. 3.2 that only multipole moments with ¢ = 0,2 are relevant to our problem. Dropping all other
terms in Eq. (3.1) and contracting with the unit spatial vector yields

2M 18.7ndnins

Eiyn'n? = ——+ ExXtn'n — , (3.2)
r

o
where we have identified .# in Eq. (3.1) as the total mass of the black hole and substituted the
external tidal field Efj?‘t for 2;;. In the last term, ﬂii;’d represents the quadrupole moment induced

on the black hole by the external tidal field.

In Secs. 3.3 and 3.4.1 of this paper we compute the induced quadrupole moment in Regge-Wheeler
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gauge, obtaining

in 32 Sex
Zij 4= EMGEU " (3.3)

The same result was recently derived by Poisson from calculating the averaged rate of change of
mass and angular momentum of the perturbed black hole [21]. Note that ﬂii;’d is proportional to the
time derivative of 8;?]?“ (a time derivative caused by the moon’s motion) and is therefore completely
out of phase with the external tidal field (by 90 degrees in time and 45 degrees in space). As we
will show in Sec. 3.5, this out-of-phase induced moment is gauge invariant and is responsible for the
torque that changes the orbital energy and angular momentum. Thus it is also responsible for the
tidally-induced portion of the orbital evolution and the phase evolution of the gravitational waves.

The piece of the induced quadrupole moment that is proportional to and in-phase with the
applied tidal field is ambiguous (in a sense that we shall discuss in Sec. 3.4.2); in Schwarzschild
coordinates and Regge-Wheeler gauge, it vanishes. If there had been an unambiguous piece of fii;‘d
in phase with 5;?;“, then this in-phase piece would have defined a polarizability, and the ratio of
out-of-phase piece to the in-phase piece would have been, in a certain well-defined sense, the small
tidal lag angle. Thus, our result can be regarded as saying that both the polarizability and the lag
angle of a black hole are ambiguous (in the sense discussed in Sec. 3.4.2).

Although we find that the tidal lag angle in the LARF, in the case of a Schwarzschild black hole,
is ambiguous, we can still define and calculate an angular tidal shift on the horizon (as opposed to
in the LARF or out at the moon). We study this horizon phase shift in Sec. 3.5. Hartle [15] has
calculated! the tidal lag angle for the problem of a bulge raised on slowly rotating hole’s horizon by
a stationary moon, and he has shown it to be negative: the horizon’s tidal bulge leads the applied
tidal field due to the horizon’s teleological definition (i.e., a definition in terms of the future fate of
null rays). As in Hartle’s case, we can compare the phase of the shape of our nonrotating horizon
to our mowving moon’s position by mapping the moon to the horizon with an ingoing, zero-angular
momentum, null geodesic. In Sec. 3.5, we find that this prescription leads to a lead angle between

the moon and the horizon

5111111 map — gMQ + Qb*, (34)

where ) is the orbital angular frequency of the moon and b* is the moon’s tortoise coordinate
b*=b+ 2M log(b/2M — 1).

For comparison, Hartle’s result [15] for the tidal lead angle in the case of the rotating hole and
distant, stationary moon in the equatorial plane, is (after correcting a sign error, as discussed in
footnote 6)

H 2a a 8 M?Qp

I o YRS .
null map 3M+b 3 H+ b ) (3 5)

1We review the principal results of Hartle’s investigation in Sec. 3.5.2.1.

)
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Here a is the hole’s specific angular momentum, and g is the horizon angular velocity. The radius
of the moon’s position b is sufficiently large that the moon is essentially stationary. Throughout
this paper, we use the superscript “H” to indicate results corresponding to Hartle’s system, i.e., to
a system with a stationary moon and rotating horizon. Other results (without the subscript “H”)
correspond to our system of a distant moon, orbiting at frequency €2, which perturbs a Schwarzschild
black hole).

Our result (3.4) differs from Hartle’s (3.5)—even though we initially expected that the tidal
phase shift should depend only on the difference in angular velocities of the applied tidal field and
the horizon generators, so the results would be the same. The terms that differ arise from the
particular choice to map the moon to the horizon using an ingoing, zero-angular momentum null
ray.

We prefer an alternative definition of the tidal lead angle, one that is independent of b*; we
prefer to define the tidal phase shift as the angle between the perturbing tidal field at the horizon
and the shear (which is the rate of change of the shape) of the horizon [22]. This definition avoids
introducing null connections between the moon (which, at radius b << 271, is in the near zone) and
the horizon. Using this definition, we find that the shear of the central hole leads the perturbing
tidal field at the horizon by an angle

SHorizon = Oforizon = 4M Q. (3.6)

The tidal lead angle is the same whether one considers a stationary moon perturbing a rotating hole
or an orbiting moon perturbing a non-rotating hole.

The rest of paper is organized as follows. In Sec. 3.2, we decompose the applied tidal field in the
LARF into a time-dependent part and a static part. In Sec. 3.3 we analyze fully the time-dependent
part and deduce the dynamical part of the induced quadrupole moment [Eq. (3.24)]. In Sec. 3.4, we
solve for the static perturbation and discuss the ambiguity in defining the static part of the induced
quadrupole moment. In Sec. 3.5, we study the phase shift between the deformation of the horizon
and the applied tidal and compare the result with the phase shift as defined by Hartle. A brief

conclusion is made in Sec. 3.6. Throughout the paper, we use geometrized units with G = ¢ = 1.

3.2 Problem setup

We study small perturbations of a non-spinning black hole caused by an orbiting moon. The unper-

turbed background metric is the Schwarzschild metric:

2M dr?
2 (q1_ 2 20702 1 win2 0742
ds® = (1 . )dt + 5 /T—i—r (d6” + sin” 6do?), (3.7)
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where M is the mass of the central hole. At large radii (i.e., in the LARF), we will study the per-
turbations in a notation that treats the Schwarzschild coordinates (7,0, ¢) as though they were flat-
space spherical coordinates. These coordinates are related to the Cartesian coordinates (x,y, z) =
(21,22, 23) by

(z!, 2%, ) = r(sin 0 cos ¢, sin O sin ¢, cos 6).

We will denote the radial vector with length r by x, the unit radial vector by n, and their components
by 27 and n/, respectively.
Let a moon of mass g move along a circular orbit with radius b in the equatorial plane (b >

M > p). The moon’s position is specified by
x* =bn® = b (cos N, sin 2, 0), (3.8)

where the superscript “s” stands for the “source” of the perturbation and = /M /b3 is the moon’s
orbital angular frequency, satisfying 20 < 1. The moon’s tidal field Efj?‘t is the double gradient of
the moon’s Newtonian gravitational potential. Its value in the LARF (at » < b but r > M) is well

goxt — _( K )
K |x — x5 i

I
b

approximated by

=0

L

Note that although the applied tidal field is defined in the LARF, the induced quadrupolar field
ﬂii;’d of greatest interest is not in the LARF, but further out in the vicinity of the moon’s orbit,
where it interacts with the moon.

The tidal field (3.9) can be decomposed into spherical, harmonic modes [23]. The result of the

decomposition is

6 2 . _
gic;(t — b% ?ﬂ- (\/;%?O _ %-?267%)15 _ %§261wt>

— ext,20 ext,22 ext,2-2
= & T & +E; (3.10)

with w = 2Q and Ef;(t’2m (m = 0,+2) equal to the corresponding @”27” term. Here the @”27” are
position-independent, rank-2, symmetric trace-free (STF) tensors defined in Eqgs. (3.68)—(3.69) and
are related to the familiar £ = 2 spherical harmonics Y2 (6, ¢) by Eq. (3.67). (See Egs. (2.7)—(2.14)

of [23] for the general mapping between order ¢ spherical harmonics and rank-¢ STF tensors). The
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explicit values of the tidal field components are

1 0 0

gext,ZO _ _L 0 1 0 (3 11&)

o7 T ’ '

0 0 -2
1 42 0

ex 3 w

gijt=2i2 = _4_;) +i —1 0 [eT™h (3.11b)

0 0 O

The tidal field &7 [Eq. (3.10)] is the source of perturbations of the central hole; it is an even-
parity ¢ = 2 external tidal field. We shall therefore perform our calculation in the even-parity
Regge-Wheeler gauge, mode by mode (¢ = 2,m = 0,+2). The tidal field 8;?]?“ also sets the outer
boundary condition for the problem: the O(r") terms in the perturbed tidal field &£;; must go to Efj?‘t
in the LARF [Eq. (3.2)].

The inner boundary condition is set differently, depending on whether the perturbations are static

or time-dependent. For the static perturbations generated by £2°

7 » We impose a “regularity bound-

ary condition”: the perturbations must be physically finite at » = 2M. For the time-dependent

perturbations generated by E?xt’2i2, we impose the “ingoing-wave boundary condition”: the per-

ij
turbations have the asymptotic behavior ~ ¥ when approaching the horizon. Here r* is the

tortoise coordinate r* = r + 2M log(r/2M — 1).

3.3 Time-dependent part of the perturbation

3.3.1 The perturbed metric

We will specialize to (¢, m) = (2, 2) in solving for the time-dependent part of the metric perturbation.
The (¢,m) = (2, —2) results can be obtained by complex conjugating the (2, 2) results. For briefness,
a superscript “22” will not be added to quantities calculated in this harmonic mode in this section,
unless a distinction is needed. Throughout this section, we refer to Appendix 3.8 for details of the
perturbation calculation.

In the standard Regge-Wheeler gauge, the (¢, m) = (2,2) time-dependent perturbations take the
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form [24]
M = R0, g
H(1— 2M) H,y 0 0
H, H(1-24)-1 0 0
g 0 0 2K 0
0 0 0 r?Ksin*6

(3.12)

Here H, H, and K are functions of r alone. These radial functions are solutions of the perturbed
Einstein equations; they can be constructed from the Zerilli function Z(r) [25], which satisfies a
second-order ordinary differential equation [Eq. (3.73)]. Specifically, Hy, K, and H are given in
terms of Z(r) by Egs. (3.70)—(3.72). Instead of solving for Z(r) directly, one may obtain the Zerilli
function from its odd-parity correspondent, the Regge-Wheeler function X(r), which obeys a simpler

differential equation [24, 26] that is easier to solve [Eq. (3.74)]:

[ L (1 - ﬂ)(““l) - GM)} X(r) =0,

dr*2 r r2 r3

where d/dr* = (1—2M/r)d/dr. The Zerilli function Z(r) is expressed in terms of X(r) by Eq. (3.75).
Thus, the metric perturbation is determined by the single radial function X(r), by way of Eq. (3.75)
to get Z(r) and then Eqgs. (3.70)—(3.72) to get Hy, K, and H.

The analytic solution for X(r) with the ingoing-wave boundary condition at horizon was derived
by Poisson and Sasaki [27]. Their solution, X in their notation and for the limiting case wr < 1, is
what we have used in our analysis. With our slow motion assumption Qb < 1, X (wr < 1) will be
sufficient to cover the region inside the moon’s orbit—including the LARF, where we read out the
induced quadrupole moment. Following Poisson and Sasaki’s notation, we define the dimensionless
quantity

e =2Muw. (3.13)

We then combine Egs. (3.4), (3.11), and (3.12) of [27] to obtain

3 .
XH((.U’I’ < 1) _ ‘A(ﬁ) ezw(r72M)
r —iwr™
X  Fl(er,co503;1— m)e , (3.14)

where A is an overall scaling factor that did not appear in [27] but will be determined by the outer

boundary condition in our problem; F' is the hypergeometric function with parameters [Eq. (3.11)
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of [27] with ¢ = 2]

e = —ie+0(e?),
e = b—ic+0O(?), (3.15)
cg = 1—2e.

Note that expression (3.14) for X! is only accurate to first order in . We then expand Eq. (3.14)

in large r and keep terms to first order in e

X"T =4

(1—1——@5) +Z )|, (3.16)

where 7 = r/2M is the dimensionless radius. Next, we use Eq. (3.75) to get Z(r). Then the perturbed
metric components can be constructed using Eqs. (3.70)—(3.72). In the following, all quantities will

be calculated up to first order in & and we will suppress “O(g2?)” in our expressions.

3.3.2 Induced quadrupole moment in the LARF

Once the perturbed metric is known, it is straightforward to calculate the full Riemann tensor and

extract from it the first-order tidal field in the LARF:
1 1 0
Y = RG); = Row; — R, (3.17)

where a superscript of “(0)” or “(1)” indicates the quantity is of zeroth or first order in the pertur-
bation. In our calculation, we found it convenient to look at the 0rOr component of the first-order

Riemann tensor in the LARF, since
R(()i“)()r = Réléjnznj = 5 ninj. (3.18)

From this equation we can read off 51-(]41) = Ré:%j, the first-order tidal field in Cartesian coordinates
in the LARF, from the Riemann tensor in Schwarzschild coordinates. By the procedure outlined in

this paragraph we have deduced the following (¢, m) = (2, 2) part of Efjl) in the LARF:

1,22 3A
AT VE

142 Sie +Z = ] Y2, (3.19)

The outer boundary condition states that the O(r?) [i.e., O(7°)] term of Ei(jl)’ must equal £ 22
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[Eq. (3.11b)]. This determines the scaling factor to be

auM® 2w 4
A= -2 3.20
B V15 ( 3’5) (3:20)
Inserting Eq. (3.20) into Eq. (3.19), we can write Ei(;)’n as
(1),22  gpext22 J [6T Zoo 1€ 22wt

Here the O(1/7°) term, by Eq. (3.2), contains the induced quadrupole moment. The O(1/#%) and
higher terms are proportional to the O(1/7°) term and contain no new information; they represent
the non-linear coupling between the induced quadrupole and the black hole’s monopole moment.
Comparing the O(1/7°) term in Eq. (3.2) and the O(1/r°) term in Eq. (3.21), we find that
32 .
22 6 gext,22

T = EM E; (3.22)

Complex conjugating this equation yields the (¢,m) = (2,—2) part of the induced quadrupole

moment:

32 6 exta
2-2 __ 6 cext,2-2
S = EMOET (3.23)

Thus, the time dependent part, i.e., the dynamical part (DP), of the induced quadrupole moment
is given by

i 32 ; s oxch 2 32 .
FUPP = MO (€0 4 £ R) = EMOEES, (3.24)

This agrees with the result recently obtained by Poisson [21] by a very different method. Note that
the induced quadrupole moment is proportional to the time derivative of the applied tidal field.
Hence the induced quadrupole moment and the applied tidal field are completely out of phase with
each other (7/4 phase shift in space, 7/2 in time). This leads to a dissipative force acting back on
the moon.

From the induced quadrupole moment (3.24), we define a corresponding Newtonian potential in

the LARF and out to the moon’s orbit:

p n'n’

3 .
o = _§f;;d7 D (3.25)

r3

Then the force acting back on the moon can be found by evaluating the gradient of ® at the moon’s
position:

F=-Vo

32 N2 (M 13/2
o= (3) (7) eo. (3.26)

Eq. (3.26) shows that the force is tangential and opposite to the moon’s motion. The energy loss
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from the moon’s orbital motion is then

: 2
E=-F.v= %Mﬂﬁﬂﬁ, (3.27)

where v = Qbey. It is straightforward to show that there is also an angular momentum loss of
magnitude £/Q. Eq. (3.27) agrees with Poisson and Sasaki’s calculation of the rate at which the

perturbation carries energy into the black hole’s horizon at the leading post-Newtonian order [27].

3.4 The static, axisymmetric part of the perturbation

3.4.1 Static-induced quadrupole moment

We now specialize to the even-parity, static part of the moon’s perturbation: (¢,m) = (2,0). The
Regge-Wheeler metric for this type of perturbation has the form [24]
H,
1—2M/r’
12Ky, 12Ky sin? 9} x Y2°(0, $)

2M

20 — Diag{(l - T)ﬁz, (3.28)

where “Diag” is short for diagonal matrix and H, and K, are functions of r only. The general
solution to the field equation governing Hy can be expressed in terms of the associated Legendre

functions [14]:

() = a2Pf (17— 1) + 303 (17 - 1) (3.29)

where ao and (o are constants to be determined. The solution to Kg can then be obtained from

that of Ho (Appendix C). As r approaches 2M, we have [28]
Q7 (r/M = 1) ~ (r/M)~"/2,

so the Q3 term in Eq. (3.29) becomes divergent at r = 2M and we must set the coefficient (5 to be

zero in order for the perturbation to be finite there. As r goes to infinity?,
PP(r/M —1) ~ (r/M)".

Therefore the remaining P term in Eq. (3.29) keeps growing quadratically as r becomes large,
corresponding to the non-asymptotic-flatness due to the presence of the moon.
With the metric perturbation hﬁo), we compute the Riemann tensor from the full metric and

series expand the result up to linear order in ay (i.e., first order in the perturbation). The 0rOr

2Valid for all Re £ > —1/2
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component of the resulting first-order Riemann tensor is found to be

30&2

Riyb, = 2z Y0,0). (3.30)

From this and from Eq. (3.10), we obtain the first-order tidal field in the Cartesian basis

(1) _ 302 495
&y =5 4. (3.31)
The static, first-order tidal field thus contains only an O(r®) term, which should be identified as the
static part of the applied external field Eic;(t’m [Eq. (3.11a)]. The coefficient a is determined from
this identification to be ag = /47 /45 uM?/b3. Since there is no O(1/r®) term present in Eq. (3.31),

we infer that there is no static-induced quadrupole moment:
T2 =0. (3.32)

This is quite a counter-intuitive result. It is worth pointing out, however, that the absence
of negative powers of r in Eq. (3.31) follows directly from the regularity condition we imposed at
r = 2M. If the radius r = 2M were well inside the central body itself, which naturally is the case
for any nonrelativistic body with weak self-gravity, then the Q3 term in Eq. (3.29) would survive
and give rise to an induced quadrupole moment. Eq. (3.32) may also be the consequence of the
gauge (Regge-Wheeler) we choose to work in. Is it possible to give a gauge-invariant definition of
static, induced multipole moment in a non-asymptotically-flat spacetime? This is the question we
shall investigate in the next subsection.

We now summarize and conclude that the total induced quadrupole moment in our chosen gauge
is

: 32 :
ind 20 22 2-2 6 cext

(3.33)
which is proportional to the time derivative of the external tidal field—mnot the field itself as one
would expect for Newtonian tidal couplings.

Lastly, we move from the LARF to the perturbed horizon and examine the effect of the static
perturbation there. Hartle has shown [14] that to first order in the perturbation, the coordinate
location of the event horizon of a slowly rotating black hole perturbed by a stationary distribution of

matter is still at » = 2M. This is also true for a Schwarzschild black hole under static perturbations.

Evaluating the full metric at » = 2M, we find the horizon metric is given by
ds?, = AM?[1 — 20(M?/b%) Py(cos 9)} (d62 + sin® 6dg?) , (3.34)

where P, is the Legendre function. From this metric the scalar curvature of the horizon is obtained
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as

4

1 2 /13
= [1 — 4p(M?/6%) Py(cos 0) . (3.35)
So it is clear that the shape of the horizon does acquire a small quadrupolar component. But this

deformation is not accompanied by an induced quadrupole moment in the LARF, at least in our

chosen gauge.

3.4.2 Ambiguity of the static-induced quadrupole moment

In the previous subsection, we found that a Schwarzschild black hole has a vanishing static-induced

quadrupole moment (SIQM) in response to the external tidal field £2?°. To see that this van-

ij
ishing of the SIQM might possibly be a gauge effect, imagine replacing the radial coordinate
r in the expression ® = (1/ 2)5fj¥t’20nin<jr2 for the external tidal Newtonian potential by r =
7(1 4+ xMP5/7)Y/? where x is some dimensionless number of order unity. The result is ® =
(1/2)Efft’20ninjf2 + (X/2)M552ft’20ninj/F3. By comparing this expression with Eq. (3.2) we read
off a SIQM .%;; = (x/18)M 555(t’20. In Newtonian theory this procedure would obviously be naive,
but in general relativity, where the unperturbed black hole metric can be expanded in powers of
M/r and the coefficients in that expansion depend on one’s choice of radial coordinate and that
choice is a “gauge” issue, this type of procedure is not obviously naive at all.

From our point of view, the best way to explore the gauge dependence of the SIQM is to ask
whether it is physically measurable. If (as we shall find) physical measurements give a result that is
ambiguous at some level, then that ambiguity constitutes a sort of gauge dependence of the SIQM.

In this section we shall study a thought experiment for measuring the SIQM, one based on
coupling to a small, static external “test” octupole field &;;, (proportional to the symmetrized and
trace-removed gradient of some fiducial external quadrupolar tidal field). For simplicity we take &

to be axisymmetric around the same z axis as our static external tidal field £ e, we take it

] ?

to be proportional to a tensor spherical harmonic of order (£, m) = (3,0):

30

)

The analysis in [29] says that, any SIQM .#;; (created in the black hole by Sf;(t’m) will couple

to the external octupole moment to produce a force that gradually changes the hole’s momentum?:
ol
P = =5 Tk (3.36)

(Eq. (1.12) of [18]; Eq. (4b) of [29]). The same will be true if the central black hole is replaced by a

3The test octupole field may also induce a static octupole moment Zijk in the central black hole, which will couple
to the external quadrupolar tidal field. This coupling, as we shall show, contributes to the ambiguities in the definition
of the SIQM.
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neutron star or any other spherical body. The rate of change of momentum P can also be evaluated

by a surface integral of the Landau-Lifshitz pseudotensor ¢/, in the LARF [18]:
Pt = —j{(—g) t ds;. (3.37)

Egs. (3.36) and (3.37) for the coupling-induced force on the hole actually have ambiguities that
arise from nonlinearities in the Einstein field equations. The origin of those ambiguities is discussed
with care in Sec. I of Thorne and Hartle [18]. In this subsection we use Eq. (3.37) to calculate the
force on the hole, and shall identify the ambiguities as those terms in which the force depends on
the location of the integration surface. The result of our calculation will tell us, by comparison with
Eq. (3.36), the SIQM and the amount by which it is ambiguous.

