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Abstract

This thesis presents a study of various interesting problems in theoretical astrophysics, including
gravitational wave astronomy, gamma ray bursts and cosmology.

Chapters 2, 3, and 4 explore prospects for detecting gravitational waves from stellar-mass
compact objects spiraling into intermediate-mass black holes (BHs) (M =~ 50Mg to 350Mg) with
ground-based observatories. It is shown in chapter 2 that if the central body is not a BH but its
metric is stationary, axisymmetric, reflection symmetric and asymptotically flat, then the waves will
likely be triperiodic, as for a BH. Chapters 3 and 4 show that the evolutions of the waves’ three
fundamental frequencies and of the complex amplitudes of their spectral components encode (in
principle) details of the central body’s metric, the energy and angular momentum exchange between
the central body and the orbit, and the time-evolving orbital elements.

Chapter 5 studies a local readout method to enhance the low frequency sensitivity of detuned
signal-recycling interferometers. It is well known that high power detuned signal-recycling interfer-
ometers, currently planned for second-generation interferometric gravitational-wave detectors (for
example Advanced LIGO), are characterized by two resonances in the detection band, an optical reso-
nance and an optomechanical resonance, which is upshifted from the suspension pendulum frequency
due to the so-called optical-spring effect. The detector’s sensitivity is enhanced around these two
resonances. However, at frequencies below the optomechanical resonance frequency, the sensitivity
of such interferometers is significantly lower than non-optical-spring configurations with comparable
circulating power. Chapter 5 proposes to add a local readout scheme, which measures the motion
of the arm-cavity front mirror, which at low frequencies moves together with the arm-cavity end
mirror (optical bar effect), under the influence of gravitational waves. This scheme improves the low-
frequency quantum-noise-limited sensitivity of optical-spring interferometers significantly and can be
considered as an incorporation of the optical-bar scheme into currently planned second-generation
interferometers. It can also be regarded as an extension of the usual optical bar scheme. Chap-
ter 5 provides both the results of improvement in quantum noise and the implementation details in
Advanced LIGO.

Chapter 6 applies and generalizes causal Wiener filter to data analysis in macroscopic quantum

mechanical experiments. Since the continuous improvement of sensitivities of laser interferometers,
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doing macroscopic quantum mechanical experiments become feasible. With the causal Wiener filter
method, we demonstrate that, in theory, we can put the test masses in the interferometer to its quan-
tum mechanical ground states. A related study also implies that it is possible to swap the quantum
states of two coherently measured laser interferometers by stochastic optimal control method.

Chapter 7 presents some analytical solutions for expanding fireballs, the common theoretical
model for gamma ray bursts (GRBs) and soft gamma ray repeaters (SGRs). The fireball is an
optically thick concentration of radiation energy with a high ratio of energy density to rest mass.
It is assumed in chapter 7 that an ultrarelativistic fireball consists of electron-positron pairs and
photons. First we show that in the ultrarelativistic limit, after photons decouple from the pairs,
the photon distribution function remains a blackbody spectrum in some appropriate Lorentz frame,
allowing us to define an effective Lorentz factor and temperature for the photon gas. Second we
study the freezing out of electron-positron pairs and their asymptotic Lorentz factor vo. The
dependence of these quantities on initial conditions is described by simple scaling laws. Finally we
apply our results to SGR 1806-20 and rediscover the mismatch between the model and the afterglow
observations. A viable solution for the energy budget is that the fireball is loaded by baryons or
electromagnetic flux.

Chapter 8 discusses the reconstruction of the scalar-field potential of the dark energy. While the
accelerated expansion of the Universe is by now well established, the underlying physics remains a
complete mystery. Chapter 8 assumes that the acceleration is driven by a single scalar field and
attempts to reconstruct this potential using recent supernova (SN) data. Current approaches to such
reconstructions are based upon simple parametric descriptions of either the luminosity distance or
the dark energy equation of state (EOS). It is shown in chapter 8 that these various approximations
lead to a range of derived evolutionary histories of the dark energy equation of state (although there
is considerable overlap between the different potential shapes allowed by the data). Instead of these
indirect reconstruction schemes, we discuss a technique to determine the potential directly from
the data by expressing it in terms of a binned scalar field. We apply this nonparametric technique
to a recent SN dataset, and compare the results with parametric approaches. In a similar fashion
to direct estimates of the dark energy equation of state, we advocate direct reconstruction of the
scalar field potential as a way to minimize prior assumptions on the shape, and thus minimize the
introduction of bias in the derived potential.

Chapter 9 discusses gravitational lensing modifications to cosmic microwave background (CMB)
anisotropies and polarization, produced by a stochastic background of primordial gravitational waves
between us and the last scattering surface. While density fluctuations perturb CMB photons via
gradient-type deflections only, foreground gravitational waves distort CMB anisotropies via both
gradient- and curl-type displacements. The latter is a rotation of background images, while the

former is related to the lensing convergence. For a primordial background of inflationary gravitational
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waves, with an amplitude corresponding to a tensor-to-scalar ratio below the current upper limit of
~ 0.3, the resulting modifications to the angular power spectra of CMB temperature anisotropy and
polarization are below the cosmic variance limit on large scales. At tens of arcminute angular scales
and below, however, these corrections are above the level at which systematics must be controlled
in all-sky anisotropy and polarization maps with no instrumental noise and other secondary and
foreground signals.

Chapter 10 calculates the non-Gaussian covariance of CMB B-modes of polarization. The B-
mode polarization lensing signal is a useful probe of the neutrino mass and to a lesser extent the
dark energy equation of state as the signal depends on the integrated mass power spectrum between
us and the last scattering surface. This lensing B-mode signal, however, is non-Gaussian and the
resulting non-Gaussian covariance to the power spectrum cannot be ignored as correlations between
B-mode bins are at a level of 0.1. In chapter 10 we find that the non-Gasussian covariance is not
significant for temperature and E-mode polarization power spectra. However, the non-Gaussian
covariance cannot be neglected for B-mode polarization power spectra. The resulting degradations
in the measurement accuracies for neutrino mass and dark energy equation of state are about a
factor of 2 to 3 when compared to the case where statistics are simply considered to be Gaussian.
We also discuss parameter uncertainties achievable in upcoming experiments and show that at a
given angular resolution for polarization observations, increasing the sensitivity beyond a certain
noise value does not lead to an improved measurement of the neutrino mass or dark energy equation
of state using the B-mode power spectrum. For Planck, the resulting constraints on the sum of
the neutrino masses is oxm,, ~ 0.2 eV and on the dark energy equation of state parameter we find,

ow ~ 0.5.
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Chapter 1

Introduction

1.1 Detection of Gravitational Waves from Intermediate-Mass-
Ratio Inspiral

First generation interferometric gravitational-wave (GW) detectors, such as the Laser Interferometer
Gravitational-Wave Observatory (LIGO) [1] and Virgo [2], have searched for GWs at or near their
design sensitivities. In the next decade, Advanced LIGO (AdvLIGO) [3] and its international part-
ners will increase the volume of the Universe searched a thousandfold or more. The most promising
GW sources for this network are the inspiral and coalescence of black hole (BH) and/or neutron star
(NS) binaries. Current inspiral searches target sources with total mass M < 40 Mg: NS binaries
with masses 1 My ~ 3 My, BH binaries with masses 3 Ms =~ 40 Mg, and NS-BH binaries with
components in these mass ranges [4, 5].

Ultraluminous x-ray observations and simulations of globular cluster dynamics suggest the ex-
istence of intermediate-mass black holes (IMBHs) with masses 102 My ~ 10* My [9]. The GWs
from the inspiral of a NS or stellar-mass BH into an IMBH with mass 50 Mg ~ 350 M, will lie in
the frequency band of AdvLIGO. These intermediate-mass-ratio inspirals (IMRIs) are analogous to
the extreme-mass-ratio inspirals (EMRISs) of ~ 10M, objects spiraling into ~ 10° M BHs, targeted
by the planned LISA observatory [10]. If we consider the possibility that the central body of an
IMRI (or EMRI) is not a BH, but some other general relativistic object (e.g., a boson star or a
naked singularity [11]), then AdvLIGO and LISA can quantify the accuracy with which it has the
properties predicted for a BH, i.e., the accuracy with which: (i) it obeys the BH no-hair theorem
(its spacetime geometry is the Kerr metric, fully determined by its mass and spin), and (ii) its tidal
coupling (tide-induced transfer of energy and angular momentum between orbit and body) agrees
with BH predictions. Searching for non-BH objects may yield an unexpected discovery.

In chapter 2, chapter 3, and chapter 4, I report progress in scoping out the prospects for AdvLIGO
to detect GWs from IMRIs and probe the properties of IMRIs’ central bodies.
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1.1.1 Chapter 2: IMRI and EMRI Orbits and Waves: Triperiodic or
Ergodic

Chapter 2 is a paper by Jonathan Gair, Ilya Mandel and me, published in Physical Review D [6].
Thorne proposed the project, i.e., he suggested us to explore the gravitational-wave signatures of
non-Kerr stationary, axisymmetric, reflection symmetric, asymptotically flat (SARSAF) spacetimes.
Gair and Mandel did numerical experiments with geodesics in the Manko-Novikov spacetime [7],
while Geoffrey Lovelace and I did similar things for geodesics in a perturbed Kerr spacetime. After
comparing our results, we found that some geodesics look triperiodic but some look ergodic. We
then tried to understand this phenomenon from different viewpoints: (i) I did some calculation of
orbits in Newtonian gravity for nonspherical but SARSAF potential and, with the help of Wang
Yan from the Chinese Academy of Science, showed that the orbits can be decomposed into several
harmonic components up to high accuracy. This gave some indirect evidence of the triperodic orbits
in non-Kerr spacetime, (ii) Gair found a relevant paper by Guéron and Letelier [8] which discussed
the chaotic orbits in another non-Kerr spacetime. Gair and Mandel replicated and extended the
studies of that paper. Our paper (chapter 2) was mainly written by Gair, with some revisions from
Mandel and me.

The SARSAF spacetimes that we explore in Chapter 2 have a metric with the form
ds? = —a2dt* + w?(dp — wdt)? + gedb? + gprdr?,

where all the metric coefficients are independent of the Killing time ¢ and axial angle ¢. Why
do we focus on SARSAF spacetime? If the spacetime initially is not axisymmetric, rotation will
make it nonstationary; then presumably GW emission drives it to stationarity and axisymmetry on
astrophysically small timescales. Almost all stationary, axially symmetric, self-gravitating objects
studied observationally or theoretically are reflection symmetric.

A SARSAF solution to the vacuum Einstein equations is determined uniquely by two families
of scalar multipole moments: mass moments My = M (the mass), My (mass quadrupole moment),
My, ...; and current moments S1 (spin angular momentum), Ss,Ss,...[12]. For the Kerr metric
(describing astrophysical BHs), the moments are fully determined by the mass M and dimensionless

angular momentum x = S;/M? via the complex formula
My +iS; = M (ix)’;

this is the no-hair theorem. LISA plans to measure as many moments as possible, via EMRI waves,
and determine the accuracy with which each moment satisfies this Kerr formula; AdvLIGO can do

the same for IMRIs.
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For EMRIs and IMRIs, the orbiting object moves along an orbit that is nearly a geodesic of the
background metric; radiation reaction drives it slowly from one geodesic to another. If the central
body is a Kerr BH, then (i) each geodesic has three isolating integrals of the motion: energy E, axial
angular momentum L, and Carter constant @ (and a fourth, “trivial” integral, the length of the

orbit’s tangent vector), and (ii) the emitted gravitational waves are triperiodic with

I — Re Z h;}zmnei(kﬂg+mﬂ¢+nﬂr)t’
Pkmn
where k,m,n are integers [13]. Here P = +, x is the polarization, and the three fundamental
frequencies 29,4, 2, in a precise but subtle sense, are associated with the orbital motion in
the polar (0), azimuthal (¢), and radial (r) directions. The fundamental frequencies and complex
amplitudes evolve with time as the orbit evolves through a sequence of geodesics.