To compute the pseudotensor for insertion into Eq. (3.37), we must solve for the metric pertur-

bation containing both the quadrupole and octupole terms:

by = BCY 4
- ¥ Diag[u —oM/r) H, _H (3.38)
= " T oM/

2Ky, 12Ky sin? 6‘} x Y0, ).
When ¢ = 2, the general solution to H, is given in Eq. (3.29). For ¢ = 3, we have

Hs(r) = a P2 (% - 1) + 33Q3 (% —~ 1) : (3.39)

In order that both types of perturbation be finite at » = 2M, B2 and (3 must be set to zero [see
Eq. (3.30)]. In order to deal with more general cases, however, we keep non-vanishing values for (o
and (s in Egs. (3.29) and (3.39) so the following analysis will be valid for stars as well as black holes.
[For central bodies other than black holes, f2 and «s (and similarly 83 and «3) are not independent
of each other: 35 is proportional to as with a proportionality constant that depends on the body’s
internal physical properties|. Having specified the metric perturbation, we then insert the full metric
into the expression for the pseudotensor (Eq. (20.22) of [30])
L [oaB i _ qax o6u

(-l = ﬁ{g oM, — e N, 4 aaug e e,

— (g”gwgﬁ’fpg“f A+ 97w g A)
1

1
+ 50" wne™, 0", + 5 (207097 = g7 g)

X (2914;907- - gpa'gm') QUT,AEPUM}, (340)
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and evaluate the surface integral at some radius r = R in the LARF. Because of the axisymmetry
of the perturbed spacetime, only the z-component of P! is nonzero. The result, up to first-order
coupling and with uninteresting numerical coefficients being suppressed, has the following form:

R4 R3 R? R

f’zwﬁm&m&m&ﬂ

&1& } (3.41)

M M3 M*
+ a3ﬁ2 |:1 & E & :| —|—ﬁ3a2 [ﬁ & ﬁ & :| N

where “&” is to be read “and a term of the order.”
The constant terms in Eq. (3.41) [i.e., the “1”s] that are independent of the integration radius R
are the ones to be compared with Zhang’s result (3.36) so as to deduce the gauge-invariant SIQM.

4. Terms with positive power(s) of R/M

Other terms that depend on R constitute ambiguities
appear because the spacetime is not asymptotically flat, and they prevent us from minimizing the
ambiguities by simply pushing the integration surface to infinity.

Let us step back and write down the most general form that the SIQM can take. By order of

magnitude analysis of the response of any physical body (black hole, star, planet, moon, ...) to a

tidal field, we must have
Iig o~ LP(14€) &5 (3.42)

Here L is the size of the body (L ~ M for a black hole) and ¢ is a dimensionless number describing
the SIQM’s dependence on the integration radius R—deviations from being well-defined. From
Eq. (3.31), we know the external tidal field scales as ~ ag/M?. Similarly for the external octupole
field, &, ~ as/M3. Using these relations, Eq. (3.36) becomes

P~ LP14¢) £ &,
L’ §L5]

(3.43)

NW4W+W

Here the first term in the square bracket should be identified as the “1”s in Eq. (3.41) [note again
that B2 and ag are not independent of each other for stars]; and the second term should be identified

as the sum of all R-dependent terms:

e m

&

M
= & (3.44)

il
M

In the case of a black hole we have L ~ M and the smallest the right-hand side of Eq. (3.44)

4The M?2/R? term includes the effect of any octupole moment induced on the central body by the test octupole
field. Note that P? is a dimensionless vector. On dimensional grounds, the coupling between any induced octupole
moment and the external tidal field must take the form ,ﬂijké'jk/Rz to contribute to P?. (Nonlinear coupling to the
monopole moment can lead to similar terms that scale as higher, but not lower, powers of 1/R).



60

can be is ~ 1 (for R ~ M), so £ 2 1, i.e., the SIQM for a Schwarzschild black hole is ambiguous
by an amount 2 M58ic;(t"20, i.e., totally ambiguous, since the largest we could expect .#; to be is
~ M 5fft’20-

For central objects with L > M (e.g., the Earth) we must choose R > L. The right-hand side
of Eq. (3.44) is then minimized by setting R ~ L, giving & ~ M/L < 1 (~ 107 in the case of the
Earth) for the fractional ambiguities in the SIQM.

We comment that our result for a Schwarzschild black hole differs from what Suen has de-
rived. Suen has given an unambiguous prescription to read out static multipole moments in non-
asymptotically-flat spacetimes, which is based on transforming coordinates into a particular set of
de Donder coordinates [31]. He has used his prescription to calculate the induced quadrupole mo-
ment of a Schwarzschild black hole when it is perturbed by a static, equatorial matter ring at large
distances [19]. According to his prescription, the SIQM does not vanish. It is proportional to the

tidal field produced by the ring:
4

/-
21

5 orin
M, (3.45)

The incompatibility between this result and the vanishing SIQM that we derived in Sec. 3.4.1 in
Regge-Wheeler gauge and Schwarzschild coordinates illustrates the ambiguities of the SIQM. Both
results, zero and (—4/21)M5E,;, are less than or of order the ambiguity.

3.5 The tidal phase shift

In the LARF, the time-dependent induced quadrupole moment is 7/4 out of phase with the perturb-
ing tidal field (Sec. 3.3.1). This large phase shift is quite different from the small phase lag angle,
caused by viscous dissipation, between a planet’s induced quadrupole moment and the perturbing
tidal field. A closer black-hole analogy to a planet’s viscous phase lag may be found by considering
the tide raised on the hole’s horizon by an orbiting moon.

In this section, we compute the tidal phase shift on the horizon for our perturbed Schwarzschild
black hole. We will discuss in what sense it is and is not analogous to the fluid-planet’s viscous phase
lag. To calculate this phase shift, it is convenient to use the Newman-Penrose formalism [32] (see,
e.g., Chapter 1 of [33] for a review of the Newman-Penrose formalism). Appendix 3.10 summarizes
some details of the Newman-Penrose formalism that are relevant for our purpose.

We consider two approaches to defining the tidal phase shift. In Sec. 3.5.1, we define the phase
shift only in terms of quantities on the horizon (following the method suggested in Sec. VIIC of [22]),
while in Sec. 3.5.2, we define a phase between the tide raised on the horizon and the “retarded”

position of the moon (following the method used by Hartle in [15]).
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3.5.1 Phase of the tidal bulge on the horizon

For Sec. 3.5 and Appendix 3.10 only, we use ingoing Eddington-Finkelstein coordinates (V, 7,6, @)

and a (+ — — —) signature of the metric. The Schwarzschild metric in these coordinates is
2 2M 2 % 2 (102 | 02752
ds*={1- dV? —2dVdr — r* (d6* + sin® 0dg¢?) . (3.46)
r

The ingoing Eddington-Finkelstein null time coordinate V is related to the Schwarzschild time

coordinate ¢ and radial coordinate r by the following equation (Eq. (1b) of Box 32.2 of [30]):

V=t+r*=t+r+2Mn|r/2M —1]|, (3.47)

and the Eddington-Finkelstein radial and angular coordinates {r,6, ¢} are identical to those of
Schwarzschild.

Our slowly orbiting moon deforms the Schwarzschild event horizon. By analogy with Newtonian
tides, we would like to describe the horizon deformation as a perturbation that co-rotates (at a
slightly different phase) with the tidal field that drives it. But this viewpoint inherently envisions the
perturbed event horizon as a two-dimensional, evolving surface, rather than as a three-dimensional,
global surface in spacetime. Therefore, before we can consider the phases of quantities on the
horizon, we must first specify what we mean by time on the horizon.

Begin by considering the Schwarzschild event horizon (which is, of course, the three-surface
r = 2M). There is a preferred way to slice the horizon into a single-parameter family of two-
surfaces; this preferred slicing uses two-surfaces that are orthogonal to the Schwarzschild Killing
vector 0y = O that is timelike at the moon and null on the horizon. Following Hartle [15], we
call this family of two-surfaces the “instantaneous horizon.” The instantaneous horizon can be
pictured as an evolving two-surface defined by r = 2M and V = const, so that V plays the role
of a “time” coordinate. Throughout this section, we use the terms “horizon” and “instantaneous
horizon” interchangeably unless otherwise indicated.

We now consider how the horizon’s perturbation evolves with time V. The moon’s tidal field,

characterized in the LARF by [Eq. (3.10)]

ext __ cext,20 ext,22 ext,2-2
E =& T A&y TTHETT

. . . . t,20 . . . ..
deforms the otherwise spherical, static horizon. Because Ef;‘ is static and axisymmetric, it cannot

contribute to the phase shift. For the remaining tidal fields, Ef;(mﬂ

, we shall consider only the (2, 2)
mode in detail and the result for the (2, —2) mode follows immediately.

On the horizon, it is the tangential-tangential components of the perturbing tidal field that drive
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the deformation (see, e.g., Eq. (6.80) of [22]); knowledge of these components is physically equivalent
to knowledge of the Teukolsky function Wy [16] (see, e.g., Eq. (A7) of [34]). The Teukolsky function
is a particular component of the Weyl tensor [Eq. (3.86a)].

The horizon deformation is governed by the Newman-Penrose equation (Eq. (2.11) of [15])

(0 — 26)0) = —2(i0 + €)o M = WiV, (3.48)

This is also the “tidal force equation” (equation (6.80) of [22]). Here ¢ = —X() is a Newman-
Penrose spin coefficient [Eq. (3.84¢)] and (V) is the shear (i.e., the rate of change of the shape®) of
the instantaneous horizon. Note that because ¥ and Wy vanish on the unperturbed instantaneous
horizon, the spin coefficient e takes its Schwarzschild value, which (in our tetrad) is the surface
gravity of the instantaneous horizon gy = (4M)~*.

(()1), we can evaluate the horizon shear. Because \I/(()l) is first order in the perturbation,

Knowing ¥
it may be evaluated on the horizon simply by letting r go to 2M.

Beginning with the (¢/,m) = (2,2) metric perturbation [Eq. (3.12), except we now choose the
metric signature to be (+ — — —)], we compute the perturbed Riemann tensor near the horizon

and read off the component \I/(()l). The result is

\I/él) _ _i\/gﬂgg 2Y22e—2im7+(8/3)MQ+O(M2Q2)
= (] exp {22' <¢ —Qv + gMQ - %)}
+O(M?Q?). (3.49)

Here ,Y?2 is the spin-weighted spherical harmonic

1 /5 0 ,
NG 5\/jsin4 (5) 219,
T

With \If((Jl) in hand, we can calculate (V) via Eq. (3.48). Inserting e = 2gy and w = 20 into
Eq. (3.48) yields

v
w + 2€
= AMUVe2%9m L O(M2Q?)

= |2W]exp [22' (qs - Qv + %MQ - g - 5H0rizon)]

+O(M?*Q?) (3.50)

»@)

5Recall that the shape of the instantaneous horizon (a two-dimensional surface) is completely specified by its
intrinsic scalar curvature .
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where

OHorizon = /g = 4MQ. (3.51)

The shear XM leads \I/(()l) (or equivalently, the perturbing tidal field at the horizon) by an angle
OHorizon- [Note that the first equality in Eq. (3.50) appears in [15] as Eq. (2.12).]

The shear is the time derivative of the shape. Therefore, the shape has a phase
-8
Y = | %V | exp [m <¢ —QV - 5M9>] . (3.52)

In other words, the shear leads the shape by /4.
The horizon phase shift in Eq. (3.51) follows directly from the tidal force equation (3.48). It
is gauge-invariant since it only makes reference to gauge-invariant quantities measured on the in-

stantaneous horizon. In [22] [Eq. (7.45), Fig. 57, and the surrounding discussion], an analogous

H

Horizon Was deduced from the tidal force equation for a slowly rotating black

horizon phase shift §
hole perturbed by a stationary, axisymmetric tidal field—physically the same problem as Hartle
studied [15]:

61}{10rizon = QH/gH = 4MSQ g = dHorzion |Q*>QH . (353)

Here Q is the horizon angular velocity.

Although Hartle also used the tidal force equation in his calculations, he chose to define the tidal
phase shift in a different way and made his result gauge-invariant by making a connection between
the angular positions on the horizon and angular positions at infinity through a null ray—a choice
we will consider in detail in Sec. 3.5.2.1 and apply to our problem in Sec. 3.5.2.2.

The phase lead dxerizon 1S, in some ways, analogous to the phase shift of a tide raised on a non-
rotating fluid planet. In the latter case, viscous dissipation causes the shape of the planet’s surface
to lag the normal-normal component of the perturbing tidal field by a small angle §yisc; somewhat
analogously, the horizon shear leads the tangential-tangential component of the perturbing tidal
field. Both phase shifts are small angles associated with dissipation (which manifests itself as a
secular evolution of the energy and angular momentum of the moon’s orbit). In the absence of
dissipation, there is no phase shift. On the other hand, the phase shift dorizon 1S a lead angle while
dvisc 1S a lag angle. Hartle explains this difference as a consequence of the teleological nature of the
horizon [15]. Also as Hartle observed, when the angular velocity 2 is not small compared with 1/M,

the deformation of the horizon cannot be described in terms of a phase shift [15].

3.5.2 Phase shift between the tidal bulge and the moon

As an alternative to the above way of defining the tidal phase shift, one can define it as the angle

between the tidal bulge on the horizon and the location of the moon in its orbit. Hartle used this
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approach when he computed the tidal lead on a rotating hole perturbed by a stationary moon [15].
First, we will briefly summarize the aspects of Hartle’s analysis which are relevant to our purpose.

Then, we will apply his method to a slowly rotating moon around an otherwise Schwarzschild black

hole.

3.5.2.1 Tidal phase shift between a rotating horizon and stationary moon

In [15], Hartle considers the problem of a distant, stationary moon perturbing a slowly rotating
black hole.
The Kerr metric can be written as

4aMrsin® 0
P

oMr\ - i o
ds® = <1 -5 T> dV? — 2dVdr + AV dé
+2asin® Odrdg — Ldb>
202Mrsin® 0\ -
&) 4. (3.50)

22 2 2
—sin“ 6
mn <a =+ r° 4 S

Here ¥ = r24a2 cos? 0. The coordinates V and q~5 are related to the usual Boyer-Lindquist coordinates

t and ¢ by

~ 2, 2
dt = dv - " Za dr
dp = dq?—%dr (3.55)

where A = 72 —2Mr+a?. When a = 0, Eq. (3.54) reduces to the Schwarzschild metric in Eddington-
Finkelstein coordinates [Eq. (3.46)].

The event horizon is the surface r = r. = M + VM? = ¢2. Just as in the Schwarzschild case
considered above, the event horizon can be sliced into a single-parameter family of two-dimensional
surfaces using the Killing vector dy; which is timelike at infinity and null on the horizon. This family
of surfaces is the instantaneous horizon.

The distant moon raises a tidal bulge on the central hole’s instantaneous horizon. In the limit
that the moon is far away, the change in the horizon’s shape (or equivalently, the change in the
scalar curvature & of the instantaneous horizon), is purely quadrupolar.

The deformation is driven by the transverse-transverse component of the tidal field at the horizon,
which is physically equivalent to the Teukolsky function, a particular component of the Riemann
tensor ¥y [Eq. (3.86a)]. This component vanishes in the unperturbed Kerr spacetime [Eq. (3.93a)],

and the first-order correction \I'(()l) has the form

v = 5 (r) LY (0, ) (3.56)
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where oY ™ is a spin-weight-2 spherical harmonic. Because the perturbation is purely quadrupolar,
we need only consider the case £ = 2, m = 2 here, although Hartle considers the generic case. Hartle
uses Teukolsky’s solution [35] for the stationary radial functions S“™ due to the £-pole perturbation
caused by a distant, stationary point particle with mass u. Furthermore, while Hartle treats the case
of a moon at any location (6, gi;), for concreteness we specify the moon’s position as (6, (;3) = (7/2,0).

On the horizon, the Teukolsky function turns out to have the value (combining Eqgs. (4.30), (4.31),
(4.15), and (4.18) of [15])

\I]((Jl),H _ % gint (g) exp [% (é + 2]\4QHH

+0 (%) +0 (M?Q3) . (3.57)

The tidal field deforms the instantaneous horizon, changing its shape and thus its two-dimensional

scalar curvature Z. Hartle computes the quadrupolar correction to the scalar curvature, 22(1)¢=2H,
of the instantaneous horizon [Eq. (3.90)]. His result is (Eqgs. (4.26)—(4.27) of [15])
(1),0=2,H - 14
R\TTEE o cos |2 gb—l—?MQH
M 2002
+0 (b—4) + 0 (M*QF). (3.58)

Instead of measuring the angle between the shear o and the tidal field ¥ on the horizon, Hartle
defines his phase lead as the angle between the shape and the moon’s angular position. To make
this definition gauge-invariant, Hartle chooses ingoing, zero-angular-momentum, null geodesics to

be “lines of constant angle.” He then compares the angular position of the horizon tidal bulge,

~ 14
(bgu]ge = _?MQH (359)

to the angular position of the moon on the horizon.

Consider stationary moon in the equatorial plane at (large) radius » = b and at angular position
¢ = 0. An ingoing null ray, originating from the moon, intersects the instantaneous horizon at
angular position®

=a/b—a/2M. (3.60)

H
¢mo on

6 Note that there is a sign error in Hartle’s analysis. Hartle incorrectly states that the ingoing null ray intersects
the horizon at +a/2M + O(a/b), not —a/2M + O(a/b). Had we also made this error, there would be a coefficient of
20/3 instead of 8/3 in Eq. (3.61).
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The tidal bulge therefore leads the moon’s position by an amount

H _JH TH
6null map ¢m00n - ¢bulge

(3.61)

Here we have used the relation (valid for small a/M) that a = 4M?Qy, with Qg being the angular

velocity of the hole. For simplicity, one can then take the limit b — oo.

H

null map can be

Before continuing, we should remark that Hartle’s prescription for constructing
described without reference to the moon’s position. Begin by computing the angular location of
the tidal bulge on the horizon. Next, ingoing, zero-angular-momentum null rays from infinity define
lines of constant angle, so that there is a one-to-one correspondence between angular positions on
the horizon and angular positions at infinity. The angular position at infinity of the tidal bulge
can thus be computed. Finally, perform the calculation again, but this time perturb a non-rotating
spacetime; in this case, there will be no tidal friction. Because the Kerr and Schwarzschild spacetimes
are asymptotically identical, one can unambiguously compare the angular position of the tidal bulge

in the presence and in the absence of tidal friction: 5§u11 Map = ¢Eu1ge - ¢Eu1ge 1o friction Lhis is

equivalent to the previous definition of 61 map Provided that b — oo.

H

null map Preaks down when the moon, not the horizon,

However, this alternative formulation of &
rotates. The rotation is then described by 2, which is a parameter of the perturbation, not of
the background spacetime. To eliminate tidal friction, one must let 2 — 0, which eliminates the
perturbation’. Because of this failure, we prefer to consider Hartle’s phase shift as a comparison of

the position of the tidal bulge with the position of the moon.

3.5.2.2 Tidal phase shift between a non-rotating horizon and rotating moon

A similar analysis can be applied to our system, in which a distant moon in a slow, circular orbit
raises a tide on a non-rotating black hole.
The moon orbits the central black hole along the world line specified by Eq. (3.8). In other

words, the moon has a phase given by

This must be compared with the location of the bulge on the hole’s future horizon. Eq. (3.52) for
Z) [or, alternatively, inserting Eq. (3.49) into Eq. (3.90)] shows that the tip of the tidal bulge has
a phase given by

Phulge = OV + gMQ. (3.63)

"Even if  — 0 resulted in a non-zero perturbation, it is unclear how to distinguish such a perturbation from a
small change in the coordinates of the background spacetime.
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As time V passes, this bulge rotates around and around the horizon, with the same angular velocity
Q) as the moon that raises the tide.

Following Hartle, we compare the angular location of the tidal bulge, (bbulgc(f/), with the angular
location of the moon, qﬁmoon(f/), using ingoing, zero angular momentum (ZAM) null rays to provide
the connection between ¢ at the moon’s orbit and ¢ on the horizon. In the ingoing Eddington-

Finkelstein coordinates that we are using, these ZAM rays have a very simple form:
{V,0,6} = constant , 7 decreases from b to 2M . (3.64)

Since V, 6, and ¢ are all constant along these rays, they give us a one-to-one map of events {f/, r=
b, 0, ¢} at the moon’s orbital radius to events {f/, r =2M,0,¢} on the horizon that have identically
the same V, 6, and ¢. With the aid of this map, we conclude that the angle by which the horizon

bulge lags the moon’s position is

. 8
5null map — ¢bulgc(v) - ¢moon(v) = §MQ + Qb*. (365)

[Egs. (3.62) and (3.63)]. Again, the phase shift is a phase lead, not a phase lag, due to the teleological
nature of the horizon.

In addition to the teleological phase shift of order M€, dnuil map contains a much larger term of
magnitude 20*; this term reflects the choice to use an ingoing-null-ray mapping between the moon
and the horizon. A similar term appears in Hartle’s calculation [Eq. (3.61)], but in Hartle’s system
the term is much smaller than the teleological phase shift size (specifically, smaller by a factor of
M/b), whereas Qb* > MQ.

One could avoid this problem by defining the phase shift to include only terms of order M2 and
M. With this definition, the remaining tidal phase leads are the same: (8/3)M€Q, as one would
expect, given that a there should be no tidal shift at all if the moon were to rotate at the hole’s
angular velocity, i.e., if Q@ = Q.

We prefer, however, to define the tidal lead angle in as the angle dgerizon = 4M 2 by which the
horizon shear leads the horizon tidal field. This angle, in contrast to dnuil map, is defined in terms of
an “instantaneous” (spacelike) connection between the moon and the horizon, i.e., by the near zone
mapping of the moon’s position to the horizon tidal field’s [\I/él)’s] maximum. [Had the moon been

in the radiation zone (b > A/27), one would have expected the connection to be light-like.]