If the Carter constant is lost in SARSAF spacetimes, the orbital motion may be ergodic rather
than triperiodic, which would make detection of the gravitational waves difficult. Guéron and
Letelier [8] have used Poincaré maps to search for ergodic geodesics in the static (S; = 0) Erez-
Rosen metric. In chapter 2 Gair, Mandel and I have carried out similar studies for a variant of
the stationary (S; # 0) Manko-Novikov metric [7]. Both of these metrics have an arbitrary mass
quadrupole moment Ms, and higher-order moments fixed by Ms,S; and M. The Poincaré maps in
these spacetimes reveal that there are geodesics at very small radii r ~ few M, which appear ergodic,
but all orbits at at large radii appear triperiodic. In chapter 2 we found ergodic geodesics only for
oblate (M> < 0) perturbations of the Kerr spacetime, but in the case of Manko-Novikov spacetime
or Erez-Rosen spacetime, ergodicity appears only for prolate (Ms > 0) perturbations. Radiation
reaction drives the evolution of energy and angular momentum in a way that makes it unlikely
that the apparently ergodic geodesics could be encountered in the course of an inspiral. For the
apparently nonergodic (integrable) geodesics, the spatial coordinates are multiperiodic functions of
Killing time ¢ to a numerical accuracy of 1077, and a general argument based on the structure of the
gravitational propagator shows that their gravitational waves will have the same kind of triperiodic
form as for Kerr BHs.

There are three possible explanations for the presence of large-radius orbits that appear integrable
and small-radius orbits that appear ergodic in the same spacetime: (i) The orbits are actually
integrable and actually ergodic, respectively. (ii) All the orbits are ergodic, but at large radii they
appear integrable to numerical accuracy because of the Kolmogorov-Arnold-Moser theorem [14].
(iii) All the orbits are integrable, but at small radii they are made to appear chaotic by some ill-
understood numerical instability. It is important to learn which is the case (and Jeandrew Brink is
searching for the answer [15, 16]), but for EMRI and IMRI wave observations, apparent integrability

(or ergodicity) has the same observational implications as actual integrability (or ergodicity).
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1.1.2 Chapters 3 and 4: Information Carried by IMRI (EMRI) Waves;

Generalizing Ryan’s Theorem

Chapter 3, is a paper written by Geoffrey Lovelace and me, and published inPhysical Review D
[17]. Thorne proposed the project. I discovered that Ryan’s theorem [18] discussed below could be
generalized to include tidal coupling if the energy loss to infinity was insensitive to the nature of the
central body. I carried out my calculation following the framework of Chandrasekhar [19]. After
that, Thorne suggested that Lovelace and I redo the calculation using physical tidal fields which
were more relevant to the physical picture of the problem. Then Lovelace and I did the calculation
independently and obtained the same result in the form reported in the paper. The text of this
chapter was written largely by Lovelace, but with significant contributions from Thorne and me.

Chapter 4 is a paper written by myself, and is in preparation for submission toPhysical Review
D. Thorne proposed the project to me. In this chapter I developed an algorithm that generalized
Ryan’s theorem to nearly equatorial but eccentric orbits. Based on discussions with my colleges, I
also presented two different ways to generalize Ryan’s theorem to generic orbits. This paper was
written by me, but with significant editing by Thorne.

When a small object orbits a SARSAF central body (i.e., for an EMRI or IMRI), what infor-
mation about the central body is encoded in the gravitational waveforms? In chapter 3 and 4 we
answer this question, assuming from the outset that the waveforms are triperiodic. In principle, a
large amount of information can be encoded in the time evolution of the waves’ three fundamental
frequencies Qg (t), Ly (t), Q- (), and their complex amplitudes h pgmy (t). It has been speculated that
these encode, fully and separably, the values of all the central body’s multipole moments M, S;
( and hence also its full metric ) [18], the rates at which the orbiting object’s tidal pull deposits
energy and angular momentum into the central body, Ebody and Lbody (tidal coupling) [20], and
the orbit’s semilatus rectum p(t), eccentricity e(t), and inclination angle ¢(¢) (which carry the same
information as the isolating integrals). This has been suggested by a special case studied by Ryan
[18]. Specifically, for nearly circular, nearly equatorial orbits in a SARSAF spacetime, Ryan showed
that the waves encode all the central body’s multiple moments M;, S;; This is Ryan’s theorem. A
trivial extension of Ryan’s theorem, proved in chapter 3, leads to the following algorithm for ex-
tracting information from the waves. Observe the time-evolving modulation frequencies as functions
of the time-evolving fundamental frequency f = Q4/m. From these, deduce the functions Q4 (g)
and then Qa(v) for A = 6,r; expand in powers of v = (MQy4)'/3 ~ (orbital velocity); and read
out the moments (redundantly) from the two expansions. Then, knowing the moments and thence
the metric, use the geodesic equation to deduce p(t) from 4 (t) and use wave-generation theory to
deduce e(t) and ¢(¢) from particular modulation amplitudes, hpgmmn (t).

We have generalized Ryan’s theorem to strongly elliptical but nearly equatorial orbits in chapter
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4. For strongly elliptical but nearly equatorial orbits the three fundamental frequencies are inde-
pendent of ¢ at first order. We expand these frequencies Q4 (M, S;,e,p) (with A =6, ¢, r) in powers
of 1/p, with coefficients that depend on e and the moments. Suppose we observe a series of 2N + 1
values of Qp,Qy,Q, (for any integer N) during the course of an inspiral. This gives us 6N + 3
numbers, from which we can read off (via an algorithm based on our expansions of the fundamental
frequencies in chapter 4): (i) the time evolution of e(t) and p(¢) (2N + 1 values of each), (ii) the
lowest N 4 1 mass moments, and (iii) the lowest N current moments. By observing the evolving
amplitudes of the orbital-precession-induced modulations encoded in hpgmn, We can recover the
time evolution of ¢. Hence, in principle, we have a full description of the spacetime. In practice the
methods of extracting the information may be quite different from these algorithms.

In chapter 4 we also explore routes for generalizing Ryan’s theorem to generic orbits. We
show that, whatever route one might choose, one must use details of gravitational-wave emission in
SARSAF spacetimes. And we exhibit two specific routes that are likely to produce successful gen-
eralizations. One route makes use of snapshots of the complex amplitudes of the waves’ harmonics
along with their three frequencies; the other makes use of the time evolutions of the waves’ three
fundamental frequencies.

In the absence of tidal coupling Ryan demonstrated that, for a nearly circular, nearly equatorial
orbit, the central body’s moments are encoded not only in the waves’ modulations, but also in
the time evolution of the waves’ dominant harmonic f = Qg/m, or equivalently, that harmonic’s
phase. In chapter 3 we have extended this analysis to deduce the power being deposited in the
central body by tidal coupling, Ebody. We assume the moments and metric have been deduced from
the precessional modulations and then use deviations from the Ryan’s theorem phase evolution to

deduce Ebody. Following Ryan, we quantify the waves’ phase evolution by
AN(t) = f?/f = d(number of wave cycles)/dIn f.
From this definition of AN, we infer the rate of change of orbital energy:
Eorb = (dBor, /dQ) (5 /TAN).

All (time-evolving) quantities on the right side can be deduced from observation plus the geodesic
equation (for dEqw/d2s). From the deduced metric and the frequency f(t) we can compute the
power radiated to infinity FE; and then by energy conservation we can deduce the power being
deposited in the central body Ebody = —FEyp — Es. We can also infer the angular momentum
transferred tidally to the central body, Lbody, via Lbody = Ebody /e (valid for nearly circular,
nearly equatorial orbits).

The above argument assumes that we can compute E, without knowing the boundary conditions
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of the inspiral-induced metric perturbation at the central body, since we do not know the nature
of the central body a priori. For highly compact central bodies (those deep inside the perturbing
field’s “effective potential”) this is true to high but not complete accuracy. The effect of boundary
conditions at the central body on the inspiral phase evolution is communicated outward to infinity
mainly at low frequencies (the orbital frequency and its low-order harmonics), and these pertur-
bations have great difficulty penetrating through the effective potential. If the spacetime metric is
Kerr, we have shown that the influence of the inner boundary condition on the energy radiated to
infinity is 6 B ~ v'0EL, which is five orders smaller in the linear velocity v than the tidal coupling
Ebody ~ P B [21]. Thus, to high accuracy we can deduce E. and then Ebody from observations,

without knowing the body’s precise nature.

1.2 Chapter 5: Local Readout Enhancement for Detuned
Signal-Recycling Interferometers

Chapter 5, is a paper published in Physical Review D [22] by Henning Rehbein, Helge Mueller-
Ebhardt, Kentaro Somiya, Chao Li, Roman Schnabel, Karsten Danzmann, and Yanbei Chen. This
paper was based on Chen’s idea of incorporating the Braginsky-Khlili optical-bar scheme into Ad-
vanced LIGO to enhance its low-frequency sensitivity. Following Chen’s suggestions, Rehbein and
Mueller-Ebhardt solved the joint Heisenberg equations of motion for the test masses, beam splitter,
and optical fields. They also evaluated the optimal combined GW sensitivity of the two readout
channels and observed the improvement in low frequency sensitivities. They and I independently
proved that the use of control schemes does not affect this sensitivity. Somiya also considered prac-
tical issues for a possible implementation in Advanced LIGO. This paper was mainly written by
Rehbein, Mueller-Ebhardt, Somiya and Chen, with some revisions from me.

First-generation laser interferometric gravitational-wave (GW) detectors (LIGO [23], VIRGO [24],
GEO [25] and TAMA [26]) have reached or neared their design sensitivities. These interferometers
are usually Michelson interferometers with Fabry-Perot cavities in the arms, and with power recy-
cling (PR) at the laser input port (with the exception of GEO, which uses dual-recycling [27]), and
operating close to the dark-port condition.

In order to have a flexible sensitivity to specific astrophysical sources, and for other technical rea-
sons such as lowering the optical power at the beam splitter (BS), second-generation interferometers,
such as Advanced LIGO [28], plan to use the so-called signal-recycling (SR) configuration, in which
an additional mirror is placed at the dark port of a Fabry-Perot Michelson interferometer, modifying
the optical resonant structure of the interferometer. By adjusting the location and reflectivity of the
signal-recycling mirror, one can vary the optical resonance frequency and bandwidth, respectively.

Near the optical resonance, the sensitivity to GWs is improved. When the signal-recycling cavity
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(the cavity formed by the input test-mass mirrors (ITM) and the signal-recycling mirror) is neither
resonant nor antiresonant with respect to the carrier frequency, the optical configuration is called
detuned signal-recycling. In detuned configurations, the peak sensitivity is achieved by placing the
optical resonance of the interferometer away from the carrier frequency.

As demonstrated theoretically by Buonanno and Chen [29, 30, 31] and experimentally by Somiya
et al. [32] and Miyakawa et al. [33], detuned signal-recycling also makes the power inside the in-
terferometer depend on the motion of the mirrors, creating an optical spring, and can shift the
eigenfrequency of the test masses from the pendulum frequency (~ 1Hz) up to the detection band.
The optical spring helps to improve the interferometer’s response to GWs around the optomechanical
resonant frequency, even allowing the interferometer to surpass the free-mass Standard Quantum
Limit (SQL). However, the quantum-noise-limited sensitivity of optical-spring interferometers at
frequencies below the optomechanical resonant frequency is dramatically lower than that of non-
optical-spring interferometers. This debilitation of sensitivity is caused by the optical spring, which
rigidly connects the front and the end mirror of the arm cavities at frequencies below the optome-
chanical resonance. The general principle underlying this effect has been explained in the works of
Braginsky, Gorodetsky and Khalili, namely in their proposal of the optical bar detection scheme [34].
At frequencies substantially below the optomechanical resonance, the optical spring behaves like a
rigid optical bar, connecting rigidly the ITM and the end test-mass mirror (ETM) of each arm. It is
then easy to understand that the carrier light, which senses the change in arm-cavity length, or the
difference in ITM and ETM motion, cannot be used to measure GWs efficiently at these frequencies.

On the other hand, since the ITM and the ETM are rigidly connected, they both move, in the
local inertial frame of the BS, by 1/2 the amount the ETM would have moved if there were no
optical spring present (assuming the ITM and ETM to have equal masses). For this reason, if one
also measures the local motion of the I'TM using an additional local readout scheme, one can recover
the low-frequency sensitivity dramatically. This idea, by Chen, is analyzed in chapter 5. Braginsky,
Gorodetsky and Khalili proposed an optical-bar detection scheme, in which only the local motion of
the ITM is measured [34]. In this sense, Chen’s proposal can be considered as directly incorporating
the optical-bar scheme into currently planned second-generation interferometers.

From an astrophysical point of view, the addition of the local readout scheme, which broadens
the detection band, will allow the interferometer to search for multiple sources simultaneously, as

well as examine each source over a wider frequency range.
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1.3 Chapter 6: Optimal Quantum Filtering in Advanced

LIGO Inteferometers

Chapter 6, is a project proposed by Yanbei Chen. Thorne and Chen proposed a research program
of doing quantum mechanical experiments using macroscopic laser interferometers. As a well-known
fact, the quantum mechanical noise creates a fundamental constraint to the instrument sensitivities in
gravitational-wave interferometers. On the other hand, as we improve the sensitivities by suppressing
the classical noises such as the thermal noise, probably we can investigate the quantum mechanical
behaviors of the interferometers, which has arm lengths of a few kilometers and test masses weights
of a few kilograms. Chen suggested me to investigate the theory of optimal filter and control so
that we could apply the techniques there to macroscopic quantum mechanical experiments, where
these optimal filters must be used to remove the classical randomness in the test-mass motion, which
normally dominates, leaving behind largely quantum uncertainty.