3.6 Conclusion

For our simple system of a Schwarzschild black hole and circularly orbiting moon, we have found that

the time-dependent part of the moon’s tidal field induces a quadrupole moment that is unambiguous.
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The static-induced quadrupole moment was found to be zero in the Regge-Wheeler gauge, but it is
ambiguous in general. The ambiguity of the static-induced quadrupole moment leads to an ambiguity
in the phase of the induced quadrupole moment in the LARF; however, the tidal bulge on the horizon
still has a well-defined phase shift with respect to the orbiting moon. Because of the ambiguity of
the induced quadrupole moment and the LARF phase shift, we conclude that the polarizability and
phase shift are not suitable for constructing a body-independent description of tidal coupling in
EMRIs.

However, this conclusion does not eliminate the possibility of developing a body-independent
language to describe tidal coupling, including cases where the central body is a black hole. It might
be possible, for instance, to define a new set of induced “dissipative multipole moments” for the
central body—i.e., moments that vanish in the absence of tidal friction. Such dissipative moments
would still be linear in the perturbing tidal field, so one could still define a polarizability. Also,
by ignoring any non-dissipative tidal coupling, the phase shift might no longer contain additional
information. Even if such an extension does not prove feasible, tidal coupling can still be described
in the more conventional (but still body-independent) language of energy and angular momentum
transfer between the moon and the central body.

Other future work could include generalizing our analysis to spinning black holes, treating noncir-
cular, non-equatorial orbits, and (most importantly) studying how information about tidal coupling

in EMRIs can be extracted from the gravitational waves detected by LISA.

3.7 Appendix A: Symmetric trace-free tensor notation for
spherical harmonics

The scalar spherical harmonics Y™ (6, ¢) can be written in terms of of rank-¢ symmetric trace-free

(STF) tensors [23]. The spherical harmonics Y27 (6, ¢) that have been used in this paper are
1 /1 ;
Y220, ¢) = —,/—5 sin? fet2® (3.66a)
4V 2w
2 1 /5
Y (0,0) = Vo (14 3cos20). (3.66Db)
They can be written in terms of rank-2 STF tensors as (Eq. (2.11) of [23])

Y20, 6) = %5 n'n?, (3.67)
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where n’ = 2’ /r and %3 are the STF tensors given by (Eq. (2.12) of [23]):

0 0
1 /5
L5)1/20 - _ - <
i i\ = 0 1 0 )
0 0 -2
1 £ O
1 /15
e R _
i 1V on +i 1 0
0 0 O

(3.68)

(3.69)

3.8 Appendix B: Time-dependent perturbation equations

In Regge-Wheeler gauge, the metric perturbation for a given even-parity (¢, m,w) mode depends on

the three radial functions H, H;, and K. In this appendix, we introduce the Zerilli function Z and

the Regge-Wheeler function X and describe how we obtain the radial functions from them. The

description here will hold for a general (¢,m,w), while the results derived in Sec. (3.3) rely on the

special case when (¢, m,w) = (2,2,2Q).

The original Zerilli’s master function is defined implicitly through its relation with the two radial

functions H; and K [Eqgs. (13) and (14) of [25] with Ry replaced by Z]:

o _zw/\r2—3)\Mr—3MQZ_iwr%
b (r —2M)(\r + 3M) dr’
K AL £+ 6M? dZ
- r2(Ar 4+ 3M) dr*’
where
1

Using the algebraic relationship (Eq. (10) of [26])

(%JFA)H - {iwr—w]ffﬁ
r wr

)\+M_ M?/r? + w?r?

T 1—2M/r

one can obtain H in terms of the Zerilli function

w2r2 S1

2M —r + r2(3M + Ar)?

%
dr’

Hz[ :|Z+S2

(3.70)

(3.71)

(3.72)
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in which

s1 = OMZ*(M + Xr) + N2r?[3M + (A + 1)r],
. —3M? — 3\M7r + \r?
S r(3M + Ar)

The Zerilli function obeys the wave equation (Egs. (18) and (19) of [25]):
d—2+w2—V(r) Z=0 (3.73)
dr o '

in which the potential term is given by

2(r —2M)

Y= e ene

O+ 1)+

3A2M72 £ OAM2r + 9M3} .

The odd-parity master function, the Regge-Wheeler function, is defined in Eq. (23) of [24] (and
is called @ in Regge and Wheeler’s notation). It obeys the differential equation (Eq. (7) of [26]):

[d_2 tuw?— (1_ﬂ)(€(“1) - GM)}XZO. (3.74)

dr*2 r r2 r3

The connection between the Regge-Wheeler and Zerilli functions was first found by Chandrasekhar

and is listed, e.g., in Eq. (152) of Ch. 4 of [33]:

AN+ 1) — 3iMw}Z - [)\()\ 1)+ %}
+ 3M <1 _ ¥> Z—ig. (3.75)

This completes our metric reconstruction scheme from the Regge-Wheeler function. We are now
ready to evaluate the radial metric perturbation functions H, Hy, and K for the (¢,m) = (2,2)
mode of the perturbations. Expanding X [given in Eq. (3.16) in powers of 7 = r/2M to first order

in e = 2Mw]|, we obtain

XH =4

13\ .3 ~= ic )
(1+Eza)r +;W+0(s) : (3.76)

Here A is an overall scaling factor (Eq. (3.20) in Sec. 3.3.1). While the summation can be rewritten
as a closed-form expression, we prefer to stay in the series notation, since our interest is in reading
various powers of 7 in the resulting first-order tidal field. Eq. (3.76) is the value of the Regge-Wheeler
function in the LARF; inserting it into Eq. (3.75) yields the expression for Z in the LARF [We shall
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suppress “O(g?)” hereafter]:

2 = a(142E)[p 3 0 2 6
E9453)2£6i5 %;505 16154%1'5 2562}1 )}

51202 T 614407 2z

Inserting Z into Egs. (3.70), (3.71), and (3.72) yields Hy, K, and H. Expanded in powers of 7 and

to first order in ¢, these radial functions are given by

A NPT i€ 3ie 5
H = M[(3+4za)(r r)+10f3+207:4}+0(r )
1Ae N . -
H, = m[—87’3—27’2+47’+1

+ P R 4 f—‘*} +O(7?)

1 1€

. ~9 - =

[(3 + 4ie) (r 2) + 1073
1€ Ote 1€ 7

=075 + ﬁ} + O™ "). (3.77)

3.9 Appendix C: Time-independent perturbation equations

As is evident from the time-dependent perturbation theory, as w — 0, H; goes to zero. In the
static case, then, there are only two radial functions, H and K (where the hats signify that they
represent the time-independent perturbations). Specializing to the axisymmetric case, the metric

perturbation is

_ 7
1—2M/r’

K, r?Ksin?0| x Y0, ¢).

h((lio) = Diag| (1 —2M/r) H,

The linearized Einstein equations governing H and K are given in Egs. (9d) and (9e) of [26] with

Hy =0and w=0 (k=0 in Edelstein and Vishveshwara’s notation):

dK dH  2M oM\ '

Tl (0 T B .

dr dr 72 < r > ’ (3.78)
oM dK L 2M PH 2dH  ((0+1) i
r2 dr r dr? r dr r2 '

(3.79)
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Eliminating dK /dr from these two equations, we can then write a single second-order differential

equation for H in terms of the variable z = r/M — 1 (same as Eq. (4.9) of [14]):

d2H dH 4 .
22— + Ll +1)— ——| H=0.

) et
( Z)d22 dz 1—22

This takes a form of the associated Legendre differential equation. The general solution for H is

therefore
H = a,P2(r/M — 1) + 3,Q%(r/M —1). (3.80)

With the general solution for H, we can integrate Eq. (3.78) or (3.79) to find K. For £ = 2, we have

Ky(r) = [aaPy (r/M —1)+ Q5 (r/M —1)]
oM N
Xw+H2(T). (381)

3.10 Appendix D: Newman-Penrose formalism

In this appendix, we summarize some equations of the Newman-Penrose formalism for our choice
of tetrad. In this Appendiz and in Sec. 3.5 only, we use ingoing Eddington-Finkelstein coordinates

(V,r,0,¢) and a (+ — — —) signature of the metric.

3.10.1 Newman-Penrose quantities for Schwarzschild

We adopt the Hartle-Hawking null tetrad, which is given by Egs. (4.2) of [15], together with the

normalization conditions ¢#n, = 1 and m*m, = —1. The tetrad vectors have components [using

the notation e# = (eV,e", e, e?)]

1 M
" = 1,-—-—,0,0 3.82
( 72 7’7 ) ) ( a)
nt = (0,-1,0,0) (3.82b)
1 )
mN = 0707—77
( V2r ﬁrsin@)
1 7
nt = 0,0, —,——— . 3.82d
i < V2r ﬁrsin@) ( )

Note that throughout this Appendix, an overbar denotes complex conjugation.

(3.82¢)

From these basis vectors, we define the direction derivatives

D = "9, A = n"d,, § = m"d, and § = m",,. (3.83)
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Our conventions for the spin coefficients follow [15] [specifically, Egs. (2.2) and (2.3)]. The spin

coefficients are defined by

17
Lymhl
— 17
—nymil

Lymfm”

—numtm”
Lyymtm”

—nmtm”

1

5 (Lt l” — my,mher) .
1

2
1

2

The spin coefficients for the Schwarzschild spacetime are

J:A:V:T:T(:’Y:O
M

o2
r—2M
212
_1
r
1
=
2v/2r tan 6

= (lpnPm” —my,mim”).

= (lpmPm” —my,,mtm").

(3.85a)
(3.85D)

(3.85¢)
(3.85d)

(3.85¢)

Because we are only interested in vacuum regions of spacetime, the Riemann and Weyl tensors

are interchangeable. The Weyl components are defined in vacuum by

Uy
Uy
Uy
S

Wy

—Rapysl@mPrrm®

—Ragwsfanﬁf'ymé

1

—Ramgﬂanﬁﬁﬂn

—Raﬁwn"‘m

—§Ra575 (fanﬁﬁn‘s + fo‘nﬁm"ym‘s)

)

0

Brprml.
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Their values for the Schwarzschild spacetime are

\IJQ = \Ifl = \113 = \114 = 0, (387&)
M
Uy = 5 (3.87b)
The Ricci identities are
(VuV, =V, V,) ey = Royue’. (3.88)

Inserting the null tetrad vectors for e and projecting along the tetrad yields the Ricci identities in

Newman-Penrose notation. One of these equations is, in our tetrad and evaluated on the horizon,
Do —2e0M) = g0 — 2e6™ = \Ilél). (3.89)

(Note that we have used the fact that o and ¥g vanish for Schwarzschild.) This is the tidal force
equation; it relates \If((Jl), which is physically equivalent to the tangential-tangential component of
the perturbing tidal field on the horizon, to o, which is physically equivalent to the shear of the
instantaneous horizon.

The shape of the perturbed instantaneous horizon is determined by its two-dimensional scalar
curvature Z + ZY) where Z is the curvature of the unperturbed horizon. According to the tidal
force equation (3.89), \D((Jl) drives the shear, which is the “rate of change of the shape” of the horizon
as measured by fiducial observers on the horizon [22]. Thus, it is not surprising that %Z() can be

computed directly from \I!él). Hartle [15] has derived the explicit formula, a consequence of Gauss’

relation [36], in the Newman-Penrose formalism with the present choice of coordinates and tetrad:

(6 + 27 — 2a)(6 + 7 — 4a) + 2e\

M — 41
= Alm w(iw + 2€)

oM (3.90)

where w is the frequency of the perturbation. When a Schwarzschild black hole is perturbed by a

distant moon in a slow, circular, orbit with angular velocity €2, then w = 2.

3.10.2 Newman-Penrose quantities for Kerr

Finally, to facilitate our comparison to Hartle’s results, we here list the relevant Newman-Penrose
quantities for the Kerr spacetime [Eq. (3.54)] using Hartle’s choice [15] of coordinates and tetrad. In

the limit ¢ = 0, Hartle’s tetrad and spin coefficients reduce to those listed in the previous subsection.
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The null tetrad vectors [using the notation e# = (6‘7, e, e? e‘g)] are

wo— r2 —2Mr + a? 0 a
- T 2(r24a2) T r2+a?

2(a? +1r?)
o= 0,— 0,0
" < " 2r2 4+ a? +a?cos20’
—a? + a® cos 20
+ H
2 (a® 4 2r2 + a? cos 20)
n —asind L
—m
V2 (ir + acos 6)
n —asinf i
m
V2 (—=ir + acosf)
asin (r? — 2Mr + a?)
m# = y )
2v/2 (r2 4 a?) (—ir + acos6)
1 (ir 4+ a cos6) csc@)
V2(r+iacosf)’  V2(r2 + a?)
= (o asing (r* — 2Mr + a?) 7
2v/2 (r2 4 a?) (ir + a cosf)

1 (—ir 4+ acos ) csc@)
V2(r —iacosf)’  V2(r? +a?)

Then, one can compute the spin coefficients for this tetrad from Eqs. (3.84a)—(3.84i):

Kk = =0
A = 0(d?)
v = 0(a?

—i(2M + r)sinfa
T =

2/2r3

i(4M + r)sinfa

T = ——
24/2r3
_ —icosfa 9

Y - 27,2 + O(a )

M r?—q? M

- O @ @ = 2
2 (121 a2)? 2 +0(@)

(3.91a)

(3.91b)

(3.91¢c)

(3.91d)

3.92a
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r—2M i(r—2M)cosfa

r= 272 273
+0(a?) (3.92h)
o= Ly O(a?) (3.92i)
r
—cotf  i[—3M + (2M + 2r) cos 26]a
o = —
2V/2r 4/2r3 sin 0
+0(a?) (3.92j)
cot®  i[M+r+ (r— M)cos20]a
5 o= - .
2v/2r 4+4/2r3 sin 0
+0(a?). (3.92k)

The directional derivatives are then given by Eq. (3.83).
Using the Kerr metric [Eq. (3.54)] and Hartle’s choice for the tetrad [Egs. (3.91a)—(3.91d)], one

can compute the curvature for Kerr and read off the curvature scalars via Egs. (3.86a)—(3.86e):

\Ifo = \Ifl =0 (393&)
M

v, — _ . (3.93b)
(r —iacosh)

U, = 3iaM sin 6 . (3.93¢)
V2 (r —iacosf)
. 9 .2

v, = 3ia=M sin“ 6 (3.93q)

(ir + acosf)5’

The tidal force equation (3.89) relates \I!él) to oM. The correction to the scalar curvature of the
horizon, Z(, is given by Eq. (3.90).
For a stationary moon perturbing a slowly rotating Kerr black hole, the frequency of the pertur-

bation is w = —2Qy = —8M3Qp.
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Chapter 4

A generalization of Ryan’s
theorem: probing tidal coupling
with gravitational waves from
nearly circular, nearly equatorial,
extreme-mass-ratio inspirals

Extreme-mass-ratio inspirals (EMRIs) and intermediate-mass-ratio inspirals (IMRIs)—
binaries in which a stellar-mass object spirals into a massive black hole or other massive,
compact body—are important sources of gravitational waves for LISA and LIGO, re-
spectively. Thorne has speculated that the waves from EMRIs and IMRIs encode, in
principle, all the details of (i) the central body’s spacetime geometry (metric), (ii) the
tidal coupling (energy and angular momentum exchange) between the central body and
orbiting object, and (iii) the evolving orbital elements. Fintan Ryan has given a first par-
tial proof that this speculation is correct: Restricting himself to nearly circular, nearly
equatorial orbits and ignoring tidal coupling, Ryan proved that the central body’s metric
is encoded in the waves. In this paper we generalize Ryan’s theorem. Retaining Ryan’s
restriction to nearly circular and nearly equatorial orbits, and dropping the assumption
of no tidal coupling, we prove that Thorne’s conjecture is nearly fully correct: the waves
encode not only the central body’s metric but also the evolving orbital elements and (in

a sense slightly different from Thorne’s conjecture) the evolving tidal coupling.

Originally published as C. Li and G. Lovelace, submitted to Phys. Rev. D (2007),
preprint available online at http://arxiv.org/abs/gr-qc/0702146.
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4.1 Introduction and summary

The LIGO-GEO-VIRGO-TAMA network of broadband ground-based laser interferometers, aimed at
detecting gravitational waves in the high-frequency band 10-10* Hz, is already operating at or near
its initial design sensitivities. In the next decade, LISA (the Laser Interferometer Space Antenna)
will open up the low-frequency gravitational-wave window (10~%-0.1 Hz).

Among the most important sources of gravitational waves for LISA are extreme-mass-ratio inspi-
rals (EMRIS), which are systems in which a small object (with mass u ~ M) orbits a supermassive
black hole or other central body (boson star [1, 2] or soliton star [3] or naked singularity or ...) with
mass M ~ 10°M. Recently, Brown and collaborators [4] have estimated that advanced detectors in
LIGO (the Laser Interferometric Gravitational-Wave Observatory) may detect up to ~ 10-30yr—!
intermediate mass ratio inspirals (IMRIs), which are analogous to EMRIs but have less massive
central bodies (masses M in the range of ~ 102-10*M,).

Thorne has conjectured! that the waves from an EMRI or IMRI contain, encoded in themselves
(at least in principle): (i) the spacetime geometry (metric) of the massive central body, (ii) the tidal
coupling (evolving rate of energy and angular momentum exchange) between the orbiting object and
the central body, and (iii) the evolving orbital elements. This conjecture (which has been partially
proved; see below) has motivated placing EMRIs high on LISA’s list of target sources [8], and has
motivated research to: (a) prove Thorne’s conjecture with the widest generality possible, or, if it
is false, determine what information actually is encoded in the EMRI and IMRI waves [4, 9]; (b)
develop data analysis techniques for searching for EMRI and IMRI waves in LISA [10, 11] and
LIGO [12] data; (c¢) scope out the accuracy with which LISA and LIGO can extract the encoded
information from EMRI and IMRI waves (and if the central body appears to be a black hole, the
accuracy with which its properties agree with those of a hole) [13, 14]; and (d) develop data analysis
techniques for extracting the waves’ information [15].

Fintan Ryan [6] has proved a theorem that is an important step toward verifying Thorne’s conjec-
ture. Specifically, he has proved that it is possible in principle to recover the full spacetime geometry
from EMRI waves under the following assumptions: i) the central body is general-relativistic, sta-
tionary, axisymmetric, reflection-symmetric, and asymptotically-flat (SARSAF), ii) the small object
travels on a nearly circular and nearly equatorial orbit, and iii) there is no tidal coupling. Moreover,
Ryan has shown that the multipole moments that determine the spacetime geometry are redun-

dantly encoded in the gravitational waves and can be extracted using either of the two precession

IThorne’s conjecture has grown over time. Originally, in the early 1990s, he conjectured (or, more precisely,
asserted!) that the waves encode “a portion” of the spacetime geometry (e.g., p. 326 of [5]). By 1994, when Fintan
Ryan proved his theorem, Thorne was arguing that the entire spacetime geometry would be encoded (see, e.g., the
introduction to Ryan’s paper [6]). In 2002, when thinking about how LISA might test the laws of black-hole physics,
Thorne realized that the tidal coupling might also be encoded along with the central body’s spacetime geometry;
see [7]. Only recently, when advising the authors about their research, did Thorne realize that the evolving orbital
elements might also be extractable (private communication).
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frequencies (about a circular orbit and about the equatorial plane) or the waves’ phase evolution.

The purpose of this paper is to generalize Ryan’s theorem. We retain assumptions (i) and
(ii) (SARSAF spacetime and nearly circular, nearly equatorial orbit) but relax assumption (iii) by
allowing for a small amount of tidal coupling. We show that in this case, Thorne’s conjecture is
nearly correct: the waves encode not only the central body’s metric but also the evolving orbital
elements and (in a sense slightly different from Thorne’s conjecture) the evolving tidal coupling.
(Assumption (ii), that the orbit is nearly circular and nearly equatorial, is relaxed in a companion
paper by Li [9]). Assumption (i) has been generalized to the case of electrovacuum spacetimes in [16].

Motivated by the result of Fang and Lovelace [17] that the only unambiguous part of the tidal
coupling is the time-dependent, dissipative portion (at least when the central body is a non-spinning
black hole and the orbit is large and circular), we characterize the tidal coupling by the rates of
energy and angular momentum exchange between the central body and the orbiting object, Ebody
and Lbody. (Throughout this paper, a dot means derivative with respect to the coordinate time ¢,
which is the time measured by an inertial observer in the asymptotically flat region of the spacetime.)
Actually, we only need to consider Ebody, because once it is known, Lbody can be deduced from the
standard energy-angular momentum relation for circular orbits and their influence on waves and
tides, E = QorbitL. (Here Qorpit is the orbital angular velocity, which is the same as the waves’
observed primary angular frequency aside from a factor 2.)

This paper is organized as follows: In Sec. 4.2, we begin by noting that, when there is a small
amount of tidal coupling (as we assume), then the redundancy in Ryan’s analysis is broken. One
can still use Ryan’s algorithm for the precession frequencies to recover the central body’s spacetime
geometry. Then, by making use of the observed (time-independent) spacetime geometry and the
measured, evolving amplitudes associated with the precession frequencies, one can also recover from
the EMRI waves the evolving orbital parameters. Having relied on non-dissipative aspects of the
waves to deduce the spacetime geometry and orbit, one can then—as we show in Sec. 4.3—use the
waves’ dissipation-induced phase evolution to deduce the tidal coupling.