In chapter 6 we first build the connection between causal Wiener filters and ordinary linear
regression. This connection allow us to do straightforward optimal filtering in the time domain. With
this technique we calculate the conditional variance of the test masses under linear measurements and
show that it is possible to reach quantum mechanical ground states by decreasing the temperature
or increasing the quality factor. As an independent study, we found another connection between the
optimal Wiener filter and quantum non-demolition measurements by the path-integral approach.
This approach is largely based on my discussions with Yasushi Mino. This connection helps us to
understand optimal filter from another perspective.

This chapter was largely written by me, with some revision from Chen.

1.4 Chapter 7: Analytical Solutions for Expanding Fireballs

Chapter 7 is a paper by me and Re’em Sari, and published in The Astrophysical Journal [35]. Sari
proposed this project for me. Specifically, Sari proposed to solve the hydrodynamical equations of
expanding fireballs in dimensionless form. I worked out the full details and discovered the analytical
formulae that were reported in the paper. I also obtained the accurate scaling laws of the terminal
energy with respect to initial conditions and discussed the corresponding energy budget problem in
SGR 1806-20. This paper was largely written by me, but had significant revisions from Sari.

Many models of Gamma Ray Bursts (GRBs) [37, 38, 39, 40, 41] as well as of Soft Gamma Ray
repeaters (SGRs) [42, 43, 44] involve a fireball: an optically thick concentration of radiation energy
with a high ratio of energy density to rest mass. The evolution of an electron-positron-photon
fireball consists of several phases [36, 39]. Initially, the electrons, positrons and photons are in

thermal equilibrium due to high temperature and large optical depth. As the fireball expands, its
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temperature decreases, and the equilibrium number density of electrons and positrons decreases.
The optical depth for pair annihilation drops below unity, and their density deviates from thermal
equilibrium below a temperature of about 20 keV. Around the same time, the optical depth for
photon scattering drops below unity so that photons decouple from pairs and begin freestreaming.
Further expansion causes the density of electron-positron pairs to decrease, but their total number
is now conserved. The Lorentz factor of the electrons increases until the optical depth for scattering
off photons becomes small. Then the pairs decouple from the photons and therefore no longer
accelerate. If we consider the fireball as a steady-state wind, there will be a constant number of
pairs per unit time N, arriving at infinity with Lorentz factor .

In this chapter we study the asymptotic behavior of an ultrarelativistic fireball consisting of
electron-positron pairs and photons. We show that in the ultrarelativistic limit, after photons
decouple from the pairs, the photon distribution function remains a blackbody spectrum in some
appropriate Lorentz frame, allowing us to define an effective Lorentz factor and temperature for the
photon gas. We also study the freezing out of electron-positron pairs and their asymptotic Lorentz
factor v¥o. The dependence of these quantities on initial conditions (radius r; and temperature T;)

can be described by simple scaling laws [ equations (7.18), (7.26)]:
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We apply our results to SGR 1806-20, and find that the energy carried by electron-positron pairs is
higher than calculated by former estimates [36, 45], but is still an order of magnitude short of the
minimum energy required to produce the observed afterglow [45]. A viable solution of this energy

budget problem is that the fireball is loaded by baryons or electromagnetic flux [46, 47].

1.5 Chapter 8: Direct Reconstruction of the Dark Energy
Scalar-Field Potential

Chapter 8 is a paper by Asantha Cooray, Daniel Holz and me, and published in Physical Review
D [48]. Cooray proposed this project for me. He suggested that I fit the various existing models
of dark energy to recent supernova data. After I fitted the models, Cooray, Holz and I found quite



10

large differences among the four popular models. Cooray then proposed to use the non-parametric
method to fit the data, because this introduced less bias than the parametric models. I worked out
the full details of his proposal. The paper is mainly written by Cooray, with revisions from Holz
and me.

Distance estimates for Type Ia supernovae (SNe) are currently a preferred probe of the expansion
history of the Universe [49, 50, 51], and have led to the discovery that the expansion is accelerating
[62, 53]. Observations show that a mysterious dark energy, with an energy density ~70% of the total
energy density of the universe, is responsible for the accelerated expansion [54]. While the presence of
acceleration is now well established by various cosmological probes, the underlying physics remains a
complete mystery. As the precise nature of the dark energy has profound implications, understanding
its properties is one of the biggest challenges today.

With the advent of large surveys for Type la supernovae, such as the Supernova Legacy Survey
(SNLS) ! and Essence ? among others, it is hoped that we will study details of the expansion,
and thereby elucidate the physics responsible for the acceleration. Under the assumption that the
dark energy is due to a single scalar field ¢ rolling down a potential V(¢), several studies have
considered how future data might be used to reconstruct the potential, either based on various
analytical descriptions of the luminosity distance as a function of redshift [55], or through specific
assumptions about the potential, such as a polynomial function in the scalar field [56]. It is already
well established that certain parametric descriptions of the distance-redshift relation lead to biased
estimates for the dark energy equation-of-state (EOS) and the potential [57]. While improved
parametric forms of fitting functions have been suggested [58, 59], it is unclear how to select an
optimal approach for reconstructing the dark energy scalar field potential from SN distances (for a
review of various possibilities, see reference [60]).

In chapter 8 we discuss issues related to potential and dark energy EOS reconstruction by making
use of a recent set of SN data from the SNLS survey [61]. The sample includes 73 high redshift
supernovae (SNe) complemented with a sample of 44 nearby SNe [61]. We compare and contrast
a variety of methods to reconstruct the potential and the dark energy EOS. Based on our model
reconstruction of the potential, we find that while there is significant overlap of the allowed V(¢)
region favored by each of the four reconstruction methods, the models give rise to different histories
for the EOS, especially within the two parameter plane, w—w’ (the EOS parameter, w, and its time
derivative, w’ = dw/dIna, as functions of redshift [63]). We argue that existing parametric fitting
functions for either the distance-redshift relation or the EOS lead to biased reconstructions of the
potential. In the literature, however, there exist model-independent approaches to the reconstruction

of the dark energy density [64] and the EOS [65], which bin the parameters directly as a function

Thttp://www.cfht.hawaii.edu/SNLS/
2http:/ /www.ctio.noao.edu/ wsne/
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of redshift, with the number and width of the bins determined by the statistical quality of data.
These estimates can also be arranged to be uncorrelated [65], allowing unique insights into the
evolution without being subject to prior assumed redshift dependencies. Here we suggest a similar
model-independent approach to the reconstruction of the scalar potential from SN data. Instead of
utilizing a polynomial expansion for the potential [56], which assumes a limited range of models (once
the expansion is truncated at a certain order), we propose a binning scheme for the potential that
can be applied to data with a minimal, and easily controlled and understood, number of assumptions

for the potential shape.

1.6 Chapter 9: Weak Lensing of the Cosmic Microwave Back-
ground by Foreground Gravitational Waves

Chapter 9 is a paper by Asantha Cooray and me, and published inPhysical Review D [66]. Cooray
proposed the project for me. I calculated the effect of lensing distortion of the cosmic microwave
background anisotropies and obtained the analytical expressions for angular power spectra. Cooray
implemented these expressions numerically and generated figures that are reported in the paper.
Cooray wrote the main part of the paper, with some revisions from me.

The weak lensing of cosmic microwave background (CMB) anisotropies and polarization by in-
tervening mass fluctuations, or scalar perturbations, is now well studied in the literature [67, 68|,
with a significant effort spent on improving the accuracy of analytical and numerical calculations
(see recent review in [69]). The non-Gaussian pattern of CMB anisotropies and polarization, created
by non-linear mapping associated with lensing angular deflections, aids the extraction of certain sta-
tistical properties of the foreground mass distribution [70]. Weak lensing deflections by intervening
mass also leak CMB polarization power from the E-mode to the B-mode [71]. This lensing B-mode
signal presents a significant confusion when searching for primordial gravitational wave signatures
in the CMB polarization [72]. The lensing reconstruction techniques discussed in the literature,
however, allow the possibility to “clean” CMB polarization maps so as to search for a background
of inflationary gravitational waves with an energy scale as low as 10'® GeV [73].

Similar to gravitational lensing by density perturbations, if there is a background of gravitational
waves in the foreground, then one would expect metric perturbations associated with these waves to
distort and gravitationally lens background images [74]. While the lensing deflections by the density
field can be written as the gradient of the projected gravitational potential, lensing displacements due
to gravitational waves can be decomposed into both a gradient and a curl-like component [75, 76, 77].
In these two components, gradient-type displacements are related to the lensing convergence, while
curl-type displacements are related to the image rotation, though both types of displacements lead to

image shear. While linear density perturbations do not produce rotations, second-order corrections
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to weak lensing by scalar perturbations, such as due to the coupling of two lenses along the line of
sight, can produce rotational modes [78].

While the study of CMB lensing by foreground density fluctuations is now well developed [69],
there has been little analysis of CMB lensing by foreground gravitational waves. In the context of
large-scale structure weak lensing surveys with galaxy shapes [79], the rotational power spectrum
of background galaxy images when lensed by primordial gravitational waves in the foreground has
been discussed in Ref. [76]. In the context of lensing reconstruction with CMB temperature and
polarization maps, the curl component of the displacement field can be used to monitor systematics
[77], though lensing by gravitational waves will leaving a non-zero contribution to the curl component.

In chapter 9, we extend the calculation in Ref. [76] by studying both the curl and the gradient
modes of the deflection field produced by primordial gravitational waves through which pass CMB
photons propagating from the last scattering surface. Our calculations are both useful and important
given the increasing interest in, and plans for, high-sensitivity CMB anisotropy and polarization
measurements, including a potential space-based mission after Planck, called CMBpol. Such an
experiment is expected to study polarization B-modes in exquisite detail, and it is important to
understand potentially interesting secondary signals beyond those that are routinely mentioned in
the literature. Based on the calculations presented here, we find that gravitational lensing of CMB by
a background of primordial gravitational waves from inflation, with an amplitude below the current
tensor-to-scalar ratio upper limit of 0.3, will produce an undetectable modification to anisotropy
and polarization power spectra. Moreover, since the corrections are below the cosmic variance
level, it is unlikely that one needs to account for these secondary corrections when making precise
cosmological measurements. If observations are all-sky measurements with no instrumental noise,
then these effects may be present in the form of systematic corrections to the primary anisotropy

and polarization measurements.

1.7 Chapter 10: Non-Gaussian Covariance of CMB B-modes
of Polarization and Parameter Degradation

Chapter 10 is a paper by Asantha Cooray, Tristan Smith and me, and published inPhysical Review
D [84]. Cooray proposed this project for me. I did the calculation and obtained the expressions
for non-Gaussian covariance matrices for CMB power spectra. After that Smith generated the
derivatives of power spectra with respect to cosmological parameters. Then I combined the derivative
information with the covariance matrices to obtain the Fisher Information Matrices, from which
Smith generated the error ellipses that were reported in the paper. Cooray wrote the draft of the
paper. Smith and I did some revisions afterward.

The applications of cosmic microwave background (CMB) anisotropy measurements are well
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known [80]. The anisotropy’s ability to constrain most, or certain combinations of, parameters
that define the currently favored cold dark matter cosmologies with a cosmological constant is well
demonstrated with data from the Wilkinson Microwave Anisotropy Probe [81]. Furthermore the
advent of high sensitivity CMB polarization experiments with increasing sensitivity [82] suggests
that we will soon detect the small amplitude B-mode polarization signal. While at degree scales one
expects a unique B-mode polarization signal due to primordial gravitational waves [72], at arcminute
angular scales the dominant signal will be related to cosmic shear conversion of F-modes to B-modes
by the large-scale structure during the photon propagation from the last scattering surface to the
observer today [71].

This weak lensing of the CMB polarization by intervening mass fluctuations is now well studied
in the literature [67, 68], with a significant effort spent on improving the accuracy of analytical and
numerical calculations (see recent review in Ref. [69]). As discussed in recent literature [83], the
lensing B-mode signal carries important cosmological information on the neutrino mass and possibly
the dark energy, such as its equation of state [83], since the lensing signal depends on the integrated
mass power spectrum between us and the last scattering surface, weighted by the lensing kernel. The
dark energy dependence involves the angular diameter distance projections while the effects related
to a non-zero neutrino mass come from suppression of small scale power below the free-streaming
scale.

Since the CMB lensing effect is inherently a non-linear process, the lensing corrections to CMB
temperature and polarization are expected to be highly non-Gaussian. This non-Gaussianity at
the four-point and higher levels is exploited when reconstructing the integrated mass field via a
lensing analysis of CMB temperature and polarization [70]. The four-point correlations are of special
interest since they also quantify the sample variance and covariance of two-point correlation or power
spectrum measurements [85]. A discussion of lensing covariance of the temperature anisotropy
power spectrum is available in Ref. [86]. In the case of CMB polarization, the existence of a large
sample variance for B-mode polarization is already known [87], though the effect on cosmological
parameter measurements is yet to be quantified. Various estimates of parameter measurement
accuracies in the literature ignore the effect of non-Gaussianities and could have overestimated the
use of CMB B-modes to tightly constrain parameters such as a neutrino mass or the dark energy
equation of state. To properly understand the extent to which future polarization measurements can
constrain these parameters, a proper understanding of non-Gaussian covariance is needed. In chapter
10, we calculated the non-Gaussian covariance matrices in CMB power spectra and discussed the
implications for future observations and data analysis. The resulting degradation on neutrino mass
and dark energy equation of state is about a factor of 2 to 3 compared to the case where statistics are
simply considered to be Gaussian. For Planck, the resulting constraints on the sum of the neutrino

masses is oxm, ~ 0.2 eV, and on the dark energy equation of state parameter, o,, ~ 0.5.



14
1.8 Bibliography

[1] B. C. Barish and R. Weiss, Phys. Today 10, no. 10, 44 (1999).

[2] F. Acernese et al., Class. Quant. Grav. 23, S635 (2006).

[3] P. Fritschel, arXiv:gr-qc/0308090 (2003).

[4] B. Abbott et al., Phys. Rev. D 72, 082001 (2005).

[5] B. Abbott et al.,Phys. Rev. D 73, 062001 (2006).

[6] J. R. Gair, C. Li and I. Mandel, Phys. Rev. D 77, 024035 (2008).
[7] V. S. Manko and I. D. Novikov, Class. Quant. Grav. 9, 2477 (1992).
[8] E. Guéron and P. S. Letelier, Phys. Rev. E 66, 046611 (2002).

[9] M. C. Miller and E. J. M. Colbert, Int. J. Mod. Phys. D 13, 1 (2004).
[10] J. R. Gair et al., Class. Quant. Grav. 21, S1595 (2004).

[11] F. D. Ryan, Phys. Rev. D 55, 6081 (1997).

[12] R. Hansen, J. Math. Phys. (N.Y.) 15, 46 (1974).

[13] S. Drasco and S. A. Hughes, Phys. Rev. D 69, 044015 (2004).

[14] M. Tabor, Chaos and Integrability in Nonlinear Dynamics (New York: John Wiley and Sons
Inc., 1989).

[15] J. Brink, preprint, arXiv:0807.1178 (2008).
[16] J. Brink, preprint, arXiv:0807.1179 (2008).
[17] C. Li and G. Lovelace, Phys. Rev. D 77, 064022 (2008).
[18] F. D. Ryan, Phys. Rev. D 52, 5707 (1995).

[19] S. Chandrasekhar, The Mathematical Theory of Black Holes (Oxford University Press, USA;
1998).

[20] H. Fang and G. Lovelace, Phys. Rev. D 72, 124016 (2005).
[21] H Tagoshi et al., Prog. Theor. Phys. 98, 829 (1997).

[22] H. Rehbein, H. Mueller-Ebhardt, K. Somiya, C. Li, R. Schnabel, K. Danzmann and Y. Chen,
Phys. Rev. D 76, 062002 (2007).



15

[23] D. Shoemaker, and The LIGO Scientific Collaboration, Nucl. Inst. and Meth. A 517, 154 (2004).
[24] L. D. Fiore, and VIRGO collaboration, Class. Quant. Grav. 19, 1421 (2002).

[25] B. Willke, et al., Class. Quantum Grav. 19, 1377 (2002).

[26] M. Ando, and TAMA collaboration, Phys. Rev. Lett. 86, 3950 (2001).

[27] G. Heinzel, A. Freise, H. Grote, K. Strain, and K. Danzmann, Class. Quant. Grav. 19, 1547
(2002).

[28] www.ligo.caltech.edu/advLIGO.

[29] A. Buonanno and Y. Chen, Phys. Rev. D 64, 042006 (2001).
[30] A. Buonanno and Y. Chen, Phys. Rev. D 65, 042001 (2002).
[31] A. Buonanno and Y. Chen, Phys. Rev. D 67, 062002 (2003).

[32] K. Somiya, P. Beyersdorf, K. Arai, S. Sato, S. Kawamura, O. Miyakawa, F. Kawazoe, S. Sakata,
A. Sekido, and N. Mio, Appl. Opt. 44, 3179 (2005).

33] O. Miyakawa, et al., Phys. Rev. D 74, 022001 (2006).

[34] V. B. Braginsky, M. L. Gorodetsky, and F. Y. Khalili, Phys. Lett. A 232, 340 (1997).
[35] C. Li and R. Sari, The Astrophysical Journal . 677 425 (2008).

[36] O. M. Grimsrud, and I. Wasserman, Monthly Notices of the RAS , 300, 1158 (1998).
[37] J. Goodman, The Astrophysical Journal , 308, 147 (1986).

[38] B. Paczynski, The Astrophysical Journal , 308, 1.43 (1986).

[39] A. Shemi, and T. Piran, The Astrophysical Journal , 365, L55 (1990).

[40] T. Piran, A. Shemi and R. Narayan, Monthly Notices of the RAS , 263, 861 (1993).
[41] P. Mészdros, P. Laguna, and M. J. Rees, The Astrophysical Journal , 415, 181 (1993).
[42] C. Kouveliotou, et al. Nature 393 235 (1998).

[43] C. Thompson and R. Duncan, Monthly Notices of the RAS 275 255 (1995).

[44] C. Thompson and R. Duncan, The Astrophysical Journal 473 322 (1996).

[45] E. Nakar, T. Piran and R. Sari, The Astrophysical Journal , 635, 516 (2005).

[46] G. B. Taylor and J. Granot, Mod. Phys. Lett. A 21, 2171 (2006).



[56]

16

X. Wang, et al., The Astrophysical Journal , 623, L29 (2005).

C. Li, D. E. Holz and A. Cooray, Phys. Rev. D 75, 103503 (2007).

A. G. Riess et al., B. J. Barris et al., arXiv:astro-ph/0310843.

R. A. Knop et al., arXiv:astro-ph/0309368(2003).

J. L. Tonry et al., The Astrophysical Journal 594, 1 (2003).

S. Perlmutter et al., The Astrophysical Journal 517, 565 (1999).

A. Riess et al., Astron. J. 116, 1009 (1998).

D. N. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 175 (2003).
D. Huterer and M. S. Turner, Phys. Rev. D 60 081301 (1999).

M. Sahlen, A. R. Liddle and D. Parkinson, Phys. Rev. D 72, 083511 (2005) [arXiv:astro-

ph/0506696].

[57]

[58]

J. Weller and A. Albrecht, Phys. Rev. D 65, 103512 (2002) [arXiv:astro-ph/0106079].

B. F. Gerke and G. Efstathiou, Monthly Notices of the RAS 335, 33 (2002) [arXiv:astro-

ph/0201336].

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

Z. K. Guo, N. Ohta and Y. Z. Zhang, Phys. Rev. D 72, 023504 (2005) [arXiv:astro-ph/0505253].
V. Sahni and A. Starobinsky, arXiv:astro-ph/0610026.

P. Astier et al.,Astron. Astrophys. 447 31 (2006), astro-ph/0510447.

E. V. Linder, Phys. Rev. Lett. 90 091301 (2003)

R. R. Caldwell and E. V. Linder, Phys. Rev. Lett. 95, 141301 (2005) [arXiv:astro-ph/0505494].
Y. Wang and M. Tegmark, Phys. Rev. D 71, 103513 (2005) [arXiv:astro-ph/0501351].

D. Huterer and A. Cooray, Phys. Rev. D 71, 023506 (2005) [arXiv:astro-ph/0404062].

C. Li and A. Cooray, Phys. Rev. D 74, 023521 (2006).

See, e.g., U. Seljak and M. Zaldarriaga, Phys. Rev. Lett. 82, 2636 (1999) [arXiv:astro-

ph/9810092]; Phys. Rev. D 60, 043504 (1999) [arXiv:astro-ph/9811123]; M. Zaldarriaga and U.
Seljak, Phys. Rev. D 59, 123507 (1999) [arXiv:astro-ph/9810257]; W. Hu, Phys. Rev. D 64,
083005 (2001) [arXiv:astro-ph/0105117].

[68] W. Hu, Phys. Rev. D 62, 043007 (2000) [arXiv:astro-ph/0001303].



17

[69] A. Lewis and A. Challinor, arXiv:astro-ph/0601594.

[70] W. Hu and T. Okamoto, The Astrophysical Journal 574, 566 (2002) [arXiv:astro-ph/0111606];
M. Kesden, A. Cooray, and M. Kamionkowski, Phys. Rev. D 67, 123507 (2003) [arXiv:astro-
ph/0302536]; C. M. Hirata and U. Seljak, Phys. Rev. D 68, 083002 (2003) [arXiv:astro-
ph/0306354].

[71] M. Zaldarriaga and U. Seljak, Phys. Rev. D 58, 023003 (1998) [arXiv:astro-ph/9803150].

[72] M. Kamionkowski, A. Kosowsky, and A. Stebbins, Phys. Rev. Lett. 78, 2058 (1997) [arXiv:astro-
ph/9609132]; U. Seljak and M. Zaldarriaga, Phys. Rev. Lett. 78, 2054 (1997) [arXiv:astro-
ph/9609169].

[73] M. Kesden, A. Cooray, and M. Kamionkowski, Phys. Rev. Lett. 89, 011304 (2002) [arXiv:astro-
ph/0202434]; L. Knox and Y.-S. Song, Phys. Rev. Lett. 89, 011303 (2002) [arXiv:astro-
ph/0202286]; U. Seljak and C. Hirata, Phys. Rev. D 69, 043005 (2004) [arXiv:astro-ph/0310163].

[74] N. Kaiser and A. H. Jaffe, The Astrophysical Journal 484, 545 (1997) [arXiv:astro-ph/9609043].
[75] A. Stebbins, preprint, arXiv:astro-ph/9609149.

[76] S. Dodelson, E. Rozo and A. Stebbins, Phys. Rev. Lett. 91, 021301 (2003) [arXiv:astro-
ph/0301177].

[77] A. Cooray, M. Kamionkowski and R. R. Caldwell, Phys. Rev. D 71, 123527 (2005) [arXiv:astro-
ph/0503002].

[78] A. Cooray and W. Hu, The Astrophysical Journal 574, 19 (2002) [arXiv:astro-ph/0202411];
C. Shapiro and A. Cooray, arXiv:astro-ph/0601226. C. M. Hirata and U. Seljak, Phys. Rev. D 68,
083002 (2003) [arXiv:astro-ph/0306354].

[79] J. Miralda-Escude, The Astrophysical Journal 380, 1 (1991); R. D. Blandford, A. B. Saust,
T. G. Brainerd and J. Villumsen, Monthly Notices of the RAS 251, 600 (1991); N. Kaiser, The
Astrophysical Journal 388, 272 (1992); For recent reviews, see, M. Bartelmann and P. Schneider,
Phys. Rept. 340, 291 (2001); P. Schneider Gravitational Lensing: Strong, Weak & Micro, Lecture
Notes of the 33rd Saas-Fee Advanced Course, (Berlin: Springer-Verlag)

[80] L. Knox, Phys. Rev. D, 52 4307 (1995); G. Jungman, M. Kamionkowski, A. Kosowsky and D.N.
Spergel, Phys. Rev. D, 54 1332 (1995); J.R. Bond, G. Efstathiou and M. Tegmark, Monthly Notices
of the RAS , 291 L33 (1997); M. Zaldarriaga, D.N. Spergel and U. Seljak, The Astrophysical
Journal , 488 1 (1997); D.J. Eisenstein, W. Hu and M. Tegmark, The Astrophysical Journal ,
518 2 (1999)



18

[81] D. N. Spergel et al., arXiv:astro-ph/0603449.
[82] B. G. Keating, A. G. Polnarev, N. J. Miller and D. Baskaran, arXiv:astro-ph/0607208 (2006).