In our somewhat delicate discussion of deducing the tidal coupling (Sec. 4.3), we begin by noting
that the sum of the power radiated to infinity and the power fed into the central body via tidal
coupling, E"wtal = EOO + Ebody is equal to the power lost from the orbit, which can be deduced from
the waves’ observed phase evolution. The central body influences this observed Etotal in two ways:
(i) by generating a nonzero Eloqy, the quantity that interests us, and (ii) by very slightly altering
E. To help quantify these two body influences, in Sec. 4.3.2 we show how one can deduce, from
the observations, the rate Fsongr that energy would be radiated to infinity if there were no body
influences. The difference between the measured Etotal and the deduced EOONBI is the influence
of the body’s structure on the total energy loss from the orbit, Etocal,BI = Etotal — EOONBI. This

measured /deduced body influence on the total energy loss consists of two tiny pieces: the power that
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actually goes into the body via tidal coupling, Ebody, and the body’s tiny influence on the power

radiated to infinity, EooBI = EOO — EooNBF
Ecotal,BI = Eoop1 + Ebody . (4.1)

In principle (as described above), from the observational data plus general-relativity theory we
know the body’s influence on the total energy loss E'totaLBI with complete precision. This is not
quite what Thorne conjectured, but it is close, and it is the only complete-precision statement we
have been able to make about measuring the influence of tidal coupling.

Thorne conjectured we could deduce Ebody from the observed waves. This, in fact appears not to
be possible (in principle) with complete precision. However, we argue in Sec. 4.3.3 and the Appendix
that, if the central body is highly compact, then the unknown E’OOEI will be smaller than Ebody by
~ v"™ < 1, where v is the orbital velocity and n is some high power; and we show that, when the
body’s external metric is that of Schwarzschild or Kerr, then n = 5. As a result, aside from a very
small O(v™) uncertainty due to the influence of the body on the energy radiated to infinity, the tidal
coupling power Ebody is equal to the known influence of the body on the total energy loss Ecotal,BI-

A brief conclusion is made in Sec. 4.4.

4.2 Extracting the spacetime geometry and orbital elements

Aside from allowing tidal coupling, we treat the same class of EMRIs as did Ryan:
First, we assume the central body’s exterior spacetime is a vacuum, stationary, axisymmetric,
reflection symmetric, and and asymptotic flat (SARSAF) solution of Einstein’s equations. The

exterior spacetime metric can be written as (e.g., Eq. (7.1.22) of [18])
1
ds* = —F(dt — wdp)* + F[e%(d;ﬂ + d2?) + p*d¢?], (4.2)

where F,w and v are functions of p and |z|. In SARSAF spacetimes, there is a one-to-one correspon-
dence between the spacetime metric and a series of scalar multipole moments (Ma;, S2i4+1), @ =
0,1,--- [19, 20]. Here My = M is the mass of the central body, Sy is its spin, My is its mass
quadrupole moment, etc. To extract the geometry of the spacetime surrounding the central body,
it is sufficient to extract the multipole moments { My, S¢} [6].

Second, we let a small object with mass ;1 < M move about the central body in a nearly circular,
nearly equatorial orbit.

For precisely circular, equatorial, geodesic motion, the waves obviously have a single fundamental
frequency €2, that is associated with the circular motion ¢ = Q4t. When the geodesic orbit is slightly

nonradial, it is easy to show that its radius p undergoes periodic motion with some angular frequency
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2,; and when slightly nonequatorial, its vertical coordinate z undergoes periodic motion with another
angular frequency €2,. These geodesic motions give rise to gravitational waves that are triperiodic:
a discrete spectrum with frequencies equal to Qg, Q,,, €., and their sums and differences (see [9] for
a proof, patterned after the proof by Drasco and Hughes [21] for the Kerr metric). The frequency
difference €2, — Q4 shows up as an orbital periapsis precession, and {2, — Q4 as an orbital plane
precession; these precessions produce corresponding modulations of the gravitational waveforms.

In our case, the orbits are not geodesics; they evolve due to gravitational radiation reaction.
Because of the extreme mass ratio, the radiation reaction can be described by the adiabatic approx-
imation. In this approximation, on the timescale of an orbital period, the small object moves very
nearly along a geodesic of the central body’s gravitational field. On a timescale much larger than
the orbital period, the object moves from one geodesic to another as it loses energy and angular
momentum to gravitational radiation. It follows that the three frequencies {Q4(t), Q,(t), Q. (¢)} each
evolve with time on the radiation reaction timescale, which is much longer than the orbital periods.

In principle, a large amount of information can be encoded in the time evolution of the waves’
three fundamental frequencies {Q4(t),Q,(t),Q2.(¢)} and the complex amplitudes (amplitudes and
phases) of the various spectral components. The largest amplitudes are likely to be those for the
second harmonic of Q4 and for the two precessions, haq, (t), ha,—,(t), and hq, q.(t). We shall
call these the primary-frequency component, and the precessional components of the waves. To
simplify our prose, we shall refer to €, and 2, as the “precession frequencies” even though the
actual frequencies of precession are 2, — {0y and €, — Qg4.

Thorne’s conjecture can be expressed mathematically as the claim that these time-evolving fre-

quencies and amplitudes encode fully and separably,
1. The values of all the central body’s multipole moments { My, Sy},

2. The rates E’body and Lbody at which the orbiting object’s tidal pull deposits energy and angular

momentum into the central body, and

3. The time-evolving orbital elements, i.e., the orbit’s semi-latus rectum p(t), eccentricity e(t),

and inclination angle ().

Ryan’s theorem [6] states that, if there is no tidal coupling, then all the SARSAF moments
{Ma;, Sa;+1} are encoded in the time evolving frequencies fully, separably, and redundantly. Ryan
did not explicitly address the encoding of the three orbital elements p(t), e(t) and ¢(¢). However,
their encoding is an almost trivial extension of his analysis:

Specifically, Ryan noticed that the three fundamental frequencies are independent of e and ¢ to
first order in these small quantities, i.e., they are functions solely of the moments and the semi-latus
rectum p. One can eliminate p by regarding the precession frequencies €2, and €2, as functions of

the moments and Qg, or equivalently as functions of the moments and the Post-Newtonian (PN)
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expansion parameter v = (M)'/3 ~ (orbital velocity). Expanding Q. (v; S¢, M) and Q,(v; Sg, My)
in powers of v, Ryan found the following pattern of coefficients (with each moment first appearing

at a different power of v), from which all the moments can be extracted separably (Egs. (18)—(19)
of [6]):

Q, s S s (9 3My\

N e R et S

Qs ottt e T am) U T

Q. Si 4 3M, ,

=2 gL 13
o, 2l topt T (4.3)

This result leads to Ryan’s algorithm for extracting information. First, from the waves’ observed
time-evolving precession frequencies and time-evolving primary frequency, one can deduce the func-
tions Q. ,(Q24) and thence €2 ,(v); second, expanding in powers of v, one can then read out the
multipole moments {My, S;} from either Q. (v) or Q,(v).

We almost trivially augment onto Ryan’s algorithm the following steps for extracting the time-
evolving orbital elements: Third, knowing the moments and thence the metric, one can use the
geodesic equation to deduce p(t) from Q4(t). Fourth, one can use wave-generation theory and
knowledge of the metric to deduce e(t) and «(t) from the amplitudes hq, o, and ho, q, of the

wave modulations due to periapse precession and orbital plane precession.

4.3 Probing tidal coupling

We now drop Ryan’s restriction of no tidal coupling. This does not alter Eqs. (4.3) for €, and Q.
as functions of v, i.e., of the orbital frequency {4, since all three frequencies only depend on the
geodesic motion and hence only depend on the multipole moments {M;, S¢}. On the other hand,
the evolution of the frequencies, as functions of time, will depend on the tidal coupling.

More generally, we can divide the physical quantities of our analysis into two categories: i)
“static”: those quantities related to the geodesic motion of the orbiting object, and ii) “dynamic”:
those quantities related to the inspiral of the object (i.e., to the evolving rate at which the object
moves from geodesic to geodesic). All static quantities are independent of tidal coupling and all
dynamic quantities depend on it.

This suggests that Ryan’s analysis can be extended to include tidal coupling. First, the static
quantities can be used to deduce the the central body’s multipole moments, just as in Ryan’s
original argument as sketched above. Then, the dynamic quantities, combined with knowledge of
the spacetime metric, can be used to extract tidal-coupling information. This extension is discussed

in the following subsections.
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4.3.1 The phase evolution when tidal coupling is neglected

Following Ryan, we characterize the phase evolution of EMRI waves by the number of primary-
frequency cycles of waves per logarithmic frequency interval, as a function of the primary waves’

slowly increasing frequency f = Qg /7. This quantity can be written as (Eq. (4) of [6])

fat f?

AN dlnf  dfjdt’

(4.4)

This phase evolution AN(f) can be measured by gravitational-wave detectors with high precision.
If there is no tidal coupling and no other influence of the structure of the central body on the
waves, as Ryan assumed, then it is possible to read off the multipole moments (and also the small

object’s mass?) from a PN expansion of AN(f) (Eq. (57) of [6]):

5 (M 743
ANxpr = — [ — | v |1+ —v* — 47|v|?
NBL= 967 < 1 > v L ggg Al
U3 51, (3058673 18P MaY
12 M2 1016064 16 M4 =~ M3
. (—1)%/2(40 4 2)(£ + 1) [M, + TNILM] 0%
e 30N M
N (—1)=1/2(8¢ 4 20)£1 [S¢ + TNILM] v2¢+!
= 30— )M '

(4.5)

Here “NBI” stands for no body influence and “TNILM” stands for terms nonlinear in lower moments.
[Recall that v = (MQy)'/3 = (rM f)'/3.] So long as tidal coupling is negligible, then, the spacetime
multipole moments can be determined redundantly from either AN(f) [Eq. (4.5)] or the periapse
precession frequency §2,(€24) or the orbital-plane precession frequency 2,(4) [Egs. (4.3)].

4.3.2 Tidal coupling and the phase evolution

When tidal coupling effects are included, the redundancy is broken. The multipole moments { My, S;}
can still [Eq. (4.3)] be determined from Q, . (€4), while (as the following discussion shows), the tidal
coupling can be determined from {My, S;} and AN(f).

As a preliminary to discussing this, we explain why it is sufficient, in analyzing tidal coupling, to
focus on energy exchange between the orbit, the body and the waves, and ignore angular momentum

exchange. Since the body is in a (nearly) circular, geodesic orbit, changes in its orbital energy and

2The mass of the small object can be determined from AN(f) even when there is tidal coupling. The leading-PN-
order part of the energy flux (equivalently, the leading-PN-order part of AN(f)) is independent of tidal coupling. One
can thus equate the leading-PN-order parts of AN(f) and ANxg1 [Eq. (4.5)]. After inserting the mass M (obtained
from one of the precession frequencies), one can solve for p. The precession frequencies, in contrast, are independent
of u [Eq. (4.3)].
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angular momentum are related by
Eorbit = Q¢ Lorbit7 (46&)

aside from second-order corrections due to the slight orbital ellipticity and inclination angle. Our
entire analysis is restricted to first-order corrections, so those second-order corrections are negligible.
Similarly, since the energy and angular momentum radiated to infinity are carried by the primary
waves, with angular frequency w = 27 f = 2, (aside from negligible contributions from the pre-
cessions, which are second order in the ellipticity and inclination), each graviton carries an energy
hw = 2k, and an angular momentum 27 (with this last 2 being the graviton spin). Therefore, the

energy and angular momentum radiated to infinity are related by
Eoo = Qp Lo (4.6D)

Conservation of energy and of angular momentum, together with Egs. (4.6a) and (4.6b), then imply

that
Ebody = Q¢ Lbody7 (46C)

for the energy and angular momentum deposited in the body by tidal coupling. Eq. (4.6) implies
that, once we understand, observationally, the energy exchange, an understanding of the angular
momentum exchange will follow immediately.
Now turn to the influence of the body’s internal structure on the observed energy exchange.
The total rate that energy is lost from the orbit (which then goes to infinity and the body) is
related to the phase evolution AN(f) by

dEorbit ﬁ o
df dt

2 dEorbit L
df AN’

Etotal - - .orbit - - _f (47)
The phase evolution AN and the primary frequency f are known from observation, and, after using
the precession frequencies to compute the spacetime metric (Sec. 4.2), it is possible to compute
dEoit /df via the geodesic equation®. Thus everything on the right-hand side of Eq. (4.7) can be
determined from observed quantities, which means that Etotal is measurable.

Another measurable quantity, we claim, is the rate that energy would be lost from the orbit if

3To do this, first insert the multipole moments {My, S;} into the geodesic equation. Then, solve the geodesic
equation for the family of circular, equatorial orbits about the central body. Each orbit ¢ will have a particular value
of energy FEqrhit,; and frequency f;; this one-to-one mapping between FEg.p,;; and f can then be used to compute
dEorbit / df .
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the body’s structure had no influence. This quantity is [by analogy with Eq. (4.7)]

dEorbit 1
df ANnsr

EtotaLNBI = _f2 (48)

Knowing the moments as a function of frequency from measurements of the precessions, ANnpr
can be computed from the moments via Ryan’s phasing relation® (4.5), and, as we have seen,
dEoit/df can also be computed from the observations; so E’totaLNBI is, indeed, observable, as

claimed. Therefore the influence of the body’s structure on the orbit’s total energy loss

EtotaLBI = Etotal - EtotaLNBI (49)

is also observable.
This body influence on the total energy loss consists of two parts: the energy that goes into the
body via tidal coupling, Ebody, and a tiny body-influenced modification of the rate that the waves

carry energy to infinity

Etotal,BI = Ebody + Foopr (4.10)
where

Eopl = Exo — Etotal,NBI . (4.11)

Thorne conjectured that the energy exchange due to tidal coupling, Ebody, would be observable.
We doubt very much that it is, since in general we see no way to determine the relative contributions
of Ebody and EooBI to the observed total body influence Etocal,BI- The best one can do, in general, in
validating Thorne’s conjecture, is to extract the central body’s total influence on the orbital energy
loss, Etotal,BI' However, in the special case of a body that is exceedingly compact, we can do better,

as we shall explain in the next subsection.

4.3.3 The dependence of the E., on the central body’s internal structure

Consider a central body sufficiently compact that gravity near its surface blue-shifts the orbiting
object’s tidal field, making it appear like ingoing gravitational waves as seen by stationary observers.

This is the case, for example, when the central body is a black hole. Then, we claim, the ratio

4Ryan calculates the phasing relation to 2PN order (i.e., to O(v*) past leading order). By extending Ryan’s
calculation to higher post-Newtonian orders, the terms omitted from Eq. (4.5) can be written explicitly.
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Eoopt/ Ebody is very small:

Eq
Bl <1, (4.12)
Eyoay

where n is a large number, very likely 5. For LISA, almost all of the wave cycles used in extracting
information from the waves will be from radii where v < 0.5 so v® < 0.03. For example, for a Kerr
black hole, if the spin parameter is a/M < 0.5, then at the innermost stable circular orbit, v < 0.5.
Consequently, almost all of the measured Ecotal,BI will go into the body itself via tidal coupling, so
Ebody will be measured to good accuracy.

To understand our claim that EOOEI / Ebody ~ o™ for some large n, consider a central body whose
external metric is that of a Kerr black hole. In this case, one can use the Teukolsky formalism
[22] (first-order perturbation theory in the mass ratio u/M) to compute the energies radiated to
infinity and tidally coupled into the central body. We have carried out that Teukolsky analysis for
general a/M and present the details for the special case a = 0 in the Appendix. Here we explain
the underlying physics. We begin with some preliminaries:

We need only consider the primary-frequency waves, f = Qg4/7, since they account for all the
energy loss and transfer, up to corrections second order in the eccentricity e and inclination angle
t. This means, correspondingly, that we can restrict ourselves to a precisely circular and equatorial
orbit. The waves and tidal coupling then have predominantly spheroidal harmonic order £ = m = 2
and frequency f (angular frequency w = 27 f = 2€). Since we only want to know, to within factors
of order unity, the ratio EOOBI / E’body, it will be sufficient to restrict ourselves to these dominant
{=m =2, w=2Qy perturbations.

In the Teukolsky formalism, these perturbations are embodied in a radial “wave function” that
can be normalized in a variety of different ways. The usual normalization, based on the Newman-
Penrose field 14, is bad for physical insight because it treats outgoing waves and ingoing waves quite
differently (see the Appendix). One normalization that treats them on the same footing sets the
radial wave function equal to that of the tidal gravitational field (“electric-type” components of the
Weyl or Riemann curvature tensor) measured by “zero-angular-momentum” observers, ZAMOs (a
family of observers, each of whom resides at fixed radius r and polar angle ). We shall denote that
tidal field [with e=*! x (spheroidal harmonic) factored out so the field is complex, not real] by &.
Another, closely related normalization for the radial wave function sets its modulus squared equal
to the rate of flow of energy. We shall denote this choice by W. At large radii, £ ~ (h+ + zhx) =
w?(hy + ihy), where hy and hy are the dimensionless gravitational wave fields; so the radiated

energy is Foo ~ r2|hy + ihy|? ~ (r/w)?E?

[o.op]

which tells us that ¥, ~ (r/w)€s. Near the body’s
surface (i.e., near where the horizon would be if the body were a Kerr black hole), the energy flux

is B ~ (r/w)?|a?E|?, where « is the Kerr-metric lapse function, which goes to zero at the horizon
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Figure 4.1: The renormalized tidal gravitational fields ¥ produced near a central body’s surface and
at large radii by the orbiting object, when the central body has the same exterior metric as a Kerr
black hole.

radius. (The ZAMOs’ divergently large outward speed, relative to infalling observers, causes them to

2 corrects for that divergence; see, e.g., the discussion

see a divergently large tidal field; the factor «
in Sec. VI.C.2 of [23].) Thus, in order to ensure that the power flow is the square of the renormalized

radial wave function,
E~ U2, (4.13)
we must renormalize the ZAMO-measured tidal field € by

U~ (r/w)€ at r — oo,

U ~ (a?r/w)€ near body . (4.14)

With these preliminaries finished, we can give our physical argument for Eq. (4.12) in terms of
the radial wave function W. Our argument relies on Fig. 4.1.

If the central body is a Kerr black hole, then the boundary condition on ¥ at its surface (the
horizon) is purely downgoing waves, and at infinity, purely outgoing waves. The ratio of down-
going power at the horizon to outgoing power at infinity has the standard Kerr values [24, 25]:
Ebody/ EOONBI ~ v if the hole’s spin angular velocity Q0 is much less than the orbital angular ve-
locity Q4; and E’body/E’OONBI ~ 05 if Qp > Q4. (Here we have used the no-body-influence notation
EOONBI for the outgoing power because a central black hole’s internal structure is unable to influence
the waves radiated to infinity.) Correspondingly, by virtue of Eq. (4.13), the ratio of the downgoing
field at the horizon ¥| to the outgoing field at infinity Woonpr is

0, vt Qn < Qy

~ for
Yoont /2 Qu > Qy

(4.15)

This suppression of the downgoing field relative to the outgoing is due, mathematically, to a reflective
effective potential in the wave equation that ¥ satisfies (Fig. 4.1). Physically, it is due to coupling

of the field ¥ to the central body’s spacetime curvature.
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Now suppose the central body is not a black hole, but some other object so compact that
its surface is well beneath the peak of the effective potential. This mathematical assumption is
equivalent to our physical assumption that the ZAMOs see the downgoing field ¥| so strongly blue-
shifted by the central body’s gravity that it looks like radiation. The only way, then, that the central
body can influence the energy radiated to infinity is to reflect a portion of this downgoing radiation
back upward. Mathematically, this corresponds to replacing the black hole’s downgoing boundary

condition by
Uy =Ry (4.16)

at some chosen radius just above the body’s surface. Here ¥| and W; are the downgoing and
upgoing components of ¥; see Fig. 4.1. For simplicity, we shall assume that the amplitude reflection
coefficient R is small, |R| < 1. Otherwise we would have to deal with a possible resonant buildup of
energy between the reflective central body and the reflective effective potential—though that would
not change our final answer (see, e.g., the more detailed analysis in the Appendix).

The upgoing waves W4 have great difficulty getting through the effective potential. The fraction
of the upgoing power that gets transmitted through, successfully, is ~ (Mw)® if the hole rotates
slowly, and ~ (Mw)® if rapidly [Eq. (8.83) of [23] with £ = 2 and 0, = w]. Since the fields ¥ are the
square roots of the powers (aside from complex phase) and since Mw = 2MQy = 203, this power
transmissivity corresponds to

U, v? Qg < Q
—ooBL | for " oL (4.17)

s 15/2 Q> Q
Combining Eqs. (4.17), (4.16), and (4.15), we see that

U oBI v13 for Qp < Qg

(4.18)
VoonBI 10 Q> Q,

If these two complex outgoing fields are not precisely out of phase with each other (phase differ-
ence +7/2), then the outgoing power is |¥eongr + Yeont|? ~ [Voonni|? + 2R (Voonp1 P2 p;), which
means that the ratio of the radiated body-influenced power to radiated no-body-influence power is

EooBI v13 for Qp < Qg

(4.19)
EconBi 10 Q> Q4

In the unlikely case (which we shall ignore) that the two fields are precisely out of phase, the ratio

will be the square of this.
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By combining Eq. (4.19) with the square of Eq. (4.15), we obtain the ratio of the body-influence

power radiated to infinity over the tidal coupling power into the central body:
Eocpt/Epody ~ v° (4.20)

independent of whether the body rotates slowly or rapidly. This is the claimed result.

If the central body’s external metric is not Kerr, then the first-order perturbation equations for
the orbiting body’s spacetime curvature will probably not be separable in {r,0}, so the analysis
will be much more complex. Nevertheless the physical situation presumably is unchanged in this
sense: The body’s spacetime curvature will couple to the perturbation field in such a way as to resist
energy flow through the region between the body’s surface and the object’s orbit. Correspondingly,
the perturbation fields and power flows are very likely to behave in the same manner as for the Kerr
metric, with the same final result, Ebody / EOOEI ~ v™ with n very likely still 5 but possibly some
other number significantly larger than one.

If this is, indeed, the case, then for any sufficiently compact central body the power tidally
deposited into the body Ebody will be very nearly equal to Etocal, BI, which is measurable; and

therefore the tidal power will be measurable.