[83] M. Kaplinghat, L. Knox and Y. S. Song, Phys. Rev. Lett. 91, 241301 (2003) [arXiv:astro-
ph/0303344); K. Ichikawa, M. Fukugita and M. Kawasaki, Phys. Rev. D 71, 043001 (2005)
[arXiv:astro-ph/0409768]; J. Lesgourgues, L. Perotto, S. Pastor and M. Piat, Phys. Rev. D 73,
045021 (2006) [arXiv:astro-ph/0511735].

[84] C. Li, T. L. Smith and A. Cooray, Phys. Rev. D 75, 083501 (2007).

[85] R. Scoccimarro, M. Zaldarriaga and L. Hui, The Astrophysical Journal , 527, 1 (1999); D. J.
Eisenstein and M. Zaldarriaga, The Astrophysical Journal , 546, 2 (2001). A. Cooray and W. Hu,
The Astrophysical Journal , 554, 56 (2001).

[86] A. Cooray, Phys. Rev. D 65, 063512 (2002) [arXiv:astro-ph/0110415].

[87) K. M. Smith, W. Hu and M. Kaplinghat, Phys. Rev. D 70, 043002 (2004) [arXiv:astro-
ph/0402442].



Chapter 2

19

Observable Properties of Orbits in Exact
Bumpy Spacetimes

We explore the properties of test-particle orbits in “bumpy” spacetimes—
stationary, reflection-symmetric, asymptotically flat solutions of Einstein equa-
tions that have a non-Kerr (anomalous) higher-order multipole-moment structure
but can be tuned arbitrarily close to the Kerr metric. Future detectors should
observe gravitational waves generated during inspirals of compact objects into
supermassive central bodies. If the central body deviates from the Kerr metric,
this will manifest itself in the emitted waves. Here, we explore some of the fea-
tures of orbits in non-Kerr spacetimes that might lead to observable signatures.
As a basis for this analysis, we use a family of exact solutions proposed by Manko
and Novikov which deviate from the Kerr metric in the quadrupole and higher
moments, but we also compare our results to other work in the literature. We
examine isolating integrals of the orbits and find that the majority of geodesic
orbits have an approximate fourth constant of the motion (in addition to the en-
ergy, angular momentum and rest mass) and the resulting orbits are triperiodic
to high precision. We also find that this fourth integral can be lost for certain
orbits in some oblately deformed Manko-Novikov spacetimes, leading to ergodic
motion. However, compact objects will probably not end up on these chaotic
orbits in nature. We compute the location of the innermost stable circular orbit
(ISCO) and find that the behavior of an orbit in the approach to the ISCO can
be qualitatively different depending on whether the location of the ISCO is de-
termined by the onset of an instability in the radial or vertical direction. Finally,
we compute periapsis and orbital-plane precessions for nearly circular and nearly
equatorial orbits in both the strong and weak field, and discuss weak-field pre-

cessions for eccentric equatorial orbits.

Originally published as J. Gair, C. Li and I. Mandel, Phys. Rev. D 77, 024035
(2008).
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2.1 Introduction

The space-based gravitational-wave (GW) detector LISA is expected to detect gravitational waves
generated during the inspirals of stellar-mass compact objects (white dwarfs, neutron stars or black
holes) into supermassive bodies in the centers of galaxies—extreme-mass-ratio inspirals (EMRISs).
LISA could detect gravitational waves from these systems for several years prior to the plunge of
the compact object into the central body and hence observe several hundred thousand waveform
cycles. Such observations will provide an exquisite probe of the strong gravity region close to
supermassive central bodies (see [1] for a review). In principle, the emitted gravitational waveform
encodes the multipole structure of the spacetime outside the central object [2]. One of the hopes
for LISA EMRI observations is to extract this spacetime structure from the data and use it to
test whether the central objects are indeed Kerr black holes, as we suppose, or something else [2, 3].
(Intermediate-mass-ratio inspirals detectable by Advanced LIGO may reveal the spacetime structure
outside intermediate-mass central bodies with more modest precision [4].)

For a Kerr black hole, the spacetime is uniquely determined by the mass and angular momentum

of the hole and all higher multipole moments depend on these in a simple way
M; +iS; = M(ixM)". (2.1)

Here M; and S; are the [th mass and current multipole moments of the gravitational field, M is
the mass of the black hole and y is its dimensionless spin parameter, y = S1/M? = a/M. As a
consequence of relation (2.1), if the quadrupole or higher multipole moments of a supermassive body
are measured from an EMRI observation and these are inconsistent with the values predicted by
its mass and spin, the body cannot be a Kerr black hole with a vacuum exterior. The “no-hair”
theorem states that, in pure gravity, any pseudostationary, vacuum and asymptotically flat spacetime
containing an event horizon and with no closed timelike curves exterior to the horizon must be
described by the Kerr metric [5, 6]. If the Cosmic Censorship Conjecture is correct, all astrophysical
singularities will be enclosed by a horizon. It is therefore most likely that the supermassive central
bodies which are observed to inhabit the nuclei of most galaxies are indeed Kerr black holes. However,
LISA should be able to test this assumption. Alternatives to Kerr black holes include “dirty” Kerr
black holes with external masses (e.g., an accretion disk), exotic supermassive stars such as boson
stars [7], and naked singularities. “Hairy” black hole solutions are also allowed when gravity is
coupled to other fields, e.g., a Yang-Mills field (these solutions have been shown to be unstable
to perturbations [8]) or a Skyrme field [9] (stability to generic perturbations is an open question).
Sufficiently accurate measurements may allow us to distinguish between these possibilities.

In order to prepare us to interpret LISA observations of EMRIs, to identify any deviations

from Kerr that are manifest in the waveforms and even to facilitate detection of inspirals into
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highly non-Kerr spacetimes, we need to understand how these deviations influence the emitted
gravitational waveforms. In an extreme-mass-ratio inspiral, the time-scale for the orbital inspiral due
to radiation of energy and angular momentum is generally much longer than the orbital time-scale.
We can therefore approximate the inspiral as quasistationary, by assuming the inspiraling object is
always nearly on a geodesic orbit of the spacetime, and evolving the parameters determining this
geodesic slowly over the inspiral (this is usually referred to as the “adiabatic approximation” in
the literature [10] since the fluxes of energy and angular momentum used to evolve the sequence
of geodesics are computed by assuming the object is on an exact geodesic of the spacetime). In
this slow-inspiral limit, the emitted waveforms depend sensitively on the properties of the geodesic
orbits in the spacetime—the dominant frequency components in the gravitational waveform at any
moment are harmonics of the orbital frequencies of the underlying geodesic. We can thus understand
some of the main consequences of deviations from the Kerr metric by examining the effect of such
deviations on test particle orbits in the spacetime. By considering a spacetime with an arbitrary
set of multipole moments, Ryan demonstrated that, for nearly circular and nearly equatorial orbits,
the periapsis and orbital-plane precessions encoded all of the multipole moments at different orders
in a weak field expansion [2].

A multipole moment decomposition is not very practical, however, since an infinite number of
multipoles are required to characterize the Kerr spacetime. For this reason, Collins & Hughes [11]
and Glampedakis & Babak [12] took a different approach and explored test particle dynamics in
“bumpy” spacetimes, which were constructed as first-order perturbations of the Schwarzschild and
Kerr spacetimes respectively and therefore could be made arbitrarily close to Schwarzschild/Kerr
by dialing a parameter to zero. Collins & Hughes coined the phrase “bumpy” black hole to describe
these spacetimes. In their case, the presence of stresses exterior to the black hole meant that the
horizon could be preserved in the presence of the black hole deformation without violating the
no-hair theorem. In the present case, this name is not strictly applicable since the spacetimes we
consider are not black holes at all, but rather naked singularities not enclosed by an event horizon.
However, the term “bumpy” black hole is still a good one to describe how the spacetime appears to
an observer away from the central object.

One drawback of the perturbative approach is that the perturbation is not necessarily small close
to the central body, and so the first-order perturbation theory used to construct the spacetime breaks
down. As a result, the perturbative solutions may only be used relatively far from the central object.
In this work, we therefore take an alternative approach and consider the properties of orbits and
inspirals in a family of spacetimes that are exact solutions of the vacuum field equations of relativity
and which include the Kerr and Schwarzschild spacetimes in a certain limit. We use a family of
spacetimes that were derived by Manko & Novikov [13]. As exact solutions, the spacetimes are valid

everywhere and can thus be used to probe the orbital dynamics in the strong field as well as the
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weak field. The family has an infinite number of free parameters, which can be chosen to make the
multipole moments of the spacetime match those of the Kerr spacetime up to a certain order, and
then deviate at higher order. In this paper, we choose to make the multipole moments deviate at the
mass quadrupole order and higher, by varying a single parameter, although the formalism generalizes
to other types of deviation. We use this family of spacetimes as a test bed for an exploration of
various observable consequences of deviations from the Kerr metric, but we compare to previous
work in the literature as we proceed.

The main new results of the current work are as follows. By studying the properties of orbits
in the strong field of the spacetime, we find that most geodesics in the spacetime appear to have
a fourth isolating integral of the motion, in addition to the energy, angular momentum and rest
mass that are guaranteed by the stationarity and axisymmetry of the metric. The corresponding
orbits are triperiodic to high accuracy. This was not guaranteed, since the separability of the geodesic
equations in Kerr and corresponding existence of a fourth integral (the Carter constant) was unusual.
Additionally, we find that for some oblate perturbations of the Kerr spacetime, there are regions of
the spacetime in which there appears to be no fourth integral, leading to ergodic motion. If observed,
ergodicity would be a clear “smoking-gun” for a deviation from Kerr. Ergodic motion has been
found in other exact relativistic spacetimes by other authors, although these investigations were not
carried out in the context of their observable consequences for EMRI detections. Sota, Suzuki and
Maeda [14] described chaotic motion in the Zipoy-Voorhees-Weyl and Curzon spacetimes; Letelier &
Viera [15] found chaotic motion around a Schwarzschild black hole perturbed by gravitational waves;
Guéron & Letelier observed chaotic motion in a black hole spacetime with a dipolar halo [16] and
in prolate Erez-Rosen bumpy spacetimes [17]; and Dubeibe, Pachon, and Sanabria-Gomez found
that some oblate spacetimes which are deformed generalizations of the Tomimatsu-Sato spacetime
could also exhibit chaotic motion [18]. The new features of our current results are the presence of
potentially ergodic regions for a wider range of magnitudes of the perturbation, and an examination
of whether the ergodic regions are astrophysically relevant. We find that, in the context of an
EMRI, the ergodic regions exist only very close to the central body, and these regions are probably
not astrophysically accessible, at least in the Manko-Novikov spacetime family.

We also look at the properties of the last stable orbit for circular equatorial inspirals. The
frequency of this orbit will be a gravitational-wave observable, and depends significantly on the
magnitude of any deviations from Kerr. For certain choices of the quadrupole perturbation, we
find that the last stable orbit is defined by the onset of a vertical instability, rather than the radial
instability which characterizes the last stable orbit in Kerr. This is a qualitative observable that
could be another “smoking-gun” for a deviation from Kerr.

Finally, we look at the periapsis and orbital-plane precession frequencies. We do this primarily for

nearly circular and nearly equatorial orbits, since these can be characterized in a gauge-invariant way
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in terms of the orbital frequency measured by an observer at infinity. Although such precessions
were computed by Ryan [2], his results only apply in the weak field. We find results that are
consistent with Ryan’s in the weak field, but also explore the properties of precessions in the strong
field and find they depend significantly on the nature and location of the last stable orbit. Collins
& Hughes [11] and Glampedakis & Babak [12] did explore strong field precessions, but they did so
as a function of spacetime coordinates, rather than as a function of observable quantities which we
do here. The perturbative spacetimes are also not totally applicable in the vicinity of the last stable
orbit, so our results are more generally applicable. We also briefly discuss precessions for eccentric
equatorial orbits in the weak field and how this is relevant for LISA observations.

The paper is organized as follows. In section 2.2, we introduce our chosen family of spacetimes,
describe some properties of these solutions and discuss our approach to computing geodesics in the
spacetimes. In section 2.3 we analyze geodesics in these bumpy spacetimes and use Poincaré maps
to identify the presence of an effective fourth integral of the motion. We show that most orbits
are regular and triperiodic, but also demonstrate the onset of ergodic motion in certain oblately
deformed spacetimes. In section 2.4 we find the last stable orbit for circular equatorial orbits and
discuss its properties. In section 2.5 we report our results on the periapsis precession and orbital-
plane precession in these spacetimes. Finally, in section 2.6 we summarize our results and discuss
further extensions to this work. This paper also includes two appendices, in which we present
results demonstrating ergodic motion in Newtonian gravity (appendix 2.7) and an expansion of the
precessions in the weak field (appendix 2.8). Throughout this paper we will use units such that

c=G=1.