4.4 Conclusion

In this paper, we have extended Ryan’s analysis to show that in principle it is possible to recover
not only the spacetime geometry of the central body, but also the evolving orbital parameters of the
inspiraling object and the evolving tidal coupling between the small object and the central body.
Therefore, in principle we can obtain a full description of the SARSAF spacetime, the tidal coupling,
and the inspiral orbit from EMRI or IMRI waveforms. In practice, the method of extracting the
information is likely to be quite different from the algorithm we have presented here.

Further generalizations of Ryan’s theorem and development of practical methods to implement

it are topics of our ongoing research.

4.5 Appendix A: An explicit derivation of results in Sec-
tion 4.3.3

4.5.1 Teukolsky perturbation formalism

In this subsection, we use the Teukolsky perturbation theory to justify our results in Sec. 4.3.3.

We first briefly review the standard Teukolsky perturbation formalism. Details can be found, e.g.,
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n [26]. To shorten our expressions, in this appendix we restrict ourselves to a nonrotating central
body with external metric the same as a Schwarzschild black hole but with a finite reflectivity. The
generalization to the Kerr metric is straightforward but with more cumbersome algebra. We have
carried it out, obtaining the same result as is found by the physical argument in the text.

In the Teukolsky formalism, people usually calculate the perturbation to a Newman-Penrose
quantity 4 that is related to the ZAMO-measured tidal field & by a linear transformation of the

basis vectors. This ¢4 can be decomposed into Fourier-Harmonic components according to

w=i/ WZ&M ~2Yim (0, 0)e™"", (421)

where _5Y},, (6, ¢) are the spin-weighted spherical harmonics. The radial function Rim(ry satisfies

the inhomogeneous Teukolsky equation

d
2 2__2 _ el
{roz (r M)dr

+ U(’I”):| Rwlm(r) =Toim, (422)
where a? = 1 — 2M/r is the lapse function for the Schwarzschild metric. The expressions for the
potential U(r) and the source T, can be found, e.g., in [24], Eqgs. (2.3), (Al).

In order to solve this equation, we construct two linearly independent solutions to the homoge-

neous Teukolsky equation, which satisfy the following boundary conditions,

N (wr)4oz467“‘” r— 2M
Rotm = 1 - 3 out _iwr*
(1) Qe ()P QU o0
((AJT)4 4Pout —dwr™ + l iwr* r— 9M
RUP whm® (4.23)
(wr)3e“"r r — 400

where d/dr* = o?d/dr. From these two homogeneous solutions, we can construct the inhomogeneous

solution according to

1
Wronskian[RUP | RIN

wlm?’ *wlm

SR, [ wmmwmmwﬁ, (1.24)

Rt (r) = ]<mmULMw&m<mmw>

where 7.1, (1) = Tipim () (r? —2M7)~2. This solution has only outgoing waves at infinity and satisfies

the purely ingoing boundary condition: ([24], Egs. (2.8) and (2.9))

2 3
Rwlm (’f‘ - OO) ~ Zwlm le ’

Ruim(r — 2M) ~ 3Zwlmr4a46_m : (4.25)
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where

1
e - 4.26
wlm 2WW2Q$Im ( )
X /2M dr {(7‘2 — 2M7°)_2R5\ZI;:LJP(T)TWM(T)} .

At infinity, where the spacetime is almost flat, 4 is directly related to the outgoing gravitational

wave strains according to
1 /-
and we can obtain the luminosity formula ([24], Eq. (2.21))

B = = (2) S0 22, 2 (4.28)

lm
4.5.2 Inner boundary condition

The above purely ingoing boundary condition makes sense when the central body is a black hole
because we know everything is absorbed at the horizon of the black hole. If the central body is some
other kind of object, the only way it can influence the perturbation field R, just above its surface
is by producing an outgoing-wave component via some effective reflectivity R. The result will be a

modified field
Reim (r — 2M) ~ ™" 4 (something)e™" . (4.29)

The “something” will be proportional to R, and it will also have a peculiar radial dependence,
because 14 relies for its definition on an ingoing null tetrad and thereby treats ingoing and outgoing

waves in very different manners.

4.5.3 Chandrasekhar transform

To learn what the “something” should be, we can transform to a new radial wave function that
treats ingoing and outgoing waves on the same footing. Two such functions were introduced and
used in Sec. 4.3.3: the ZAMO-measured tidal field £ and a field ¥ whose modulus squared is the
power flow, for both outgoing and ingoing waves. Those choices are good for Sec.4.3.3’s physical,
order-of-magnitude arguments, but at general radii r they not related in any simple way to 14. A
choice that is simply related to 14 is the Regge-Wheeler function X, and we shall use it here.

The radial wave function R for the Newman-Penrose 14 is related to the Regge-Wheeler function
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X by the Chandrasekhar transform, Eq. (A6) of [24]. This Chandrasekhar transform takes the form

IN,UP IN,UP IN,UP
Rwlm = Xwim C‘*’lem ’ (430)
where
16(1 — 2iMw)(1 —4iMw)(1 + 4iMw
a1 ) )0+ 4iMw)
=D+ +2) —12iMw
1
Xobm = T (4.31)
C,, is a second-order differential operator, and X Bj;fp are two linearly independent solutions of the

homogeneous Regge-Wheeler equation

[% foto vm] Xoim(r) =0, (4.32)
where
V(r) = o? [l(l — i_ff] . (4.33)

The asymptotic expressions for XU are ([24], Eq. (2.7))

wlm

N e r— 2M
Xoim  — , o o (4.34)
mn —wwr ou wr
wlm® + Awlme ;T F00
Up — BoW eT W L BN T r—2M
X —
wlm ok
e, r — 4o00.

Here we note that by the conservation of the Wronskian, it is straightforward to show that B™°ut —=
Ain,out'
4.5.4 F,, with a reflective inner boundary condition

Because the Regge-Wheeler function treats outgoing and ingoing waves on the same footing, the

desired, reflective inner boundary condition for it takes the simple form

XN (r—2M) ~ e 4R, (4.35)
Here X IN is a new homogeneous solution of the Regge-Wheeler equation.

This new homogeneous solution is a superposition of both ingoing and outgoing waves at the

horizon. It is shown in [27] that because the Regge-Wheeler function treats outgoing and ingoing
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waves in the same manner, |R|? has the physical meaning of the energy flux reflectivity, i.e., the
ratio between outgoing and ingoing energy flux at the horizon.
The homogeneous solution (4.35) which satisfies the new inner boundary condition can be con-

structed from the old homogeneous solutions:

lem - ﬁlelm + ﬁ2lem7 (436)
where
RAOut R
=14 —zm 4.37
Br =1+ —=== A B2 = A (4.37)

After doing an inverse Chandrasekhar transform, we obtain the corresponding homogeneous

solution of the homogeneous Teukolsky equation

B2 x.
Rwlm = Rwlm + ﬁ_ u.)lm Rwlm (438)
1 lem
Now we can replace R™N by R™ in Eq. (4.24) to obtain the solution R, () which satisfies the
inhomogeneous Teukolsky equation with upgoing and downgoing waves at the horizon and purely

outgoing waves at infinity. From this Rwlm(r) we identify the new amplitudes ZN as in Eq. (4.25):

wlm

20 = Zom + gf ii“’“” Z3 (4.39)
wlm

From these new ngm the calculation of the luminosity at infinity is straightforward.

In [24] Poisson and Sasaki have already worked out all the relevant formulae, so we only give
the results. For the original expressions in [24], please refer to Eq. (3.25) for A®, A°ut: Eq. (A7) for
Y™, VP and Egs. (5.4), (5.6), (5.11), (5.12) for Z'} =~ ZUP

wlm’ “wlm*

The leading luminosity correction comes from the | = 2,m = +2 mode, and we have

128 Rv13 |2

Fo = E
1504

4.40
Schwarzschild ’ ( )

where v is the same PN expansion parameter as that in Sec. 4.3.3. Unless the reflection coefficient

R is precisely real, this gives

Ex=E

256 R
~ . 13 4.41
Schwarzschild [ 1 (61 ) :| ( )
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in agreement with Eq. (4.19). The change in Ebody should be

1—|R?
Az 4.42
Schwarzschild ( |61|2 ) ( )

Ebody = Ebody

where (31 is defined in Eq. (4.37).
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Chapter 5

Reducing orbital eccentricity in
binary-black-hole simulations

Binary black hole simulations starting from quasi-circular (i.e., zero radial velocity) ini-
tial data have orbits with small but non-zero orbital eccentricities. In this paper the
quasi-equilibrium initial-data method is extended to allow non-zero radial velocities to
be specified in binary black hole initial data. New low-eccentricity initial data are ob-
tained by adjusting the orbital frequency and radial velocities to minimize the orbital
eccentricity, and the resulting (~ 5 orbit) evolutions are compared with those of quasi-
circular initial data. Evolutions of the quasi-circular data clearly show eccentric orbits,
with eccentricity that decays over time. The precise decay rate depends on the definition
of eccentricity; if defined in terms of variations in the orbital frequency, the decay rate
agrees well with the prediction of Peters (1964). The gravitational waveforms, which
contain ~ 8 cycles in the dominant [ = m = 2 mode, are largely unaffected by the ec-
centricity of the quasi-circular initial data. The overlap between the dominant mode in
the quasi-circular evolution and the same mode in the low-eccentricity evolution is about

0.99.

Originally accepted for publication as Harald P. Pfeiffer, Duncan A. Brown, Lawrence E.
Kidder, Lee Lindblom, Geoffrey Lovelace, and Mark A. Scheel, as a special issue article in

Class. Quantum Grav. (2007), preprint available online at http://arxiv.org/abs/gr-qc/0702106.

5.1 Introduction

The inspiral and merger of binary black holes is one of the most promising sources for current and
future generations of interferometric gravitational wave detectors such as LIGO and VIRGO [1, 2].

The initial LIGO detectors, which are currently operating at design sensitivity, could detect binary
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black hole inspirals up to distances of several hundred megaparsecs. In order to take full advantage
of the sensitivity of these detectors, detailed knowledge of the gravitational waveform is required.

Recent breakthroughs in numerical relativity have allowed several research groups to simulate
binary black hole inspirals for multiple orbits [3, 4, 5, 6, 7]. Because of the large computational
cost of these simulations, only a small number of orbits can be followed. Therefore it is important
to begin these simulations with initial data that closely approximate a snapshot of a binary black
hole system that is only a few orbits from merger. During the inspiral, the orbits of binary compact
objects circularize via the emission of gravitational waves [8], so binaries formed from stellar evolution
(rather than dynamical capture) are expected to have very small eccentricities by the time they enter
the sensitive band of ground based detectors. Because of this, the assumption of a quasi-circular
orbit (i.e., zero radial velocity) has been widely used in the construction of binary black hole initial
data [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. Specifically, quasi-equilibrium
data [17] and the “QC-sequence” [24] of puncture data [25] seem to be the most popular, and both
of these assume a quasi-circular orbit. However, inspiraling compact objects have a small inward
radial velocity, and neglecting this velocity when constructing initial data will lead to eccentricity in
the subsequent evolution, as discussed in the context of post-Newtonian theory in [26], and found
numerically in [27].

The Caltech/Cornell collaboration has recently completed successful long-term simulations of
inspiraling binary black holes [6] using a pseudo-spectral multi-domain method. This technique
was used to evolve a particular quasi-circular quasi-equilibrium binary black hole initial data set
(coordinate separation d = 20 from Table IV of [17]). Figure 5.1 shows the proper separation s
between the horizons and the radial velocity ds/dt as functions of time for this evolution. The rapid
convergence afforded by spectral methods is apparent; the medium and high resolutions are nearly
indistinguishable on the plot. Eccentricity of the orbit in the form of oscillatory variations in s and
ds/dt is, unfortunately, also clearly apparent.

This noticeable eccentricity suggests two questions: First, how can initial data with the appropri-
ate black hole radial velocities be constructed for non-eccentric inspirals? Second, how do evolutions
of quasi-circular initial data differ from those of non-eccentric initial data? This paper addresses both
questions. In Sec. 5.2, we incorporate nonzero radial velocities into the quasi-equilibrium method to
construct binary black hole initial data. This results in one additional parameter for equal mass ini-
tial data, the radial velocity v,. Sec. 5.3 briefly discusses our numerical methods. Sec. 5.4 describes
how we choose v, and the the orbital frequency Qqy for equal mass co-rotating binary black holes,
and presents numerical evolutions of the resulting low-eccentricity initial data. This section also
presents convergence tests of these binary black hole evolutions; we examine both convergence with
respect to spatial resolution and convergence with respect to the radius of the outer boundary of the

computational domain. Sec. 5.5 examines the differences between evolutions of quasi-circular initial
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Figure 5.1: Evolution of quasi-circular initial data. The left panel shows the proper separation s
between the apparent horizons, computed at constant coordinate time along the coordinate line
connecting the centers of the horizons, and the right panel shows its time derivative ds/dt. This
evolution was run at three different resolutions, with the medium and high resolution tracking each
other very closely through the run.

data and low-eccentricity initial data. We close with a summary and discussion of these results in

Sec. 5.6.

5.2 Quasi-equilibrium data with nonzero radial velocity

In this section we extend the quasi-equilibrium approach [14, 16, 17, 20] to allow specification of
nonzero radial velocities of the black holes. We proceed in three steps: First, we summarize the
construction of quasi-equilibrium data using co-rotating coordinates [17, 20]. Second, we show that
the identical quasi-circular initial data can be obtained by solving essentially the same equations but
in an asymptotically inertial coordinate system; the major difference is that one must require the
black holes to move on circular trajectories, rather than remaining fixed in the coordinate system.
Third, we generalize from black holes moving on circular trajectories to black holes moving on

inspiral trajectories.

5.2.1 Overview

We use the nomenclature of [17]; the spacetime line element is written in the usual 3+ 1-form,
ds? = —a?dt* + v, (dz" + B'dt)(dz? + Fdt), (5.1)

where «;; is the 3-metric induced on a ¢ = constant spatial hypersurface, o is the lapse function

and (3’ is the shift vector. Latin indices label spatial coordinates, and Greek indices label spacetime
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coordinates. The extrinsic curvature of the hypersurface is defined by
KHV = _’YHP'YVU (4)v(pno)7 (52)

where WV is the spacetime derivative operator and n, is the future-pointing unit normal to the

slice!

. We use the extended conformal thin sandwich formalism [28, 29] to construct constraint-
satisfying initial data. In this approach, the three-dimensional metric is spit into a conformal metric

¥i; and a positive conformal factor 1,

Yij = ¥ 4, (5:3)

and the extrinsic curvature is split into trace and trace-free parts,

1
The freely specifiable data consist of the conformal metric 7,5, its time derivative @;; = 9¢%;; (which
is taken to be trace free), the mean curvature K = K;;v*, and its time derivative ;K. It follows

that the trace-free part of the extrinsic curvature takes the form

1 ~ - 1 7~
Aij = 2% [(LB)i; — viay] = v %Ay, Ay = % {(Lﬁ)ij - ﬂij} , (5.5)

where
(LB)Y = 2Wip)) — gw'vkﬁk, (LB)Y = 2Wlipg)) — gw‘ Vi (5.6)

The symbols (L3)¥ and (H:ﬁ)ij represent the conformal Killing operators in physical and conformal
space, respectively, and are related by (LG)” = ¢»~*(ILB)¥. Indices on conformal tensors are raised
and lowered with the conformal metric, for example, (Ifﬂ)ij = ’yl-k’yjl(lfﬂ)kl = ¢~4Lp);;. Further-
more, V and V denote the physical and conformal spatial covariant derivative operators, and the

conformal lapse is defined by a = ¢%a. Inverting Eq. (5.5) yields
iiij = Oyi; = —28A;5 + (LB)i;. (5.7)

Substituting these relations into the constraint equations and into the evolution equation for

the extrinsic curvature, one arrives at a system of five elliptic equations, often referred to as the

1Since K., is a spatial tensor, K, n” = 0, its spatial components K;; carry all its information. Almost all tensors
in this paper are spatial, and we use spatial indices here whenever possible.
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extended conformal thin sandwich (XCTS) equations:

) 1. 1 1
Vi — SR — DK+ §¢*7A”Aij =0, (5.8a)
R 2 1.
v, (%(m)”) ~ SUVIK -V (%uj) —0, (5.8b)
V2(@yT) — (ayT) [§+%K 4w4+£w‘8fii%j] — )P (0, K — BFOLK). (5.8¢)

Here R denotes the trace of the Ricci tensor of %ij- These equations are to be solved for 9, &, and
% given a solution, the physical initial data (7;;, K;;) are obtained from Egs. (5.3)—(5.5).

Note that a solution of the XCTS equations includes a shift vector 3* and a lapse function
a = ¥%a. If these values of lapse and shift are used in an evolution of the constructed initial data,
then the time derivative of the mean curvature will initially equal the freely specifiable quantity
0;K, and the trace-free part of the time derivative of the metric will initially equal 1)*@;;. Thus, the
free data of the XCTS equations allow direct control of certain time derivatives in the evolution of
the initial data.

The next step is to choose the free data that correspond to the desired physical configuration.
The quasi-equilibrium quasi-circular orbit method of constructing binary black holes [17, 20] (see
also [11, 12, 14]) provides a framework for many of these choices. This method is based on the fact
that the inspiral time scale for a binary compact object is much larger than the orbital time scale, so
that time derivatives should be very small in the co-rotating coordinate system. Furthermore, the
black holes should be in equilibrium, which provides conditions on the expansion 6 and shear o;; of
the outgoing null geodesics passing through the horizon. The complete set of physically motivated

choices for the free data within the quasi-equilibrium method are

i = 0, (5.92)

0K =0, (5.9b)

Y —1,a—1, asr— oo, (5.9¢)
B"— (o x1)’, asr — oo, (5.9d)
0y is tangent to Sam, (5.9¢)

=0 onS, (5.91)

oi; =0 onS, (5.9g)

where S denotes the location of the apparent horizons in the initial data surface, and Sy is the world
tube of the apparent horizon obtained by evolving the initial data with lapse a and shift 3. The first
two conditions are the assumptions that the time derivatives are small. The boundary conditions in

Egs. (5.9¢) and (5.9d) enforce asymptotic flatness and co-rotation. The orbital frequency 2y entering
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Eq. (5.9d) can be chosen by the effective potential method [9] or the Komar-mass ansatz [11], with
similar results [20].

To discuss the remaining conditions, we need to introduce a few additional geometrical quantities.
Denote by s’ and 3’ the physical and conformal outward-pointing spatial unit normals to S. They
obey the relations

s'sly =1, §§7;=1, s =y 2§, (5.10)
Then introduce the induced metric on S in physical and conformal space by h;; = v;; — s;5;, and
iLij = %ij — 8;5;, respectively. Because n,s"=0, the space-time components of the unit normal are

given by s* = [0, s']. The outward-pointing null normal to S can then be written as

1
k' = — (n* + sM). 5.11
75+ ) (5.11)
Eq. (5.9¢e) simply means that the apparent horizon is initially at rest when the initial data is

evolved in the co-rotating coordinate system. It implies that the shift must take the form
Bl = as' + ﬂlll on S, (5.12)

where ﬁﬁ is tangent to S. Eq. (5.9f) ensures that S is an apparent horizon, and implies a boundary

condition on the conformal factor,

=3 o 1
5 O = _dé—dgzgﬂ {(Lﬁ)ij - uj} — LRIV + K (5.13)
Finally, Eq. (5.9g)—which forces the apparent horizon to be in equilibrium—restricts ﬁﬁ to be a

conformal Killing vector within the surface S,
(LsBy))¥ = 2f)<iﬁ|j|> — WDy =0, (5.14)

where D; is the covariant derivative compatible with ﬁij. As discussed in detail in [17, 20], |i|
controls the spin of the black holes in addition to the spin required for co-rotation.
Quasi-equilibrium considerations have now led us to choices for half of the free data (u,;; and
0. K) for the XCTS equations, and for all boundary conditions except a lapse boundary condition
on the horizon S. As argued in [17], Egs. (5.9a)—(5.9e) are compatible with any spin of the black

holes, with any choice of boundary conditions for the lapse on S, and with any choice of 7;; and K.



104

For concreteness, we choose

’%j = fij7 (515&)
K =0, (5.15b)
Or(a)) =0 on S, (5.15¢)

where f;; is the Euclidean metric. The last two conditions, Egs. (5.15b) and (5.15¢), are gauge
choices [17]. The choice of the conformal metric, however, does influence the physical gravitational
radiation degrees of freedom of the system. Since a black hole binary is not conformally flat at
second post-Newtonian order [30], our simple choice of conformal flatness, Eq. (5.15a), is probably
responsible for the initial burst of unphysical gravitational radiation found in the evolution of these

initial data.

5.2.2 Initial data in an asymptotically inertial frame

It is possible to re-formulate the quasi-equilibrium method in asymptotically inertial coordinates
in such a way that identical physical initial data are obtained. To do so, we solve the XCTS Egs.
(5.8a)—(5.8¢) with the same choices for the free data and boundary conditions, except that Egs.
(5.9d) and (5.9¢) are replaced by

B —0 asr — oo, (5.16a)

Oy + €l,,0; is tangent to Sap, where £/, = (Qo x 1)°. (5.16b)

The second condition implies that the apparent horizons move initially with velocity ¢!, i.e., tangent
to circular orbit trajectories.

Let (1o, 3%, (eo) be the solution to the XCTS equations in the co-rotating coordinates. We show
in 5.7 that the solution in the asymptotically inertial coordinates is (1, 8%, @) = (Vco, By — Elors Qo)
and that this solution leads to the same physical metric v;; and extrinsic curvature K;; as the original
solution in co-rotating coordinates. The proof of this relies on two observations: First, the shift enters
the XCTS equations and the boundary conditions (almost) solely through the conformal Killing

operator, (H:ﬂ)ij; and second, &!, is a conformal Killing vector, (L&) = 0, for the conformally

flat case considered here. Hence the term —&!, that is added to 8., drops out of the equations.