2.2 Bumpy Black Hole Spacetimes

In this section, we briefly summarize the Manko-Novikov metric [13]. This is the test metric for
which we will explore the dynamics of orbits in Sections 2.3-2.5. The Manko-Novikov metric is an
exact stationary, axisymmetric solution of the vacuum Einstein equations that allows for deviations
away from the Kerr spacetime by a suitable choice of parameters characterizing the higher-order
multipole moments. The presence of these deviations destroys the horizon, so this is no longer
a black-hole spacetime. However, its geometry is very similar to that of a Kerr black hole with
additional anomalous multipole moments until close to the expected horizon location. We choose
a subclass of the Manko-Novikov metric, parametrized by a parameter 3. For § = 0, the metric
corresponds to the usual Kerr metric. (In the notation of [13], our parametrization corresponds to
setting as = 0 and «,, = 0 for all n # 2).

This subclass of the Manko-Novikov metric can be described by a Weyl-Papapetrou line element
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in prolate spheroidal coordinates as (cf. Eq. (1) of [13]):

2
5% = —flat — o) + 12 =) (F5 ) a2 e 1)
where (cf. Egs. (9, 10, 12, 13 of [13]):
f = €e*"A/B,
w = 2keCA —dka(l —a?)7,
e = exp (27/)14(302 -1t —-a?)72,
A = (@P-1)1+ab)? - (1— )b ),
B = [z+1+4(z—1ab?+[1+y)a+ (1-y)b?
C = @@= +ab)b—a—yla+b)]+ (1 —y*)b—a)l +ab+z(1—ab),
v = BRP,
: 1, 22-1  96°
7::7m; +£¢&& PyPy)
2
alz,y) = —aexp ( < 14+ Z REHPe))
=0
3
b(z,y) = aexp <2ﬁ <1 + Z ) Rgfl—i— b )) ,
R = (LE =+ y - )1/2a
P, = P,(ry/R)  where P,(z) = 2"1n' <(jx> (x? —1)™

y*)de?,

(2.21)

(2.2)

(2.2k)

(2.21)

Here k, a, and 3 are free parameters which determine the multipole moments of this spacetime. The

first few multipole moments have the following values (we correct a typo in Eq. (14) of [13] following

[19]):
My =k(1+a?)/(1 - a?) So= 0
My =0 S1= —2ak?*(1+a?)/(1—a?)?
My = —k3[B +4a2(1 + a?)(1 — a?) 73] Se= 0
Mz =0 Sy = 4dak*[B+22%(1 +a?)(1 —a?)”

/(1= a?).

(2.3)

Therefore, for a given choice of mass M = My, spin x = S;/M? and anomalous (additional to Kerr)
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dimensionless quadrupole moment ¢ = —(My — MXe™) /M3, the three metric parameters are:
-1 1 — 2 1— 2 M3
g TLEVIZ g Lme? g M
X 14+ a2 k3

A given choice of M, x and ¢ uniquely defines the metric. With this definition of ¢, a choice ¢ > 0
represents an oblate perturbation of the Kerr metric, while ¢ < 0 represents a prolate perturbation.
A spacetime is oblate if it has My < 0, e.g., for Kerr My = —x?M?. When we say a prolate/oblate
perturbation we mean a perturbation that makes the spacetime more prolate/oblate relative to Kerr.
In particular, for —y? < ¢ < 0 the spacetime is still oblate, although it has a prolate perturbation
relative to the Kerr metric. We note that taking ¢ # 0 changes all higher moments from their Kerr
values, so these solutions deviate not only in the mass quadrupole moment but also in the current
octupole moment, the mass hexadecapole moment etc.

To present our results, we find it useful to display them in terms of cylindrical coordinates p, z

and ¢. These are related to the prolate spheroidal coordinates z, y by [19]
p=k(z® — 1)Y2(1 — y?)1/2 z = kxy, (2.4)
and the line element in cylindrical coordinates is
ds* = — f(dt —wdg)® + [ [e*7(d2® + dp®) + p*de?] . (2.5)

2.2.1 Spacetime Properties

The Manko-Novikov spacetimes are vacuum and have the multipolar structure given in Eq. (2.3).
As a consequence of the no-hair theorem, the spacetimes must therefore either lack an event horizon
or contain closed timelike curves exterior to a horizon. In fact, both of these statements are true.
The central singularity is enclosed by a partial horizon at coordinates p = 0, |z| < k. However, this
horizon is broken in the equatorial plane by a circular line singularity at z = 1, y = 0 (p = z = 0) [20].
For x = 0 the spacetime is otherwise regular, but for xy # 0, the spacetimes contain both an
ergosphere and a region where closed timelike curves exist. The structure of the spacetimes is quite
similar to that of the § = 2 Tomimatsu-Sato spacetime, as described in [21]. The boundary of the
ergosphere is determined by the condition g4 = 0. Inside this region, timelike observers cannot be at
rest. Such a region is entirely physical, and also exists in the Kerr spacetime, where it is of interest
since it allows energy extraction via the Penrose process. We show the location of the ergosphere
for x = 0.9 and various choices of ¢ in the top panel of Figure 2.1. The shape of the ergosphere is
more complicated when ¢ # 0, having a multiple lobed structure. This structure is also qualitatively

different depending on the sign of g—for ¢ > 0 there are three separate ergoregions, one of which
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intersects the equatorial plane, one which is entirely above the equatorial plane and one which is
entirely below; for ¢ < 0 there are only two regions, one of which is entirely above the equatorial
plane and one of which is entirely below.

For a metric of this type, the region where closed timelike curves (CTCs) exist is determined
by the condition gss < 0. In the bottom panel of Figure 2.1 we show the portion of the spacetime
where CTCs exist for the same choices of ¢ and x = 0.9. Particles orbiting inside the CTC region
are moving backward in time. This is not inconsistent with relativity, but CTC zones are sometimes
regarded as unphysical. A spacetime with no CTC zone can be constructed by adding an inner
boundary in the spacetime, and just using the portion of the Manko-Novikov solution exterior to
that boundary. The CTC zone again has a multiple lobed structure and is different depending on
the sign of g. We note in particular that for ¢ < 0 the ergosphere does not intersect the equatorial
plane, although the CTC region does. For ¢ > 0 both regions intersect the equatorial plane, and

the outermost edge of the CTC region is inside the ergoregion.

2.2.2 (Geodesic Motion

Geodesic motion in an arbitrary spacetime is described by the second-order equations

x>, daP da? 9.6
PIC (26)
where the connection coeflicients 3, are given by
« 1 QL
I3, = 59 (9upy + Guv.s — 9Bvp) - (2.7)

The spacetimes we are interested in are axisymmetric and time-independent and the metric corre-
spondingly has two ignorable coordinates—t and ¢. There are therefore two constants of geodesic

motion: the energy E and the z-component of angular momentum L., which are given by

E = —gul — g169, L. = giot + o0,

where a dot *~ denotes the derivative with respect to proper time 7. Another first integral of the

motion can be obtained from conservation of the rest mass of the orbiting particle:
—1 = gapral.

In practice, we numerically integrate the second-order geodesic equations (2.6) rather than use
these first integrals, and we use the constancy of E, L, and gagjco‘dcﬁ as cross-checks to verify the

quality of our numerical results. The results reported below typically show the conservation of
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Figure 2.1: Spacetime structure for y = 0.9. The upper row shows zeros of gy for ¢ = —1 (left
column), ¢ = 0 (middle column) and ¢ = 1 (right column). This defines the boundary of the
ergoregion of the spacetime. The region with g > 0 is shaded. The bottom row shows points where
Jse changes sign for the same values of ¢, and the region where g44 < 0 is shaded. This defines the
region where closed timelike curves exist. The middle bottom panel is empty since there is no such
region in the Kerr spacetime. The shape of the two boundaries is qualitatively the same for other
values of ¢ with the same sign, although both regions grow as |g| is increased.



28

these quantities to a few parts in 10'° over the time of integration; see Fig. 2.2. We compute the
connection coefficients analytically from expressions for the metric functions f, w and ~ defined in
Egs. (2.2). The only difficulty arises at points where a metric component g,,,, vanishes and its inverse
g diverges. When this occurs, we analytically factor out the terms that tend to zero to avoid issues
in numerical integration. To perform the numerical integration we write the coupled system of four
second-order ordinary differential equations (2.6) in first-order form and integrate numerically in

C++ via the Bulirsch-Stoer method.
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Figure 2.2: The fractional errors in energy F (solid line), angular momentum L, (dashed line), and
the quantity ga/j:i'o‘:bﬁ (dotted line) accumulated over 1700 orbits of a geodesic with £ = 0.92 and
L, =2.5M in a spacetime with spin y = 0.9 and anomalous quadrupole moment g = 0.95.

Some general properties of geodesic motion can be understood by using the first integrals (2.8)—
(2.8). The energy and angular momentum conservation equations (2.8) can be used to write ¢ and

(jﬁ in terms of E, L., p and z:

i B9oo + Lagro o —Egip — Logn
9t2¢ — 91t9pp 9t2¢ — 9tt9e¢

These expressions can be substituted into Eq. (2.8) to give

627(p72)

f(p, 2)

E? f(p,2)

f(p, 2) pe (L, —w(p,2) B —1=Vg(E, L., p,2). (2.8)

(#+5) -

The motion in p and z may thus be thought of as motion in the effective potential Vog. In particular,
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since the left hand side of Eq. (2.8) is strictly positive or zero, motion can only exist in regions where
Veg > 0. Finding the zeros of the effective potential therefore allows us to find allowed regions of the
motion. As an illustration, we show the zeros of the effective potential in Figure 2.3 for the simple
case of the Kerr metric with spin parameter y = 0.9, energy £ = 0.95 and angular momentum
L, = 3M. There are two regions of allowed motion—one region at larger radius that corresponds to

bound orbits, and another region at very small radii that corresponds to rising and plunging orbits.

0 2 4 6 8 10 12 14
p/M

Figure 2.3: Effective potential for geodesic motion around a Kerr black hole, with £ = 0.95, L, = 3M
and x = 0.9. The curves indicate zeros of the effective potential. Allowed orbits are found in the
small region around p = 0, z = 0 (rising and plunging orbits) or in the region containing p = 10,
z =0 (bound orbits).

We now turn our attention to the Manko-Novikov spacetime with ¢ # 0. For spacetimes with
x = 0, and for spacetimes with y # 0 and ¢ < 0 (prolate perturbation of the Kerr metric at large
radii), the addition of the perturbation does not fundamentally change the nature of the effective
potential — there are still two bounded regions, one attached to the origin corresponding to rising and
plunging orbits and one at larger radii corresponding to bound orbits. The shapes of these regions
change as |qg| is increased and if |¢| is increased sufficiently at fixed E and L, the two regions merge,
so that all allowed orbits can reach the origin. Even after this has occurred, there appear to be two
types of orbit in the single allowed region — those that rise and plunge and those that undergo many
periods of radial oscillation. We do not know if the latter remain non-plunging forever in principle.
In practice, perturbations due to external material or radiation reaction may cause bound orbits to
diffuse onto plunging orbits over time. For fixed ¢ < 0, the two allowed regions also change shape

as the energy and angular momentum are varied. In particular, the plunging region connected to
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the partial horizon at p = 0, |z| < k develops a multi lobed structure. For sufficiently large |q|
and sufficiently low F and L., two of these lobes can touch in the equatorial plane. This leads to
the existence of circular, equatorial orbits that are unstable to vertical perturbations, which we will
encounter again in Section 2.4.

For x # 0 and ¢ > 0 (oblate perturbation of the Kerr metric at large radii), the behavior is
qualitatively different. For any arbitrarily small |¢|, an additional allowed region appears in the
effective potential, which is bounded away from p = 0 and therefore corresponds to bound orbits.
For small |¢| this new region is very close to p = 0. The other two allowed regions still exist, and
merely change shape as the value of |g| is increased. The additional bound region is always outside
the region where closed timelike curves (CTCs) exist, and is therefore in the portion of the spacetime
that can be regarded as physical. However, in the plane z = 0 the outermost edge of the CTC region
touches the innermost edge of the region of bound motion. This additional region also extends inside
the spacetime ergosphere.

We consider as an example the case with x = 0.9 and ¢ = 0.95. The zeros of the effective potential
Vegt are plotted in Figure 2.4 for geodesics with energy E = 0.95 and angular momentum L, = 3M.
In this figure there are three distinct allowed regions as described above: (i) a foliated “plunging”
region connected to p = 0, where all orbits rapidly plunge through the horizon (this region also
intersects the CTC region); (ii) an inner bound region, which is located between p/M ~ 0.72 and
p/M = 2.12 for the chosen values of E and L.; and (iii) an outer bound region between p/M ~ 2.39
and p/M = 13.6. We show the trajectory of a typical orbit in the outer region. This has a regular
pattern or intersections throughout the (p,z) plane, which is characteristic of an orbit with an
approximate fourth integral.

If |g| is increased from the value shown in Figure 2.4, the two regions of bound motion eventually
merge. When this first occurs, the “neck” joining the regions is extremely narrow. Geodesics exist
which can pass through the neck, but this requires extreme fine tuning. As |g| is further increased,
the neck gradually widens and eventually disappears. At that stage, the single allowed region for
bound orbits has a similar shape to the outer region of Figure 2.4.

These general properties of the effective potential seem to be common to all spacetimes with
g > 0 and x # 0. More relevant for the EMRI problem is to fix ¢ and x and to vary F and L,.
For E =1 and sufficiently large L., there are two regions of allowed motion bounded away from the
origin, in addition to the plunging zone connected to p = 0, |z| < k. The outermost of the allowed
regions stretches to infinity and contains parabolic orbits. The inner region of bounded motion is
the analogue of the inner bound region described above and lies very close to the central object. If
the angular momentum is decreased, while keeping E = 1, the two non-plunging regions get closer
together and eventually merge to leave one allowed region that stretches to infinity. For fixed E < 1

the behavior is qualitatively the same, except that for L, > M there is no outer region (there is a
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Figure 2.4: Effective potential for geodesic motion around a bumpy black hole with x = 0.9, ¢ = 0.95,
E = 0.95, and L, = 3M. The thick dotted curves indicate zeros of the effective potential. The
trajectory of a typical geodesic in the outer region is shown by a thin curve. The regular pattern of
self-intersections of the geodesic projection onto the p — z plane indicates (nearly) regular dynamics.

maximum allowed angular momentum for bound orbits of a given energy, as in the Kerr spacetime).
As L, is decreased, the outer region for bound motion appears and then eventually merges with the
inner region. Decreasing L, further eventually causes the bound region to merge with the plunging
region. At fixed L., if there are two distinct non-plunging allowed regions for EF = 1, these regions
do not merge as E is decreased, but the outer region eventually disappears (there is a minimum
allowed energy for orbits of a given angular momentum, as in the Kerr spacetime). If there is only
one non-plunging region for £ = 1, then as F is decreased, this region eventually splits into two
allowed regions, and the outer region eventually disappears as E is decreased further. The properties
are similar for all x # 0, but decreasing x with the other parameters fixed tends to bring the two

allowed regions of motion closer to merger with one another.

2.3 Isolating Integrals

The isolating integrals given by the conservation equations (2.8)—(2.8) do not completely describe
the motion, since the motions in p and z are coupled. Thus, solution of the geodesic equations

requires use of the second-order form of those equations (2.6). However, it was demonstrated by



32

Carter [22] that in the Kerr spacetime there is a fourth isolating integral for geodesic motion, the
Carter constant, which arises as a constant of separability of the Hamilton-Jacobi equation and
was later shown to be associated with a Killing tensor in the spacetime. Carter found the form
of all metrics that were both Schrodinger and Hamilton-Jacobi separable. Imposing the further
requirement that the metric be a solution of the vacuum Einstein-Maxwell equations leads to the
Kerr metric as the only spacetime of this form that does not include a gravomagnetic monopole.
Thus, the separability of the equations in Kerr is somewhat fortuitous and we would not expect
that the fourth integral would be preserved when we add an anomalous quadrupole moment as we
do here. As a consequence, the properties of geodesics might be expected to be somewhat different,
and might even be ergodic. As mentioned in the introduction, ergodic geodesic motion has been
found in other relativistic spacetimes by several other authors [14, 15, 16, 17, 18].

A fourth integral of the motion essentially gives another relationship between p? and 2. Com-
bining this with the effective potential equation (2.8) allows us to eliminate 22 for instance and hence
obtain an expression for p? as a function of p and z only. Similarly we can obtain an expression for

2 as a function of p and z.

z

A standard way to examine equations of motion and look for ergodicity is to plot a Poincaré
map. This involves integrating the equations of motion and recording the value of p and p every time
the orbit crosses a plane z = constant. From the preceding arguments, if a fourth integral exists,
the value of p will be a function only of p and z (the function could be multi valued, depending on
the order at which the velocities appear in the constants of motion). Therefore such a map must
show a closed curve. Similarly, if the Poincaré map of an orbit shows a closed curve for every value
of z, then this defines a relationship between p, p and z which is then an effective fourth integral
of the motion. The Poincaré analysis thus provides a means to identify whether an effective fourth
integral exists or the motion is apparently “chaotic”. In the latter case, the absence of the integral
would be manifested on the Poincaré maps as space-filling trajectories rather than closed curves.

The absence of a full set of isolating integrals does not necessarily mean that all orbits will exhibit
full-blown chaos. For some initial conditions, orbits may show obvious signs of ergodicity, while for
other initial conditions in the same spacetime, orbits may appear to behave in an integrable fashion,
suggesting that an approximate additional invariant exists. Although this behavior may appear
surprising at first glance, it is consistent with the predictions of the KAM theorem and with many
known examples of chaotic behavior. (The KAM theorem, due to Kolmogorov, Arnold and Moser,
states that if the Hamiltonian of a system with a full set of integrals of motion is analytically weakly
perturbed, then phase-space motion in the perturbed system will be confined to the neighborhoods
of invariant tori in phase space, except when angle-variable frequencies of the unperturbed system
are nearly commensurate, in which case motion will be chaotic [23].)

As an illustration, we show in Figure 2.5 the Poincaré map for geodesic motion along orbits with
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three different initial conditions in the Kerr spacetime with the same E, L, and x as Figure 2.3. The
Poincaré maps are all closed curves, consistent with the existence of the fourth isolating integral,
the Carter constant. In appendix 2.7 we present results for motion under gravity in a Newtonian
quadrupole-octupole potential and demonstrate the existence of both regular and ergodic orbits.

This example serves to put the relativistic results described here in a Newtonian context.

0.04

0.02

dp/dt
o

-0.02 1

-0.04

Figure 2.5: Poincaré map showing dp/dr vs p for crossings of the z = 0 plane for a sequence of
orbits in the outer allowed region of the Kerr spacetime with £ = 0.95, L, = 3M and x = 0.9. The
closed curves indicates the presence of a fourth isolating integral, which we know to be the Carter
constant.

2.3.1 Poincaré Maps for the Manko-Novikov Spacetimes

The regularity properties of geodesics appear to be highly correlated with the nature of the effective
potential as described in the previous section. For spacetimes with xy = 0 and those with x # 0
but ¢ < 0, all orbits appear to be regular, i.e., they show closed Poincaré maps similar to those in
Figure 2.5. These are the spacetimes in the Manko-Novikov family that have effective potentials
which are qualitatively the same as the Kerr case.

For g > 0, the effective potential can have two allowed regions for bound motion. What is striking
is that whereas orbits in the outer allowed bound region (which corresponds to the allowed region in
the ¢ = 0 limit) appear to be regular, with closed Poincaré maps, those in the inner allowed region
appear chaotic. In Figures 2.6 and 2.7 we show Poincaré maps for one orbit in each of the outer

and inner regions of the effective potential illustrated in Figure 2.4 (¢ = 0.95, E = 0.95, L, = 3M,
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X = 0.9). Orbits in the outer region show closed Poincaré maps, suggesting that the motion is
regular or very nearly so and has an approximate fourth invariant of the motion. This is reinforced
by the projection of the orbit onto the p-z plane, which was shown in Fig. 2.4. The geodesic shows
a regular grid pattern, with four possible velocities at each point, corresponding to +|p| and +|Z|.
If these orbits do not have a true invariant, the regularity of the Poincaré map suggests that it may
still be possible to find an algebraic expression for an approximate constant of the motion.

Orbits in the inner region, by contrast, seem to fill up all possible points in a subdomain of the
allowed parameter space (with Vg > 0) and are therefore apparently ergodic in this subdomain.
It seems likely, in view of the KAM theorem, that all orbits in the spacetime are strictly speaking
chaotic, and no true isolating integral exists, but in the outer region there is a quantity that is
nearly invariant along the orbits [4]. Either the thickness of the region mapped out by the chaotic
motion is small, or the time over which ergodicity manifests itself is very long. From an observational
standpoint, whether the motion is actually regular or whether only an approximate invariant exists
is irrelevant, since the time-scale over which ergodicity would manifest itself in the waveform would
be much longer than the time during which the orbiting object moves on an approximate geodesic.

It is unusual, given that chaotic and nearly regular regions are generally interspersed in most
KAM theorem applications [23], that we find the family of geodesics is divided into two distinct
regions such that geodesics in one region are ergodic while those in the other exhibit nearly regular
orbital dynamics. We have been unable to find any strongly ergodic geodesics in the outer region,
or any non-ergodic geodesics in the inner region. As described in the previous section, adjusting
the orbital parameters can cause the two allowed regions to merge. When this first occurs, the two
regions are connected by a very narrow neck. The narrowness of the neck means that extreme fine
tuning is required to get a geodesic to pass through the neck. By choosing initial conditions in the
neck, and integrating forward and backward in time, we obtained orbits that traversed the neck once
and found that the motion was apparently ergodic while in the inner region, but apparently regular
in the outer region. This behavior is consistent with the predictions of the KAM theorem, but
observationally the fact that the orbits in the outer region are technically ergodic does not matter
as long as they appear regular on long time-scales. We were unable to find an orbit that traversed
the neck more than once. Further adjustment of the orbital parameters causes the neck to widen
and eventually disappear. At that stage, most of the orbits appear to be regular, but orbits that
pass very close to the inner edge of the merged region (i.e., close to the CTC zone) have not been
fully investigated.

An alternative explanation of these results [24] is that the geodesic equations are numerically
unstable in the inner region, and therefore small numerical round-off errors in the integration routines
are driving the orbits away from their true values. Once again, this distinction is not relevant

observationally. An astrophysical system harboring an EMRI will not be isolated. The gravitational
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perturbations from distant stars etc. will serve the same role in perturbing the orbits as numerical

errors might on a computer. The end result—that the orbit is apparently ergodic— is the same.
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Figure 2.6: Poincaré map for a geodesic in the outer region of Fig. 2.4.

2.3.2 Frequency Component Analysis

The above conclusions are supported by a frequency-domain analysis of the p and z motion in the
two regions. The absolute values of Fourier transforms of p(t) and z(t) are plotted in Figures 2.8
and 2.9. Fig. 2.9 shows an absence of clearly identifiable frequency peaks for geodesics in the inner
region, a result consistent with full-blown chaos. By contrast, Fig. 2.8 shows discrete frequency
peaks in the outer region. Generally such frequency peaks, corresponding to harmonics of a few
fundamental frequencies, occur in problems with a full set of isolating integrals. We find that the
frequency components measured for the p and z motion in the outer region can be represented as
low order harmonics of two fundamental frequencies at a high level of precision (1 part in 107 for
the first ~ 10 harmonics). This multi periodicity of the geodesics implies that the gravitational
waveforms will also be multi periodic. Indeed, we find that an approximate gravitational waveform,
constructed using a semirelativistic approximation for the gravitational-wave emission (as used to
construct Kerr EMRI waveforms in [25]), is also tri-periodic (the third frequency arises from the ¢
motion since the observer is at a fixed sky location). The absolute value of the Fourier transform of

the hy(t) component of this gravitational waveform is also plotted in Fig. 2.8 and is clearly multi
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Figure 2.7: Poincaré map for a geodesic in the inner region of Fig. 2.4.

periodic. This periodicity has important consequences for data analysis and parameter extraction.

2.3.3 Comparison to Other Results

Our results are consistent with previous work by other authors who have found chaotic geodesic
motion in various spacetimes. Generally, chaotic motion only occurs in the strong field region close
to the central object, and for a limited range of geodesic parameters. As an example, Guéron and
Letelier [17] found chaos in a prolate Erez-Rosen spacetime, which represented a deformation of a
Schwarzschild black hole. They demonstrated that, for a particular value of the energy and angular
momentum, when the deformation parameter had a value ks = —5, there was a single allowed region
of bounded motion, but for ko = —5.02 the region split into two separate regions. After the split,
orbits in the inner region appeared chaotic while those in the outer region appeared regular. For the
merged region, orbits that passed into the inner part also appeared ergodic while those that were
purely in the outer part looked regular. This is qualitatively very similar to what we have found
in the Manko-Novikov spacetime, although we find chaotic motion only when y # 0, while Guéron
and Letelier presented examples for both a perturbed non-spinning black hole and a spinning black
hole. As a test of our codes, we repeated Guéron and Letelier’s calculation and found consistent
results. As well as providing another example of chaos for relativistic geodesics, the results here

show some new features. In particular, the inner allowed region appears for any ¢ > 0 and as far
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Figure 2.8: Absolute values of the Fourier transforms of p(t) (solid line), z(¢) (dashed line), and the
gravitational wave component hy(t) (dotted line) in the frequency domain for an orbit in the outer
region of Fig. 2.4. The frequency is displayed in units of 1/M; the amplitude scaling is arbitrary.

as we have been able to ascertain the motion is always ergodic in that region. This contrasts to
the spacetime considered by Guéron and Letelier, in which chaotic motion exists only for a small
range of ko (by the time ks has increased to ko = —5.1, the motion is no longer apparently ergodic).
Previous authors have also not considered the issue of accessibility of the ergodic region to stars,
and we discuss that in the next subsection.