1
rot

In 5.7, we also show that Eq. (5.16b) and the shear condition Eq. (5.9g) require the shift on the

inner boundary S to take the form

fi=as' =&, +¢ onS, (5.17)
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where (' is a vector that must be tangent to S (¢*s; = 0) and must be a conformal Killing vector
within the surface S:

Oij = 0 & 0= (is()” (518)

Comparing Eq. (5.17) with Eq. (5.12), we see that the vector (? plays the role of ﬁﬁ in the
earlier treatment; choosing it as a rotation within S will impart additional spin to the black holes
in addition to co-rotation, as described in detail in [20]. Note that at large radii the comoving shift

i is a pure rotation, since i) — &, [Eq. (5.16a)] and V7¢! , is antisymmetric [Eq. (5.16b)].

5.2.3 Initial data with nonzero radial velocity

After rewriting the standard quasi-equilibrium method in an asymptotically inertial frame, it is
straightforward to incorporate nonzero initial radial velocities for the black holes. As discussed in
Sec. 5.2.2, quasi-circular initial data can be generated by specifying that the horizons move initially
on circles in an asymptotically inertial coordinate system. This is accomplished by the shift boundary
conditions in Egs. (5.16a) and (5.16b). We include initial radial velocities simply by requiring the
black holes to move initially on inspiral rather than circular trajectories.

Consider the problem of giving a black hole located a distance o from the origin an initial radial
velocity v,.. This can easily be accomplished by replacing the boundary conditions in Egs. (5.16a)
and (5.16b) with

Bt — 0 asr — oo, (5.19a)
O + §fnsp8i is tangent to Sap, where §fnsp = (Qo xr)' + UT:—O. (5.19b)

As before, we place the center of rotation at the origin of the coordinate system. Note that §fnsp
is still a conformal Killing vector, (IL&nsp)ij = 0, for the conformally flat case considered here.
Therefore the analysis in 5.7 of the boundary conditions in Egs. (5.16b) and (5.9g) also applies to

Eqgs. (5.19b) and (5.9g), and so we find that the inner shift boundary condition must be of the form
ﬂi = asi - giinsp + Civ on 87 (520)

where (% is a conformal Killing vector within S.

The boundary conditions in Egs. (5.19a) and (5.19b) depend on two parameters, the orbital fre-
quency g and a radial velocity v, (or, more precisely, an overall expansion factor v, /rg, reminiscent
of the Hubble constant). For unequal mass binary systems the needed radial velocities for each hole
would be different, but the needed expansion factors, v, /rg, are expected to be the same for the two
holes.

The changes discussed in Sec. 5.2.2 are superficially similar to the changes discussed in Sec. 5.2.3,
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yet the former amounts to a mere coordinate transformation while the latter produces different
physical initial data. This can be understood by noting that the change from co-rotating coordinates
[Egs. (5.9d) and (5.9¢)] to inertial coordinates [Eqs. (5.16a) and (5.16b)] is accomplished by adding
the same conformal Killing vector field ¢!, to the shift at both inner and outer boundaries, but
the change from Egs. (5.9d) and (5.9¢) to initial data with nonzero radial velocity [Eqgs. (5.19a)
and (5.19b)] is accomplished by adding different conformal Killing fields to the shift on different

boundaries: ¢!, at the outer boundary and & at the inner boundaries. Only in the former case

0
insp

can the change be expressed as a global transformation of the shift of the form 8¢ — 3% + ¢i .

5.3 Numerical methods

The initial value equations are solved with the pseudo-spectral elliptic solver described in [31]. This
elliptic solver has been updated to share the more advanced infrastructure of our evolution code and
is now capable of handling cylindrical subdomains. This increases its efficiency by about a factor of
three over the results described in [31] for binary black hole initial data.

The Einstein evolution equations are solved with the pseudo-spectral evolution code described
in [6]. This code evolves a first-order representation [32] of the generalized harmonic system [33, 34].
We use boundary conditions [32] designed to prevent the influx of unphysical constraint violations
and undesired incoming gravitational radiation, while allowing the outgoing gravitational radiation
to pass freely through the boundary. The code uses a fairly complicated domain decomposition.
Each black hole is surrounded by three concentric spherical shells, with the inner boundary of the
inner shell just inside the horizon. The inner shells overlap a structure of 24 touching cylinders,
which in turn overlap a set of outer spherical shells—centered at the origin—which extend to a large
outer radius. Outer boundary conditions are imposed only on the outer surface of the largest outer
spherical shell. We vary the location of the outer boundary by adding more shells at the outer edge.
Since all outer shells have the same angular resolution, the cost of placing the outer boundary farther
away (at full resolution) increases only linearly with the radius of the boundary. Some of the details

of the domain decompositions used for the simulations presented here are given in Table 5.1.

5.4 Choice of orbital frequency and radial velocity

We now describe how to construct binary black hole initial data sets with low orbital eccentricity.
This is done by tuning the freely adjustable orbital parameters 2y and v, iteratively to reduce the
eccentricity of the inspiral trajectories. For each iteration we choose trial orbital parameters €2, and
vy, evolve the corresponding initial data, analyze the resulting trajectories of the black holes, and

update the orbital parameters to reduce any oscillatory behavior in quantities like the coordinate
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separation of the black holes d(t), the proper separation between the horizons s(t), or the orbital
frequency w(t). All of these quantities (and many others) exhibit similar oscillatory behavior; we
choose d(t) as our primary diagnostic during the tuning process because it is most easily accessible
during the evolutions.

To make this procedure quite explicit, we begin by evolving quasi-circular initial data for about
two orbits. Then we measure the time derivative of the measured coordinate separation of the
holes d(t) (in the asymptotic inertial coordinates used in our code [6]) as illustrated, for example, in

Fig. 5.3. We fit this measured d(t) to a function of the form:
d(t) = Ag + At + Bsin(wt + ¢), (5.21)

where Ay, A1, B, w, and ¢ are constants determined by the fit. The Ay + Ayt part of the solution
represents the smooth inspiral, while the B sin(wt+ ¢) part represents the unwanted oscillations due
to the eccentricity of the orbit. For a nearly circular Newtonian orbit, B is related to the eccentricity
e of the orbit by e = B/wd. So reducing the orbital eccentricity is equivalent to reducing B. The
values of the orbital parameters 2y and v, are now adjusted iteratively to make the coefficient B in
this fit as small as desired. After each adjustment of Q4 and v,., the initial value equations described
in Sec. 5.2 [in particular, using the boundary condition (5.19b) which depends on Qg and v,] are
solved completely (to the level of numerical truncation error).

For this paper, our goal is to reduce B, and hence the orbital eccentricity, by about a factor
of ten compared to quasi-circular initial data. This level of reduction is sufficient to allow us to
evaluate the significance of the orbital eccentricity inherent in quasi-circular initial data. A variety
of methods could be used to find orbital paramters that make B small. One possibility is simply to
evaluate B(Q, v,) numerically as described above, and then to use standard numerical methods to
solve the equation B(Q,v,) = 0. Since our goal in this paper is to reduce B by about a factor of
ten, simple bisection root finding methods are sufficient.

A more efficient method is to use our knowledge of the behavior of nearly circular orbits to
make informed estimates of the needed adjustments in the orbital parameters. Evaluating the fit
Eq. (5.21) at the initial time ¢t = 0, we see that the ellipticity-related component B sin(wt + ¢)
contributes Bsin(¢)/2 to the radial velocity of each hole and Bw cos(¢)/2 to its radial acceleration.
(The factor 1/2 arises because d measures the distance between the holes.) For a Newtonian binary,
this eccentricity-induced radial velocity can be completely removed by changing the initial radial

velocity by »
Bsin(p

v, = —
v 2

(5.22)

Furthermore, changing the orbital frequency ¢ by a small amount §{2y changes the radial acceler-

ation of each black hole by the amount Q¢0Q0dy, where dg = d(0) is the initial separation of the
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Table 5.1: Summary of evolutions presented in this paper. The labels ‘QC,” ‘E,” and ‘F’ refer to
the different initial data sets, with numerical suffix (‘E1,” ‘E2,’ etc.) denoting different values of the
initial outer boundary radius of the evolutions, Royter-

Label | Initial data % # outer approx # of points
shells  low med. high
QC | Mapm©Q0=0.029792, v,,=0.0 133 8 523 643 763

Japm/M3py = 0.98549
My /Mapm = 0.50535

E1l | Mapm©0=0.029961, v,=—0.0017 | 171 10 595 665 743

E2 | Japm/M3py = 0.99172 293 18 643 723 813
M/ Mapy = 0.50524

FL | Mapm$0=0.029963, v, =—0.0015 | 133 8 525 645 769

F2 | Japu/M2p, = 0.99164 190 12 553 663 783

F3 | Mi/Mapy = 0.50525 419 28 623 743 878

holes. Thus the change §£2y needed to remove the eccentricity-induced initial radial acceleration,

Buwcos(p)/2, is

~ Bwecos(p)  Bcos(y)

080 = 20%  2do

(5.23)

Egs. (5.22) and (5.23) still hold approximately for relativistic binaries. We have found that simul-
tanously adjusting v, and Qg by Eqs. (5.22) and (5.23) typically reduces B by about a factor of
ten.

The smallest eccentricity data set produced here (by the simple bisection method described
above) is labeled ‘F,” and the data from the next to last iteration of this method is labeled ‘E.’
These initial data sets, together with the quasi-circular data labeled ‘QC’ were evolved with multi-
ple numerical resolutions and with multiple outer boundary locations; Table 5.1 summarizes these
evolutions. The orbital frequency used in the final evolution is only 0.6 per cent larger than the
value of 2y used in the quasi-circular case. As expected, this change is comparible to the magnitude
of the radial velocity v, in the low eccentricity case. The smallness of these quantities shows that
the quasi-circular approximation is quite good.

Fig. 5.2 shows the orbital phase (as measured by the coordinate locations of the centers of the
apparent horizons) for the evolutions of quasi-circular initial data, QC, and the least-eccentric initial
data, F1, F2, and F3. (The numerical suffix, F1, F2, etc., denotes simulations with different values of
the outer boundary radius as defined in Table 5.1.) These evolutions proceed for about five orbits and
then crash shortly before the black holes merge. The upper left inset shows differences between the
orbital phase computed with different resolutions for the QC and the F2 runs. The phase difference
between the high- and low-resolution runs is < 0.35 radians, which is a good estimate of the error in
the low-resolution run. The phase difference between the medium- and high-resolution runs drops
to &~ 0.02 radians, which can be taken as the error in the medium-resolution run. Between low and

medium resolutions, the error drops by about a factor of 20. Assuming exponential convergence,
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Figure 5.2: Evolution of the orbital phase. The main panel shows the phase of the trajectories of
the centers of the apparent horizons as a function of time for the quasi-circular (dotted curves) and
low-eccentricity (solid curves) initial data. The top left inset shows the phase differences between
different resolution runs, which decreases at higher resolutions. The lower right inset shows the
difference in the orbital phase between evolutions with different outer boundary locations.

the error of the high-resolution run should be smaller by yet another factor of ~ 20, i.e., < 0.001
radians. The lower right inset in Fig. 5.2 shows phase differences between evolutions of the same
initial data, but run with different outer boundary radii. These differences are small, so we do not
expect the influence of the outer boundary on our results to be significant. Our analysis in Sec. 5.5
is based mostly on comparisons between the high resolution QC and F2 runs.

Fig. 5.3 illustrates the radial velocities (determined from the time derivatives of both the co-
ordinate and the intra-horizon proper separations) for the quasi-circular run QC and for the two
low-eccentricity runs E and F. Orbital eccentricity causes periodic oscillations in these curves; the
amplitudes of these oscillations are clearly much smaller in runs E and F than in run QC. By fitting
the proper separation speed ds/dt to a linear function plus sinusoid, ds/dt = Ag+ A1t+ Bsin(wt+¢),
the approximate amplitude of the oscillations can be estimated. We find Bgc ~ 5.5 - 1073,
Bg ~ 58-107% and Bp ~ 4.1 -10~%. This confirms that we have succeeded in our goal of re-
ducing the oscillations by an order of magnitude. These fits are not very accurate because the fit
must cover at least one period of the oscillations, and significant orbital evolution occurs during this
time. If we vary the fit interval 40 < t/Mapm < T by choosing 7" between 300 and 450, the quoted
amplitudes Agc g,r change at about the 10% level.

The coordinate separation d(d)/dt shows some noise at early times as the binary system equili-

brates and an initial burst of ‘junk’ gravitational radiation travels outward. There are also short-
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Figure 5.3: Radial velocity during evolutions of quasi-circular and low-eccentricity initial data. The

left panel shows the coordinate velocity d(t), the right panel the velocity determined from the intra-
horizon proper separation §(t).

lived, high-frequency features apparent in Fig. 5.3 at intermediate times. The earlier feature occurs
at t/Mapm ~ 140 for the QC run, t/Mapm ~ 200 for F2, and ¢/Mapy ~ 300 for E2; these times
coincide with the light-crossing time to the outer boundary. We believe that this early feature is
caused by a small mismatch between the initial data and the outer boundary conditions used by
the evolution code; this mismatch produces a pulse that propagates inward from the outer bound-
ary starting at ¢ = 0. A later (and larger) feature occurs at t/Mapm ~ 280 for the QC run,
t/Mapwm ~ 400 for F2, and at t/Mapu ~ 600 (off the scale of Fig. 5.3) for E2. This later feature
occurs at twice the light-crossing time, and is caused by reflection of the initial ‘junk’ gravitational
radiation burst off of the outer boundary. The outer boundary conditions used in this paper perform
well for the physical gravitational-wave degrees of freedom [32], but comparatively poorly for the
gauge degrees of freedom (as demonstrated in recent tests [35]). These results plus the observation
that the high-frequency features in Fig. 5.3 are greatly diminished in less gauge-dependent quantities
like ds/dt suggest that these features may be caused by perturbations in the gauge or coordinate
degrees of freedom of the system.

Fig. 5.4 shows the orbital trajectories of the centers of the black holes during evolutions of
the low-eccentricity initial data E 2, and the quasi-circular initial data QC. The low-eccentricity
run forms a smooth spiral with no apparent distortion. In contrast, the evolution starting from

quasi-circular initial data has clearly visible irregularities.

2We plot the evolution E1 because it was pushed somewhat closer to merger than the F runs; the trajectories of
the E runs are indistinguishable from those of the F runs on the scale of this figure.
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L ow-eccentricity initial data Quasi-circular initial data

Figure 5.4: Trajectories of the center of the apparent horizons in asymptotically inertial coordinates
for the runs E1 (left plot) and QC (right plot). The solid/dashed line distinguish the two black
holes; the circles and ellipsoids in the left figure denote the location of the apparent horizon at the
beginning and end of the evolution.

5.5 Comparing quasi-circular and low-eccentricity initial data

Figs. 5.3 and 5.4 show clearly that evolutions of the quasi-circular initial data, QC, are not the same
as those of the low-eccentricity initial data, F. In this section, we characterize and quantify these

differences in more detail.

5.5.1 Time shift

The black holes approach each other more quickly in the QC run, with the time of coalescence
appearing to be about 60Mapn earlier than in the F2 run. Fig. 5.2, for example, shows that the
orbital phase increases more quickly during the QC run, with a late time phase difference of about
7 (almost a full gravitational wave cycle) compared to the F2 run. Similar differences are also seen
in the graphs of the proper separation and orbital frequency shown in the upper panels of Fig. 5.5.

We find that most of the difference between the QC and F runs is just a simple coordinate
time shift. The dashed lines in the upper panels of Fig. 5.5 represent the QC evolution shifted by
AT = 59Mapn. With this time shift, the QC evolution oscillates around the low-eccentricity F2
run. Therefore, the apparent earlier merger time of the QC run is just a consequence of the fact
that coordinate time ¢ = 0 in the QC run represents a later stage in the inspiral than it does in
the F2 evolution. The QC and F2 runs were started with the same spatial coordinate separation at

t = 0; however, this point is the apocenter of the slightly eccentric QC orbit, so the point in the F2
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Figure 5.5: Proper separation (left) and orbital frequency (right) for evolutions of the QC and F
initial data. The lower panels show the differences between the time-shifted QC and the F2 runs.
The dotted lines in the lower panels show the differences between the E1 and F2 runs, providing an
estimate of the remaining eccentricity in the F2 run.

run with the same phase (measured from merger) has smaller separation.

The lower left panel of Fig. 5.5 shows the proper separation difference, ds = sp(t) —sgc (t — AT),
which emphasizes the oscillations of the QC evolution around the F2 orbit. These differences are
plotted for three different time shifts AT. The right panels of Fig. 5.5 present information about
the orbital angular frequency w as determined from the coordinate locations of the centers of the
apparent horizons. The upper right panel shows w for evolutions of QC and F2 initial data. Time-
shifting the QC run by the same AT = 59Mapy also lines up the frequency curves very well. The
lower right plot shows the difference in orbital frequency between the F2 run and the time-shifted
QC run, dw = wr(t) —wqc(t — AT). The differences ds and dw are very sensitive to the time offset
AT applied to the QC run. In particular, at late times, when s and w vary rapidly, even a small
change in AT causes the differences to deviate significantly from their expected oscillatory behavior
around zero. Looking at both ds and dw, we estimate a time offset AT/Mapym = 59 £+ 1 between

the QC run and the F runs.

5.5.2 Measuring eccentricity

The evolution of the F initial data appears to have very low orbital eccentricity, so it can be used as a

reference from which the eccentricity of the QC run can be estimated. We can define an eccentricity
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Figure 5.6: Orbital eccentricity of the QC evolution estimated from variations in proper separation,
es, and from variations in orbital frequency, e,. Also shown in this log-log plot are best-fit power
laws to each set of data, as well as the scaling predicted by Peters (1964) with power 19/12 ~ 1.58.

for the QC evolution, for example, from the relative proper separation,

_ 193]

; (5.24)

€s

where this equation is to be evaluated at the extrema of ds. Similarly, we can define a different

measure of eccentricity from the variations in webit by evaluating

_ 1wl (5.25)

¢ 2w

at the extrema of dw. The factor of two in the definition of e, arises from angular momentum
conservation, which makes the orbital frequency proportional to the square of the radius of the
orbit. In Newtonian gravity, es = e,, to first order in eccentricity. Since the F initial data results in
a factor of ten smaller oscillations in ds/dt than the QC data, we expect these eccentricity estimates
to be affected by the residual eccentricity of the F run at only the 10% level.

The orbital eccentricity of the QC run, estimated using Eqgs. (5.24) and (5.25), is plotted as a
function of proper separation between the black holes in Fig. 5.6. We see that these eccentricities
decay during the inspiral, as expected. Within our estimated 10% errors, these eccentricities are
consistent with a power law dependence on the proper separation, e < sP. The eccentricity e
based on the proper separation is consistently somewhat larger than e,, and it decays somewhat

more slowly. Peters [8] derived the evolution of the orbital eccentricity during an inspiral due to
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the emission of gravitational waves using the quadrupole approximation. His result in the e < 1

19/12 where a is the semi-major axis of the orbit and where the constant

limit predicts that e < a
of proportionality depends on the initial conditions. Using a & s/2, his formula predicts that the

eccentricity should decay as

e ox 1912, (5.26)

Fig. 5.6 confirms that e, follows this prediction quite closely, while e; has a somewhat smaller power
law exponent.

The eccentricities measured here are actually the relative eccentricities of the QC and the F
orbits. The eccentricity of the QC run that we infer depends therefore on the residual eccentricity
of the F run. A more intrinsic approach, used recently by Buonanno et al. [27], is to fit some
eccentricity-dependent quantity to a full cycle (or more) of the orbital data. This approach yields
similar, but somewhat smaller, eccentricities than those found here (despite our use of a QC orbit

having larger initial separation and so presumably smaller initial eccentricity).

5.5.3 Waveform extraction

We now turn our attention to the problem of extracting the gravitational wave signals from our
numerical simulations using the Newman-Penrose quantity ¥4. Given a spatial hypersurface with
timelike unit normal n*, and given a spatial unit vector r* in the direction of wave propagation, the

standard definition of ¥, is the following component of the Weyl curvature tensor,
Uy = —Coppn 0’ mm”, (5.27)

where (# = %(n” — ), and m* is a complex null vector (satisfying m/m, = 1) that is orthogonal
to r* and n*. Here an overbar denotes complex conjugation.
For (perturbations of) flat spacetime, ¥, is typically evaluated on coordinate spheres, and in

this case the usual choices for r* and m* are

"
rt = (g) , (5.28a)
r
1 [0 AN
[T (= i
m vor <69+Zsin6‘8¢) , (5.28b)

where (7,6, ¢) denote the standard spherical coordinates. With this choice, ¥ can be expanded in

terms of spin-weighted spherical harmonics of weight -2:

Uylt,r,0,¢) = > UY(t,1r) _2Yim(0,9), (5.29)
Im
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Figure 5.7: Waveforms for the F2 run. Plotted are the six dominant WY™ coefficients, scaled by
the factor 1000 rMapnm. Solid lines represent the real parts and dashed lines the imaginary parts of
Ui, The time axes are labeled in geometric units at the bottom, and in SI units for a 20420 M,
binary at the top.

where the WY™ are expansion coefficients defined by this equation.

For curved spacetime, there is considerable freedom in the choice of the vectors r* and m*, and
different researchers have made different choices [27, 36, 37, 38, 39, 40, 7] that are all equivalent
in the r — oo limit. We choose these vectors by first picking an extraction two-surface £ that is a
coordinate sphere (r? = 22 + y2 + 22) centered on the center of mass of the binary system (using
the global asymptotically Cartesian coordinates employed in our code). We choose r# to be the
outward-pointing spatial unit normal to £ (that is, we choose r; proportional to V;r). Then we
choose m* according to Eq. (5.28b), using the standard spherical coordinates 6 and ¢ defined on
these coordinate spheres. Finally we use Egs. (5.27) and (5.29) to define the U4 coefficients. Note
that our m* is not exactly null nor exactly of unit magnitude at finite 7, so our definition of Y™ will
disagree with the waveforms observed at infinity (and with those computed by other groups). Our
definition does, however, agree with the standard definition given in Eqs. (5.27)-(5.29) as r — oo, so
our definition only disagrees with the standard one by a factor of order 14+ O(1/r). In this paper we
compute WY in the same way and at the same extraction radius for all runs, so the O(1/r) effects

should not significantly affect our comparisons of these waveforms.
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Since our simulations use high spatial resolution all the way to the outer boundary, the outgoing
radiation is fully resolved everywhere. Therefore, we could extract waveforms at very large radii.
The extracted wave signal lags the dynamics of the binary by the light-travel time to the extraction
radius, and our evolutions currently fail shortly before merger. So extracting the wave signal at a
very large radius would miss the most interesting part of the waveform close to merger. In order to
retain most of the signal, we compromise by extracting the radiation at an intermediate distance:
R/Mapm = 57. Fig. 5.7 presents the dominant waveform coefficients Wy, The W}* coefficient is
about a factor of ten smaller than the largest coefficient, ¥22. The W32 and W0 coefficients are
smaller by about another order of magnitude; and the W{? and ¥§* coefficients have amplitudes

that are only about ~ 1/1000 that of W32

5.5.4 Waveform comparisons

In this section we make a number of quantitative comparisons between the waveforms produced by
the evolution of quasi-circular, QC, initial data and those produced by the lower eccentricity, F,
initial data.

We can define a gravitational wave frequency associated with U4 by writing
U = Ay (t)e =" 0rm ) (5.30)

where Ay, (t) is its (real) amplitude and ¢y, (¢) its (real) phase. The frequency, {,,,, associated with

W™ is then defined as

Q= . (5.31)

Fig. 5.8 shows comparisons of the frequency of the dominant mode, (39, from the QC and the F
runs. This figure confirms the basic picture that emerged from our discussion in Secs. 5.5.1 and 5.5.2:
a time offset At must be used to compare the QC and F runs properly; the QC run has an orbital
eccentricity which causes 295 to oscillate; and these oscillations are largely absent from the F run.
Indeed, apart from the factor of 2 difference between orbital and the gravitational wave frequencies,
the top panel of Fig. 5.8 looks very much like Fig. 5.2. This indicates that our coordinates are very
well behaved—a feature that has also been observed in other numerical simulations, e.g., [41].

In order to make more detailed comparisons between the QC and the F waveforms, a phase offset
A¢ in addition to the time offset AT must be taken into account. These offsets are used then to

redefine the waveform of the QC run:
Uto(t) = e mA0 Wl ((t — AT). (5.32)

The same time and phase offsets are used for all values of [ and m. Note that A¢ and AT represent
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Figure 5.8: Frequency g of the gravitational waves extracted from the phase of W32, The
left /bottom axes show geometric units, the right/top axes present Sl-units for a 20420 Mg bi-
nary. The dotted line in the lower panel represents the difference between the E1 and F2 runs.

differences between the QC and F evolutions. These offsets differ therefore from those often used
in LIGO data analysis, where offsets are used to set the time and orbital phase at which a binary
signal enters the LIGO band at 40Hz.

We now estimate the phase offset A¢ needed in Eq. (5.32) to allow us to make direct comparisons
between the QC and the F2 waveforms. We consider two effects: First, the orbital phase of the time-
shifted QC run differs from that of the F2 run by the phase accumulated by the F2 run during the
time 0 < t < AT. Second, the orbital frequencies of the QC and F2 runs differ, and this difference
oscillates in time (cf. the right panel of Fig. 5.5), so the orbital phase difference between the two
runs also oscillates in time. We take both of these effects into account: first, we evaluate the time-
dependent phase difference, A¢(t), between the waveforms of the time offset QC run, ¥4 qc(t — At),
and the F run, Uy (t); second, we evaluate the time average of this A¢(t) to obtain A¢p ~ 1.83.
Using this value of A¢ leads to waveforms for the QC and F2 evolutions that agree as well as can
be expected in the presence of the other systematic errors, described below.

The two gravitational wave polarizations, h (t) and hy(t), are the real functions related to ¥y
by

Wy = hy —ihy. (5.33)

Consequently, the _Y},,, components of h (t) and hy (t) can be obtained by the double time integral,

R () — ih™ (t) / dr / dr' U™ (') 4+ Ciyp + Dyt (5.34)
ti t;
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Figure 5.9: Waveforms hy" (normalized by r/Mapn) for the six dominant —»Y "™ modes. The solid
lines represent evolution of the low-eccentricity initial data (run F2). The dashed lines represent
evolution of QC initial data time-shifted by AT = 59Mapy and phase-rotated by A¢p = 1.83. The
time axes are labeled in geometric units at the bottom and in SI-units for a 20420 M, inspiral at
the top.

The constants Cy,,, and Dy, account for the (unknown) values of h and h at the initial time t;. If the
full waveform were known, they could be determined either at very early times or at very late times
(i.e., after the merger and ringdown). Since we do not have complete waveforms for the present

evolutions, we choose C,,, and Dy, that make the average and the first moment of hTX (t) vanish:

to to
/ dr b (1) =0 = / dr T hi" (7). (5.35)

t1 ty

The integration interval [t1,t2] = [160Mapnm, 706 Mapn] is chosen to be the largest interval (exclud-
ing the initial transient radiation burst) on which data is available for both runs.

Fig. 5.9 shows the waveforms h™ for the evolution F2 (solid lines) and QC (dashed lines). To
the eye, the waveforms look essentially identical. To quantify how well the two waveforms match,

we use simple overlap integrals in the time domain:

(h1, ha)

H= e
(1] [[Rz]]

(5.36)
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Table 5.2: Waveform overlaps between the low-eccentricity run F2 and quasi-circular run QC (com-
puted from runs with medium and high resolution). Each mode of QC has been time shifted and
rotated by AT = 59Mapm and A¢ = 1.83. These numbers are subject to additional systematic
effects as discussed in the text.

high resolution medium resolution
mode M(h{ﬂ“v hglCJr) M(h% ) thmCx) M(h%7 thmCJr) /‘(h% ) hZ)an)
=2, m=2 0.998 0.998 0.998 0.998
1=3, m=2 0.997 0.997 0.997 0.998
=4, m=2 0.996 0.997 0.996 0.998
=4, m=4 0.991 0.991 0.993 0.993
1=5, m=4 0.987 0.979 0.983 0.982
1=6, m=6 0.981 0.980 0.986 0.982

where (hi, ho) = :12 dt hy(t)ha(t), and ||h||?> = (h, h). The quantity u gives the loss of signal to noise
ratio obtained by filtering waveform h; with waveform ho. We evaluate the overlap integral in the
time domain, rather than the frequency domain, to allow us to truncate the waveforms easily to the
interval [t1, t2] during which both waveforms are available. During the evolutions presented here the
gravitational-wave frequency changes by only a factor of two, so our decision not to weight by the
LIGO noise spectrum should not change our results significantly for frequencies near the minimum
of the noise curve. Furthermore, we evaluate p directly for the different modes hlﬁx, rather than
for specific observation directions. This allows us to compare differences in the higher-order modes
with smaller amplitudes, which would otherwise be swamped by the dominant [ = m = 2 mode.
The overlaps between the QC and the F2 waveforms, obtained at AT = 59Mapy and A¢ = 1.83,
are summarized in Table 5.2. Both medium- and high-resolution overlaps are given in Table 5.2,
confirming that the overlaps are not dominated by numerical errors. We note, however, that the
medium resolution runs have more noise in the higher order modes at early times; so we shortened the
integration interval to [t1, t2] = [200Mapm, T06 Mapm] to avoid contamination in those waveforms.
The dominant uncertainty in the computed overlap p arises because of our uncertainties in the
integration constants Cy,, and Dy, in Eqs. (5.34) and (5.35). Because the waveform has finite length,
these constants are known only to an accuracy of ~ 1/Ncyc, where Ny is the number of cycles in
the waveform. This error depends only on the length of the evolution, and can only be reduced
by longer evolutions, not by higher resolution evolutions. We show in 5.8 (to lowest order in the
uncertainties of Cj,, and Dy,;,) that the overlaps quoted in Table 5.2 are upper bounds. We also
derive lower bounds for these overlaps there, which are smaller than the values given in Table 5.2 by
about 12/(mNeyc)?. So these lower bounds are about 0.02 smaller than the Table 5.2 values for the
m = 2 modes, and 0.002 smaller for the m = 6 modes. This systematic uncertainty is much larger
than the mismatch of the waveforms for the m = 2 modes, so maximizing the overlaps by varying

AT and A¢ as independent parameters is not justified.
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5.6 Discussion

In this paper, we have extended the quasi-equilibrium initial-data formalism to binary black holes
with nonzero radial velocities. We have also used this formalism to construct initial data whose
evolution results in very low eccentricity orbits: about an order of magnitude smaller than the
orbits of quasi-circular initial data.

The main differences between evolutions of the quasi circular, QC, and the low eccentricity, F,
initial data sets are overall time and phase shifts: the QC initial data represents the binary at
a point closer to merger. When we correct for these shifts, the orbital trajectories of the black
holes and the gravitational waveforms they produce agree very well between the two runs. Various
parameters measured in the QC run (e.g., orbital frequency or proper separation) oscillate around
the corresponding values from the F run. The gravitational wave phase oscillates as well, but
no significant coherent phase difference builds up during the five orbits studied here. We find
waveform overlaps between the high-eccentricity and low-eccentricity runs of about 0.99. Therefore
it appears that for the last five orbits before merger the differences between quasi-circular and
low-eccentricity initial data are not important for event detection in gravitational wave detectors.
Longer evolutions (e.g., equal mass binaries starting at larger separation, as well as unequal mass
binaries with a longer radiation reaction time scale) have more cycles during which phase shifts could,
in principle, accumulate. However, orbital eccentricity tends to decay during an inspiral and the
orbital eccentricity in quasi-circular data should decrease as the initial separation increases, so longer
evolutions are probably less sensitive to the eccentricity in the initial data. Thus we anticipate that
the eccentricity of quasi-circular initial data will not play a significant role when longer evolutions
are used for event detection, but further study would be needed to confirm this.

Finally, we note that construction of low-eccentricity inspiral initial data may be more difficult
when the black holes carry generic spin. The process described in this paper merely adjusts the
orbital parameters to obtain a trajectory without oscillations on the orbital timescale. For non-
spinning equal-mass black holes sufficiently far from merger, a non-oscillatory inspiral trajectory
seems to be a reasonable choice. But if non-negligible spins are present, this is not likely to be the
case. For spins that are not aligned with the orbital angular momentum, the approximate helical
Killing vector is lost, and there are likely to be a variety of oscillations on the orbital time scale.
In these cases a more sophisticated model of the desired circularized orbit will be needed before a

procedure for adjusting the orbital parameters to the appropriate values can be formulated.
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5.7 Appendix A: Quasi-equilibrium initial data in inertial
coordinates

In this appendix we show that (e, 3%, — &rots Qeo), Where i = (o x 1)%, is a solution to the XCTS
Egs. (5.8a)-(5.8¢) in asymptotically inertial coordinates (with appropriately modified boundary
conditions) whenever (1co, 3, (o) is a solution in co-rotating coordinates. We also show that this
solution leads to the same physical metric 7;; and extrinsic curvature Kj;; as the original solution
in co-rotating coordinates. The proof relies on three key observations: First, both solutions are
assumed to make the same choice of free data Eqgs. (5.9a), (5.9b), (5.15a), and (5.15b); second, the
shift enters the XCTS equations and the boundary conditions (almost) solely through the conformal
Killing operator, (H:ﬂ)ij; and third, €/, is a conformal Killing vector, so (L&) = 0. Hence the
term —¢&!, that is added to (3¢, (mostly) drops out of the equations.

We first show that the XCTS equations remain satisfied: Since (Iﬂ&ot)ij = 0, it follows from
Eq. (5.5) that A;; is unchanged by the addition of £’;. So Eqgs. (5.8a) and (5.8b) remain satisfied.
The only other shift containing term in Eq. (5.8¢) is 4°9; K, which vanishes because 9; K = 0 from
the choice of free data (K = 0) in Eq. (5.15b); so Eq. (5.8¢) also remains satisfied.

We turn next to the boundary conditions: The boundary conditions used for the co-rotating
coordinate representation of the XCTS equations are Eqgs. (5.9¢)—(5.9g) and (5.15¢), while those
used for the inertial frame representation are the same, except Egs. (5.9d) and (5.9¢) are replaced
by Eqs. (5.16a) and (5.16b). The boundary conditions, Egs. (5.9¢) and (5.15¢), depend only on 1)
and « and therefore remain satisfied. The apparent horizon boundary condition, Eq. (5.9f), implies
the boundary condition on the conformal factor Eq. (5.13), which is unchanged since (L&:o;)” = 0;
and the new outer boundary condition, Eq. (5.16a), also holds because 3¢, satisfies Eq. (5.9d).

The only remaining boundary conditions then are Eqgs. (5.16b) and (5.9g). Because § = 0 and
0;; = 0, the null surface generated by k* coincides with the world tube of the apparent horizons, Sag.
The normal to this null surface is k*, because k" is normal to S by construction, and because k*k,, =
0. Therefore, in order for d; + £,,0; to be tangent to Say, as required by the boundary condition
Eq. (5.16b), it must be orthogonal to k*. The vector 9; + &',
where f* = [0, 3] and &, = [0,&7.,]. Using k* = (n* + s")/v/2, it follows that

d; has components ant + 8 + &8

i N — i —a 0 % S
O = (815 +€rotal) k - \/5 [ + (6 + grot) Z} . (537)

This condition implies

B =as' =&y +(" onS, (5.38)

with ¢'s; = 0, i.e., Eq. (5.17) in the main text. So the boundary condition Eq. (5.16b) is satisfied
because 8, = as’ + (* satisfies Eq. (5.12).
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The vector ¢? that appears in Eq. (5.38) is further constrained by the shear boundary condition,
Eq. (5.9g), which we consider next. The shear o;; is defined as

o =L, 77 WV kg, (5.39)

where L, 77= h#(ph,,") — %hwhp". Substituting Eq. (5.11) into this expression, and subsequently
using Eqgs. (5.2), (5.4), and (5.5) results in

1

(0%

V20, = L (B ke =t aw] + L™ Viest. (5.40)

For any vector field v* decomposed into normal and tangential parts, v* = v™s,, s + Uﬁ, it follows
that
L™ (L) = (Lsvy)ig + 20™sm L™ Viesi. (5.41)

Using this identity and Eq. (5.17), the shear can be rewritten as

V20 = % L™ (Lot + ] — %(LSC)U- (5.42)

Once more, &, drops out because it is a conformal Killing vector. Also, since i;; = 0 by Eq. (5.9a),

we find that the shear vanishes if and only if (¢ is a conformal Killing vector within the 2-surface S:
o5=0 & 0= (LsQ)". (5.43)

Eq. (5.18) now follows from the identity (Ls¢)” = ¢~*(Ls¢)™. This implies then that the boundary
condition Eq. (5.9g) is satisfied since it is assumed to be satisfied in the co-rotating case.

Finally, we note that the physical metric v;; and extrinsic curvature K;; produced by the inertial
frame version of the problem are identical to those of the original co-rotating frame version. The
conformal metric and conformal factor are identical in the two versions, so the physical metrics
are identical trivially from Eq. (5.3). Since £, is a conformal Killing vector, it follows that A;; is
identical from Eq. (5.5); so it follows from Eq. (5.4) (with K = 0) that the extrinsic curvatures are

identical as well.

5.8 Appendix B: Errors caused by finite-length waveforms

The error in the waveform overlaps caused by the uncertainty in the integration constants can be
determined as follows: Denote our numerically computed waveforms by h, + ¢,, where h, stands
for the unknown “true” waveform obtained with the correct values of the integration constants, and

€, represents the error introduced by computing these constants with a truncated waveform. The
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label = stands for either F' or QC.

The quantity of interest is the overlap between the “true” waveforms,

(hr,hoc)
plhe, hoc) = 7> (5.44)
© T el Mool
where (h1,ha) = :12 hi(t)ha(t)dt, and ||h||> = (h,h). The errors €, are those caused by the un-
certainty in the constants Cj,,, and Dy, in Eq. (5.34), and the ¢, are therefore linear functions of
time. Furthermore, choosing the integration constants by Eq. (5.35) makes the numerical waveforms

hz+ e, orthogonal to functions linear in time, so that (hy +¢e4,¢,) = 0, where z,y € {F, QC}. Using

this result, and neglecting terms of order O(g3), one finds

ulhre +er,hoe +eqge) = wplhr, hoo)

lerl? | lleacl?  (ereac) >
Tu(hp, h < + - . (5.45
#hehe) \ SelE ™ 2Ahoel® ~ Thell Thoell) 4

It is straightforward to show that pu(hs,hgc) = 1 — O(6h?) where 6h = hp — hgc. Therefore,
replacing pu(hp, hgc) — 1 in the last term of Eq. (5.45) changes the result only by terms of order
O(6h*€%). Furthermore, replacing ||hgc|| — ||hr|| in the denominators of Eq. (5.45) affects the
result only by terms of order O(6he?). Neglecting both of these higher order contributions, we find

ller — eqoll?

I (5.46)

pwlhe +ep, hoe +eqc) = plhr, hoc) +

Because the last term is non-negative, the “true” overlap u(hp,hgc) is always smaller than the
numerically computed overlap p(hp + ep, hgc + €gc). Using the triangle inequality, we can bound

the last term in Eq. (5.46) by the error ||e;||?/||hs||? in either the F or the QC waveform:

ler —eqll® _ (lerll +llegell)® _ , lleal?
2/|hrl? -~ 2||hrll? [lhel|

(5.47)

Finally, we estimate ||e;||%/||hz||? by applying Egs. (5.34) and (5.35) to a pure sine-wave: h(t) =
sin(t). It is straightforward to evaluate the integrals in Eq. (5.35) for this simple case, giving the
bound ||||?/||h||? < 6/ (7 Neye)?, where Neye = (t2 —t1)/(2m) is the number of cycles in the interval

[t1,t2]. Therefore, we arrive at the bounds

12

22 )
chyc

,u(hp +e€r, th + EQC) > ,u(hp, th) z ,u(hp +e€r, th + EQc) — (5.48)

as mentioned in the main text.
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Chapter 6

Reducing junk radiation in
binary-black-hole simulations

At early times in numerical evolutions of binary black holes, current simulations contain
unphysical, spurious gravitational radiation (called “junk radiation”). The junk radiation
is a consequence of how the binary-black-hole initial data are constructed: specifically, the
initial data are typically assumed to be conformally flat. In this paper, I adopt a non-flat
conformal metric that is a superposition of two boosted, non-spinning black holes that are
approximately 15 orbits from merger. I extend the method of reducing the eccentricity
of the holes’ trajectories developed by Pfeiffer et al. (2007) to the non-conformally-flat
case considered here. I compare junk radiation of the superposed-boosted-Schwarzschild
(SBS) initial data with the junk of corresponding, conformally-flat (CF) initial data. The
SBS junk is smaller in amplitude than the CF junk by a factor of order two.

6.1 Introduction

One of the most important sources of gravitational waves for LIGO [1] is the inspiral and merger
of two black holes. LIGO is now taking data at design sensitivity and can detect stellar-mass
binary-black-hole mergers as distant as about 100 megaparsecs [2]. The gravitational waveform of
a binary-black-hole merger cannot be computed using analytic techniques but must be obtained by
solving the Einstein equations numerically.

Recently, great progress in numerical relativity has been made, allowing several groups to evolve
binary black holes, beginning at several orbits before merger [3, 4, 5, 6, 7]. These evolutions are
based on splitting the four-dimensional spacetime into a series of three-dimensional spatial slices;
to start an evolution, one must first construct initial data for the first slice. This initial data must

i) represent the desired physical situation (i.e., two black holes about to merge), and ii) satisfy the
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vacuum Einstein constraint equations:

Goo =0,

Go; = 0. (6.1)

The time-time and time-space equations are called the Hamiltonian and momentum constraints,
respectively. The vacuum Einstein evolution equations, G;; = 0, are solved to step from the initial
slice to subsequent slices.

There are several methods that generate constraint-satisfying initial data (for a review, see,
e.g., [8] and [9]); however, these generally assume that the initial spatial metric ¢;; is conformally

flat:
gij = 4. (6.2)

This simplifying assumption causes unphysical, spurious gravitational radiation (called junk radia-
tion) to be present in the early phases of the simulation. Specifically, it is known that a stationary,
isolated black hole with linear [10] or angular [11] momentum cannot be sliced so that the spatial
metric is conformally flat. Attempting to construct constraint-satisfying, conformally flat initial
data for boosted or spinning black holes yields holes that are not in equilibrium but are unphysically
perturbed. As they relax to an equilibrium configuration, gravitational waves are emitted.

In general, the black holes in a binary have both linear and angular momentum; therefore, the
binary black hole simulations will also contain junk radiation. Before one can extract the physically
relevant gravitational wave signal, one must first evolve the unphysical system until the spurious
waves have left the computational domain. Because these evolutions are computationally expensive,
it is desirable to reduce the junk radiation as much as possible.

Hannam et al. [12] have constructed non conformally flat initial data to reduce the amount of
junk radiation in head-on mergers of spinning holes; their non-flat metric is a superposition of two
spinning black holes. Also, Kelly et al. [13] have constructed non-flat initial data that incorporates
post-Newtonian waves into the initial data. In this chapter, I construct non conformally flat initial
data for nonspinning black holes initially in a non-eccentric, inspiral orbit.

By using a metric that is a superposition of two boosted black holes, the spurious gravitational
radiation is significantly reduced. Specifically, I will use a superposition of free data for analytic
individual black-hole solutions to construct the free data for the binary. This is similar in spirit
to the superposed-Kerr-Schild initial data proposed in [14]. However, I apply this superposition
in the context of the conformal-thin-sandwich equations, and our analytic black-hole solutions are

based on maximal slices of Schwarzschild rather than on Schwarzschild in Kerr-Schild coordinates.
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I then combine these free data with quasiequilibrium boundary conditions developed by Cook [15],
Cook and Pfeiffer [16], and Caudill et. al. [17]. T solve the constraint equations using the Caltech-
Cornell pseudospectral code [18]. After reducing the eccentricity of the holes’ orbits by extending
the technique of Pfeiffer et. al. [19] to the non conformally flat case, I evolve the holes using the
Caltech-Cornell code [20, 6].

The remainder of this paper is organized as follows. In Sec. 6.2, I summarize the formalism used
in this paper to solve the initial value problem. In Sec. 6.3, I describe how to construct initial data
whose conformal metric is a superposition of two boosted Schwarzschild black holes. In Sec. 6.4, I
choose a conformally flat (CF) data set and a superposed-boosted-Schwarzschild (SBS) initial data
set that is physically comparable. In particular, I use the eccentricity-reduction technique of [19]
(originally developed under the assumption of conformal flatness) so that sets CF and SBS both have
very little orbital eccentricity. In Sec. 6.4.1.2, the junk radiation of sets CF and SBS are compared.

A brief conclusion is made in Sec. 6.5.

6.2 The initial value problem

6.2.1 The constraint equations

To construct constraint-satisfying initial data, I begin with the usual 3+1 split, in which the four-
dimensional spacetime, with metric g,,, is split into a series of three-dimensional spatial slices with
spatial metric g;;. The spacetime metric g, is related to the spatial metric g;;, the lapse o, and
the shift 3¢ by

ds® = g datda” = —a?dt* + g;j(dz’ + B'dt)(dx? + 3 dt). (6.3)

Here and throughout the rest of this paper, the Einstein summation convention is assumed. Greek
indices refer to spacetime coordinates and are raised and lowered with the spacetime metric g,,,, and
its inverse. Latin indices refer to spatial coordinates of a ¢t = const slice and are raised and lowered
with the spatial metric g;; and its inverse.

On the initial (¢ = 0) slice, the initial data must specify g;; and the extrinsic curvature K,;,
which is essentially the rate of change of g;; in the normal direction. The extrinsic curvature is

related to the time derivative of the metric 0;g;; and to the lapse and shift by
8tgij = —204Kij + 2V(iﬁj). (6.4)

The initial values of g;; and K;; must be chosen so that i) the solution contains the desired physical
content, and ii) the constraint equations (6.1) are satisfied.

A systematic way to solve these equations is given by the extended conformal thin sandwich
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(XCTS) formalism [21, 22]. In this formalism, one expands g¢;; and K;; as follows:

9i5 = V' Gij,
1
Kij = Aij + 39i K. (6.5)

Then, one chooses the conformal metric §;;, the trace of the extrinsic curvature K, and the time
derivatives of both, @;; = 0;g;; and 0,K. The constraint equations (6.1) are then reduced to elliptic
equations for the conformal factor v and the shift 3°. A fifth elliptic equation for o) determines the
lapse; it is not a constraint, but appears because the free data include 9,K instead of & = ¥ %a.
(Alternatively, one could use the “standard” conformal thin sandwich equations [21, 22], in which
the free data are g;;, 4;;, K, and &.)

Together, these equations form a second-order, nonlinear, coupled elliptic system called the

extended conformal thin sandwich (XCTS) equations, which are (e.g., Eq. (8) of [19]):

=2 1~ Loos 1 7xiis
- T 2 .. - T
O (g L7 - 359K = (5 =0 (6.6b)
V2(av) - (a) [§ %K%%gwﬁ%ﬂ — Y(OK — BHORK). (6.60)

Here V is the gradient with respect to g;;, the “longitudinal operator” L is twice the symmetric,

trace-free gradient (i.e., the “shear”) with respect to gi;, i.e.,

(LV)ij = ViV + V,;V; — géij@k‘/k, (6.7)
and

ij 1040 W7 F i i

AT — o) AJ_2(az/1) [(m)ﬂ—uﬂ]. (6.8)

The initial value problem now amounts to i) choosing the free data ( g;j, @;;, K, and 0 K),
ii) choosing boundary conditions for v, atp, and 3%, and iii) solving Eqs. (6.6a)—(6.6¢c) for v, a,
and 3'. Most of these have preferred choices, motivated by the requirement that, in the comoving
coordinates, the initial data contain two black holes at rest. These quasiequilibrium conditions will

be discussed in the next subsection. The remaining quantities will be dealt with in Sec. 6.3.

6.2.2 Quasiequilibrium free data and boundary conditions

In the XCTS formalism described in the previous subsection, the physical content of the data is
selected by the choice of both the free data (g;;, K, and their time derivatives) and by the boundary

conditions. We wish to make choices that represent the physical situation of two (otherwise isolated)
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black holes orbiting each other. In the quasiequilibrium method [23, 24, 15, 16, 17, 19] used in this

paper, there are preferred choices for many of the free data and boundary conditions.

6.2.2.1 Free data

In quasiequilibrium initial data, the coordinates are required to (initially) be comoving with the
black holes. If the holes are also in equilibrium, time derivatives in the comoving frame should

initially be small. Quasiequilibrium initial data therefore choose

i = 0, (6.9)

0K = 0. (6.10)

The remaining free data, g;; and K, can be chosen freely. In Sec. 6.3, I make particular choices for

gij and K.

6.2.2.2 Outer boundary conditions

The computational domain can be represented by only a finite number of gridpoints, so it necessarily
will have an outer boundary B, which here is taken to be a coordinate sphere whose radius R is
so much larger than all other length scales that it is effectively “infinitely far away.” (In practice,
the outer boundary is roughly 10° times larger than the size of each black hole.) The physical
requirement that the binary is isolated (i.e., that the spacetime is asymptotically flat) corresponds

to the conditions

¥ =1on B, (6.11)

a=1on B, (6.12)

provided that g;; is asymptotically flat.

The outer boundary condition on the shift is set by the requirement that the coordinates are ini-
tially comoving with the black holes. Therefore, in the asymptotically flat region—and in particular,
on B—the coordinates will not be inertial; instead, they will rotate (due to the orbital motion) and
contract (due to the holes’ inspiral). That is, if r is a coordinate radius measured from the system’s

center of energy, and if r* is a radial position vector in the asymptotically flat region, then

B =(Qx7r) + Ui on B. (6.13)

To

Here r, = d,/2, where d, is the initial coordinate separation of the holes. The precise values of 2

and v, will be set so that the holes’ subsequent trajectories are not eccentric (Sec. 6.4.1.1).
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6.2.2.3 Inner boundary conditions

The singularities of each black hole are excised from the computational domain. The excision surface
S is the apparent horizons H of the two holes (labeled “A” and “B”), i.e., S = HalUHp. This

requirement leads to a boundary condition on the conformal factor (Eq. (13) of [19]):

Fopp = —1/;—251'51 (L) — i) - Ky on S (6.14)
where s’ is an outward-pointing! unit normal vector on S, and h;; = g;; — si8; = ¥* (§ij — 5:3;) =
Y*hij is the induced metric on S.

When the initial data are evolved in the comoving system, the apparent horizon (itself in equi-
librium) should remain at rest. This leads to the following boundary condition on the shift (Eq. (12)
of [19]):

B = as' + Q£ on S. (6.15)

Here ), is a parameter that determines the amount of spin on the hole in addition to corotation, and
€' is a conformal Killing vector within S. (If the holes are to have different spins, different values of
Q, are used on Ha and Hp.) The (k)™ component of the quasilocal spin [25, 26, 27] of each hole
can be written as (e.g., Eq. (37) of [17])

) _ 1 g
aH = gf;{ (Kij —gin) Sgk)dQS 5 (616)

where H is either H4 or ‘Hp, and §(ik) is a Killing vector on ‘H that defines rotations about the k

axis. In this paper, I consider only non-rotating binaries, in which €2, is selected so that agf) is very

close to zero.
The inner condition on « is a gauge choice [16]; i.e., it does not affect the physical content of the

initial data. The particular choices used in this paper are discussed in Sec. 6.3.

6.3 Nonspinning, non-eccentric binary-black-hole initial data

6.3.1 Conformally flat data

Initial data for binary-black-holes are typically assumed to be conformally flat:

Gij = 0ij. (6.17)

1Here “outward-pointing” points away from the black hole, toward infinity.



132

In Sec. 6.4, the conformally-flat data set CF is the same as that of [19], except that the black holes
begin at a larger coordinate separation (in this paper, the holes begin about 15 orbits from merger).

Specifically, in set CF,

K =0, (6.18)

Or(a)) =0 on S. (6.19)

6.3.2 Non conformally flat data

To reduce the amount of junk radiation, it is necessary to use a non-flat conformal metric. In this
section, I build up a suitable conformal metric for two non-spinning black holes in an initially circular

orbit.

6.3.2.1 Schwarzschild with maximal slicing

The Schwarzschild metric can be split into maximal slices (i.e., slices with K = 0.) With maximal

slicing, the Schwarzschild spacetime is (e.g., Eq. (52) of [16]):

gydatda’) = o ?dR*+ R*dO?,
o = 1- 2 + 0—2
B R RY
g = TR (6.20)

where R is the Schwarzschild areal radial coordinate and €%, is a unit vector normal to constant-R
surfaces. The choice of C' specifies which maximal slicing is used (and thence the coordinate radius
of the horizon). To facilitate comparison with [19], in this paper I choose C' = 1.737M, which implies
the horizon radius is at rez. = 0.8595M.

6.3.2.2 Metric of a boosted Schwarzschild hole

To construct the metric of a boosted, Schwarzschild hole, I begin with the Schwarzschild metric g;,,

[Eq. (6.20)]. Then, I apply the following two coordinate transformations:

1. First, I apply a radial coordinate transformation to make the spatial metric conformally flat.

Any spherically-symmetric metric can be made conformally flat by i) writing it as
gijdr'ds! = f(R)dR* + R*dQ?, (6.21)

where R is an areal radial coordinate, and then ii) making a radial coordinate transformation
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r = r(R) so that the metric is conformally flat:

f(R)AR® + R*dQ* = o* (dr® 4 r*dQ?) (6.22)
d
= ¢? = R/r and é{ = % 7(R). (6.23)

For a given f(R), determining r(R) amounts to solving a first-order ordinary differential equa-
tion. For the choice f(R) = a2 [cf. Eq. (6.20)], the analytic solution to the ODE is unknown,
so the ODE (6.23) is solved numerically.

2. Once the spatial metric is conformally flat, I give the Schwarzschild hole a velocity v in the y

direction by performing a Lorentz boost. The resulting spacetime metric is gE’l‘,"’St(v).

6.3.2.3 Superposing two boosted, non-spinning holes

Suppose two nonspinning black holes, “A” and “B,” are initially separated by coordinate distance
d,. Suppose they are in a circular orbit with speed v = Qd, /2.
I seek free data that accurately describes the boosted black holes. The simplest choice is to

merely superpose two boosted-Schwarzschild black-holes:

Giy = Gy =0+ (g — 0i) + (95 — i) (6.24)

K = KWBS=gA,L KB (6.25)

Here “NSBS” stands for “naive superposed, boosted Schwarzschild.” For hole A, g;‘;— and K4 are
obtained by translating g5o°(v) so that the hole is centered about (z,y,z) = (do/2,0,0). Likewise,

for hole B, gf; and K7 are obtained by translating gE’l‘,"’St(—v) so that the hole is centered about
(z,y,2) = (—do/2,0,0). Note that as v — 0, gho®5 — ¢26;; and KNBS — 0; after absorbing 1,
into the conformal factor v, the v = 0 superposed-boosted-Schwarzschild data in fact reduces to the
well-examined (conformally flat) quasiequilibrium data by Cook and Pfeiffer [16].

I used the Caltech-Cornell pseudospectral code [18] to solve the XCTS equations with the free
data and boundary conditions described previously. When the conformal metric is QE-SBS, I find that
the elliptic solver does not converge [Fig. 6.1].

The source of the difficulty can be seen by inserting the outer boundary conditions (6.11), (6.12),
and (6.13) into the Hamiltonian constraint [the first of Eq. (6.1)], which gives an equation of the

form
_@21# _ (IEJQ ~ r)ij (IEJQ x r)ij + .o =0. (6.26)

The source term shown here vanishes when the metric is conformally flat, because (2 x r)? is a
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Constraints vs resolution (NSBS)
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Figure 6.1: When the conformal metric is gi°5>, the constraints do not decrease exponentially with

J
increasing radial resolution.

conformal Killing vector of flat space. But when the conformal metric is the naive superposition
(6.24), the term (L§2 x r),, contains a spherically-symmetric part that decays only as O(1/r) [Fig.
6.2]. Tt follows that ¢» — const x logr as r — oo, but this is incompatible with the requirement that

P —1lasr— oo.

6.3.2.4 Scaling the non-flat terms by Gaussians

The inconsistency described in the previous subsection can be avoided by requiring that the non-flat
terms fall off sufficiently quickly far from the holes. This can be accomplished by scaling the non-flat

terms by Gaussians:

~ ~ —T2 ’w2 —T2 U]2
Gij = G0 =0y +e A (g —6iy) +e T (g5 —6y) (6.27)

K = KSBS=¢7alv' Ay o rp/wi KB, (6.28)

Here “SBS” stands for “superposed, boosted Schwarzschild,” and r4 and rp are the coordinate
distances from the centers of holes A and B, respectively. The width w can be adjusted to minimize
the junk radiation. Further investigation is needed to find an optimal choice for w. The Gaussians
used here may seem similar to the attenuation functions of [28]; however, the attenuation functions
here approach zero at large radii, whereas those of [28] approach unity. In Sec. 6.4, data set SBS uses
w = 207.,.. With this choice, the elliptic solver converges, and the constraints decay exponentially

with resolution, as expected [Fig. 6.3].
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Spherically symmetric part of shear of (Q x r) vsradius
Conformal metric = Naive superposed, boosted Schwarzschild (NSBS)
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Figure 6.2: The xy component of (H:Q x r)¥ includes a spherically-symmetric term that decays
only as 1/r when the conformal metric is gESBS; this term causes the conformal factor to diverge
logarithmically as r — co. The other nonzero components decay as 1/r? or faster.

Finally, as noted in Sec. 6.2.2.3, the inner boundary condition on the lapse « is a gauge choice;

in set SBS, the condition is
ap =14e 7/ (ot = 1) 4775/ (aP —1) on S. (6.29)

Here o is obtained by translating 950°% (v) so that hole A is centered about (x,y,z) = (do/2,0,0);

Boost

oo t(—v) so that hole B is centered about (z,y,2) =

likewise, o is obtained by translating ¢

(—dy/2,0,0).

6.4 Comparing the junk radiation of conformally flat and

superposed-boosted-Schwarzschild initial data

6.4.1 The conformally flat (CF) and superposed-boosted-Schwarzschild
(SBS) initial data sets

To compare the size of the junk radiation, I have constructed and evolved two initial data sets:
a conformally flat set (CF), and a superposed-boosted-Schwarzschild set (SBS). The method for
constructing the initial data is described in Sec. 6.3.

Table 6.1 compares some physical properties of the two data sets. The irreducible mass M;,, is
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Figure 6.3: Constraints as a function of resolution when the conformal metric is gSBS which is non-
flat near the black holes but flat far away. The constraints decrease exponentlally with increasing
resolution, as expected.

defined in terms of the apparent-horizon area Aayg by

Aan
M = ——. 6.30
167 ( )

The ADM Mass is a measure of the total energy in the system. It is defined by the following surface

integral at oo:

1 _
Mapnm = ﬂ/ (99ij — Digy5) d*S". (6.31)

In practice, this integral is evaluated on the outer boundary of the initial-data grid (i.e., on B, which
is a sphere whose radius is approximately 109 M, ).
The initial coordinate separation is d,. The initial “proper separation” s, is defined in terms of

the following line integral along the x-axis of the comoving frame:

d/2—Tege
/ds —/ N (6.32)

d/ 2+Terc
Here the limits of integration are the coordinate locations where the holes’ apparent horizons intersect
the x axis. The excision radius (given by 7ez. = 0.8595M at ¢ = 0) is the coordinate radius of the

apparent horizon. Note that the “proper separation” is coordinate-dependent (since the integral is

taken along the x-axis, rather than along a geodesic of extremal length) and slicing-dependent (since
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Quantity CF SBS
My 1.039 1.027
Mapm 2.062 2.039
do/Mapm 14.55 14.71
So/MaDM 17.51 17.65
Mapm§2 0.0165787 0.0162814
Uy —-43x107* -35x1074
l[a® /M2 | and [a¥/M2 | | <3x10718 <4x10°1°
a® /M2, ~11x107% —53x107°

Table 6.1: A comparison of the two initial data sets presented in this paper. Set CF is conformally
flat, and set SBS uses a conformal metric that is a superposition of two boosted Schwarzschild black
holes. The initial data sets describe physically comparable situations: the masses, separations, and
frequencies agree to within about 1%. The radial velocities are comparable [and are chosen so that
the eccentricity is small (Fig. 6.4)], and the spins of the holes are close to zero in both cases.

the distance is measured within the spatial slice).
The spins of the holes are computed [29] using the quasilocal Brown-York spin [[25]; Eq. (6.16)].
The spin on the holes is small in both the CF and SBS data sets.

6.4.1.1 Evolutions and reducing eccentricity

The CF and SBS data sets were evolved using the Caltech-Cornell spectral evolution code. The
evolution grid’s outer boundary is at approximately 1000M;,,. The excision boundaries are slightly
inside the apparent horizons; this is accomplished by extrapolating the initial data from S to points
slightly inside S. (For set CF, the evolution-grid excision spheres are at radius 7¢, = 0.977¢z¢; to
accommodate nonspherical horizons, the evolution-grid excision spheres are at r., = 0.93r¢,. for
set SBS.) Aside from differences in extrapolation, sets CF and SBS were evolved using identical
computational domains and at identical resolutions?.

The holes initially move at a coordinate angular velocity 2 and a coordinate radial velocity
vp; both are chosen to reduce the eccentricity of the orbit. The set CF has much less eccentricity
than does the equivalent conformally flat, quasicircular initial data; it is comparable (aside from the
greater initial separation of the holes) to the non-eccentric data sets in [19].

To make the SBS data set non-eccentric, I initially guess that Q and v, have the same coordinate
values as in the non-eccentric, conformally flat case. Then, I tune them using the iterative scheme
described in Sec. 4 of [19]. Each iteration would completely remove the eccentricity if the binary were
Newtonian; in the relativistic case, successive iterations converge to non-eccentric orbits. Figure 6.4
shows the proper separation vs. time of the CF data and of the SBS data sets. “Reduction iter #2”

is the SBS data set used in the remainder of this paper.

2The initial data were evolved on grids of several different resolutions. The waveforms appear to agree to “good”
accuracy, and the constraints appear to converge exponentially. Rigorous convergence tests are a subject of future
research.
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Figure 6.4: Reducing the eccentricity in the SBS initial data set. The proper separation vs. time
is shown for the conformally flat (CF) data set (grey line). The corresponding SBS data set with
the same choices for ) and v, is very eccentric (dotted line), but two iterations of the algorithm
described in Sec. 4 of [19] greatly reduce the orbital eccentricity (dashed and solid lines).

6.4.1.2 Junk radiation comparison

The gravitational waves are extracted from the CF and SBS evolutions at the same coordinate
radius 7eggr & 1167¢,.. Specifically, the simulation computes the Newman-Penrose scalar ¥4, which
at large radii is related to the outgoing +-polarized and x-polarized gravitational-wave amplitudes

by
d2 d2

U= L il
LT T e

hi. (6.33)

The scalar ¥, is evaluated on a sphere of radius 7+ and then expanded in spin-weighted-spherical-
harmonic modes. (For further details on the wave-extraction method, see Sec. 5.5.3 in this thesis.)

At early times, the waveform consists of spurious gravitational waves; they are recognizable as
such by their frequencies, which are much higher than the dominant frequencies f ~ /7 of the
physical, quadrupolar gravitational waves. Figure 6.5 plots the dominant, quadrupolar components
of the junk waves; they have a frequency f ~ (15Mapm)~ ", which is significantly higher than the

physical frequency f ~ Q/m ~ (200Mapm) "

The SBS junk waves are smaller in amplitude by
about a factor of 2 when compared with the CF waves.

Figure 6.6 compares all of the spherical harmonic modes from ¢ = 2 through ¢ = 8. The
amplitudes of the higher modes are reduced by a significantly larger amount than were the [ = 2

modes’ amplitudes.
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Figure 6.5: A comparison of the dominant (quadrupolar) modes of the junk radiation for conformally
flat (CF) and superposed-boosted-Schwarzschild (SBS) initial data. The real parts of the (¢, m) =
(2,0) and (¢,m) = (2,2) parts of ¥4 are shown.
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Figure 6.6: A comparison of the junk gravitational waves extracted at coordinate radius re.s, = 100
for the conformally flat (CF) and superposed-boosted-Schwarzschild (SBS) initial data. The ¢ = 2
through ¢ = 8 spherical-harmonic modes are shown, with the Re(2,0) modes shown as a very thick
line, Re(¢ = 2,m = 2) shown as a medium-thick line, and other modes shown as thin lines.
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6.5 Conclusion

The junk radiation in binary-black-hole simulations can be significantly reduced by using initial data
that is not conformally flat. For the case of two non-spinning black holes initially 15 orbits from
merger, the amplitude of the junk gravitational waves decreases by a factor of order 2. As of this
writing, sets CF and SBS have only been evolved at a “typical” resolution; future work will include
convergence tests at a variety of evolutions. Also, future investigations will seek to generalize this

work to black hole binaries in which the holes have spin.
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