Sota et al. [14] discussed what might cause chaos in relativistic geodesic motion, and suggested
that it might arise either due to a change in the signs of the eigenvalues of the Weyl tensor, which
would lead to “local instability” or due to the presence of homoclinic orbits. The Manko-Novikov
spacetimes do contain homoclinic orbits, but Sota et al. [14] found that this only led to chaos in
non-reflection symmetric spacetimes, so this explanation probably does not apply here. We have
not explored the properties of the eigenspace of the Weyl tensor for these spacetimes, but “local
instability”, could be a plausible explanation for our results. The CTC region of the Manko-Novikov
spacetime might also be causing the ergodicity. The region where ergodic motion occurs touches the
CTC region at a single point, so the singular behavior of the metric as the CTC region is approached
might explain the observed behavior, either by causing a region of “local instability” or through some
other mechanism.

We note that in the regime where chaos occurs, the perturbation to the Kerr metric cannot

be regarded as purely quadrupolar, but the deviations in the higher multipole moments are also
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Figure 2.9: Absolute values of the Fourier transforms of p(t) (solid line), z(¢) (dashed line), and the
gravitational wave component hy (t) (dotted line) in the frequency domain for an orbit in the inner
region of Fig. 2.4. The frequency is displayed in units of 1/M; the amplitude scaling is arbitrary.

significant. This is similar to the Newtonian result described in Appendix 2.7 since we find chaos in
the Newtonian quadrupole-octupole potential but not a pure quadrupole potential. The relativistic
results are somewhat different, however, since we find chaos only for x # 0, so for these spacetimes

we also need a non-zero current dipole moment to observe chaotic behavior.

2.3.4 Accessibility of the Ergodic Domain

While the existence of ergodic motion is mathematically interesting, an important question for
EMRIs that has not been addressed so far is whether ergodicity could ever be observed in nature.
In other words, is it possible, during the course of an inspiral, for a captured object to find itself on
an ergodic geodesic?

In typical astrophysical scenarios, the inspiraling compact object will start out far away from
the central body with energy close to 1 [1]. Unless the angular momentum is very small (which
in the Kerr spacetime would represent an object on a plunging orbit), this will correspond to an
orbit in the outer region of allowed motion if two regions exist, so the orbit will initially be regular.
As the star inspirals, the energy and angular momentum will gradually change and this causes the
separation between the outermost point of the inner region of bound motion and the innermost
point of the outer region, Ap, to change. For example, when E = 0.99 and L, = 4.33M in a
Manko-Novikov spacetime with xy = 0.9, and ¢ = 0.95, we find that Ap/M = 6.4. When E = 0.95
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and L, = 3M in the same spacetime, the separation between regions is only Ap ~ 0.27M. For
sufficiently small choices of energy and angular momentum (e.g., E = 0.92 and L, = 2.5M) only a
single region remains. This suggests that the two regions will come closer together as energy and
angular momentum are radiated away during an inspiral, until they eventually merge. We conjecture
that d(Ap)/dt is always negative; that is, the two regions are always merging rather than separating.
To test this conjecture, we must explore the behavior of Ap along an extreme-mass-ratio inspiral
characterized by slowly evolving E' and L.

To do this, we use an approximate scheme to evolve the energy and angular momentum during
an inspiral. Our scheme is based on combining exact relativistic expressions for the evolution of
orbital elements with approximate post-Newtonian formulae for energy and angular-momentum
fluxes. This scheme was previously devised to describe EMRIs into Kerr black holes [26] and has
been shown to give reliable results in that context. For the current calculation, we must augment the
fluxes with an additional post-Newtonian term to represent the effect of the anomalous quadrupole
moment g on the evolution of energy and angular momentum. A Kerr black hole has quadrupole
moment My/M? = —x2. Tt is the quadrupole moment that leads to the lowest order terms in y?
in the expressions for the energy and angular momentum radiated during an inspiral. Therefore,
to include the excess quadrupole moment, we just change the x2 terms in the flux expressions to
x? + ¢, while leaving the lower order terms unchanged (this approach was also used in [27]). We
then numerically find the roots of the effective potential Vog = 0 in the equatorial plane at various
times and compute the evolution of Ap along the inspiral.

The result of one such computation of Ap is plotted in Fig. 2.10. That figure corresponds to an
inspiral in a spacetime with x = 0.9, and ¢ = 0.95. The inspiral starts out at p = 100M with an
orbital inclination of 60 degrees and initial eccentricity e = 0.8 (these orbital parameters correspond
to E ~ 0.9982 and L, ~ 5.0852M) and proceeds until plunge. The separation between the inner and
outer bounded regions gradually shrinks, until the two regions merge (on the plot, this is shown as
Ap = 0). Afterward, the bounded regions remain joined until eventually merging with the plunging
region.

We have found the same qualitative behavior described above for a wide range of parameter
choices. Therefore, in all these cases, our conjecture is true—the inspiraling object can never find
itself in the isolated inner region where all orbits appear to be ergodic. We should point out, however,
that we have carried out this numerical investigation only for a range of specific choices of y, g, and
initial orbital parameters, and have used an approximation to the energy and angular momentum
radiated during an inspiral. This is therefore not a definitive proof that chaotic motion can never
be observed in the course of an inspiral in the Manko-Novikov spacetime.

Assuming this evolution really is typical, there are two important consequences. Firstly, an

inspiraling object can never end up in the inner of two allowed regions of bound motion, where
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A p/M

Figure 2.10: The evolution of the separation Ap between the inner and outer bounded regions in
the equatorial plane along an inspiral in a Manko-Novikov spacetime with y = 0.9 and ¢ = 0.95.
Ap = 0 means that the two regions have merged and there is a single bounded region.

ergodic motion is prevalent. Secondly, inspirals always start out in a phase where the motion
is regular. This is very important, since it will allow the systems to be detected in this early
inspiral stage by gravitational-wave detectors using matched filtering or a time-frequency analysis.
The inspiraling object will eventually end up in the merged region formed after the two regions of
bounded motion converge. Both ergodic and regular geodesics exist in that region, so in principle
the particle could find itself on an ergodic orbit. However, most orbits in the merged region appear

¢

to be regular so it would require fine tuning to put the object onto such a geodesic (e.g., the “neck
traversing” geodesics discussed earlier). It thus seems unlikely that this would occur in practice.
Although these results apply only to the Manko-Novikov family of spacetimes, the conclusions
are consistent with other examples of chaotic geodesics in relativity. For instance, in the prolate
Erez-Rosen spacetime considered in [17], if an object had arrived in the region where ergodic motion
is observed during the course of an inspiral, its orbital energy and angular momentum would have
been larger earlier in the inspiral. However, if either the energy or angular momentum is increased
from the values that give ergodic motion, the effective potential changes so that it has only one
allowed region, which includes “escape zones” connected to the central singularity. All geodesics in

such a zone plunge into the central object in a short time so an astrophysical inspiral could not persist

through that zone. We deduce that for that spacetime as well the ergodic region is inaccessible to
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objects captured at large distances.

If there was some other mechanism that could put an inspiraling object onto an ergodic geodesic,
there is the question of how the ergodicity could be identified in practice. Detection of EMRIs will
rely on matched filtering or possibly time-frequency techniques [1]. In either case, it will probably
not be possible to identify the gravitational radiation as being emitted from an ergodic orbit, but
only that radiation from a regular orbit has ceased. It is clear from Figure 2.9 that during an
ergodic phase, the emitted power is spread among many harmonics, which will consequently not be
individually resolvable. This radiation will increase the broadband power in our detector, whereas
if the orbit had plunged the radiated power would rapidly die away. However, the energy released
during a typical EMRI is comparatively low, so it is unlikely that we could identify the presence of
such broadband power over the instrumental noise. Therefore, the chances are that we will not be
able to distinguish observationally between an inspiral that “ends” at a transition into an ergodic
phase and one which ends by plunging into a black hole.

One potentially observable signature of ergodicity would be an inspiral that turned “off” and
“on” as it progressed through ergodic phases interspersed with regular phases. This would occur if
the object could move into and out of the inner ergodic region during an inspiral, but the preceding
analysis indicates that this should not happen. An object on a “neck-traversing” geodesic would also
show this behavior. However, the periods where the orbit is ergodic serve to randomize the phase of
the orbit in the regular periods. A signal of this type would only be observable if each apparently
regular phase could be individually resolved with enough signal to noise ratio. This would require
a very narrow “neck” in order to trap the orbit for many cycles in the regular zone. However, fine
tuning of the energy and angular momentum is necessary to make the neck very narrow, so if an
object was on such an orbit, the neck would be widening rapidly as energy and angular momentum
were radiated away. In practice, it is doubtful that sufficient signal-to-noise would accumulate to
allow a detection to be made before the neck widened too much.

We conclude that for astrophysically relevant inspirals in the Manko-Novikov spacetime family, an
object would probably not end up on an ergodic geodesic. If some other mechanism conspired to put
an object on such an orbit, it is unlikely that we would be able to identify this in gravitational-wave
observations. If these findings carry over to a more generic class of spacetimes, then chaotic motion
is merely a mathematical curiosity which is unlikely to manifest itself practically or be important

for gravitational-wave data analysis considerations.

2.4 Last Stable Orbit

During an inspiral into a Kerr black hole, an EMRI will evolve quasistationarily through a sequence

of near-geodesic orbits as orbital energy and angular momentum are radiated away. There is a
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minimum energy (which is dependent on angular momentum) for which bound orbits exist. When
the inspiral reaches that separatrix, the object will rapidly plunge into the central body. The
gravitational radiation emission undergoes a transition at this point, and so the frequency of this
last stable orbit is in principle another quantity that is observable from the detected gravitational
waves. For a Kerr inspiral, the “transition” is a rapid die-off in the gravitational-wave emission
as the particle plunges into the black hole. If the central object is not a black hole, the radiation
may persist for longer after the last stable orbit is passed [7], but there will still be a significant
qualitative change in the emitted radiation as the orbit changes suddenly at that point. We focus
on the innermost stable circular equatorial orbit in this analysis, since this is well defined in these

spacetimes.

2.4.1 Circular Equatorial Orbits

The geodesic equations for an arbitrary spacetime (2.6) may be written in the alternative form

d dx® 1 dx¥ dz?
() = 3000 G (29)

For a circular, equatorial orbit in an axi- and reflection-symmetric spacetime of the form (2.5),

dp/dr = dz/dr = d?p/dr? = 0; hence the p-component of the geodesic equation (2.9) gives
0p9609° + 20,9146 + O,gul” = 0, (2.10)

in which a dot denotes d/dr as before. We can thus express the azimuthal frequency as observed at

infinity Q4 = ng/t in the form

0, = _ bgte £ \/<6pgt¢>)2 — 0,910,946
[ B ’
9o
where the +/— signs are for prograde and retrograde orbits respectively. In the equatorial plane, the
right-hand side is a function of the spacetime parameters and p only, so given a particular choice of
azimuthal frequency Q4, Eq. (2.11) can be inverted to determine the value of p such that a circular
orbit at that p has frequency €.

Equation (2.8) provides another relation between f and gﬁ, from which we can deduce
i 2 -3
= (—gu — 2916 — U 960) (2.11)

and then the energy and angular momentum equations (2.8) give us F and L, as a function of p for

circular equatorial orbits.
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2.4.2 Innermost Stable Circular Orbit

The location of the innermost stable circular orbit (ISCO) in the equatorial plane can be found
using the effective potential (2.8). Circular equatorial orbits are located at simultaneous zeros and
turning points of Vg, where Vg = OVog/0p = OVeg/0z = 0. As we will see in Section 2.5 the
second derivatives of Vog determine the frequencies of small oscillations about the circular orbit. For
the circular orbit to be stable, we need the orbit to sit at a local maximum of Vg, i.e., we require
Vo /0p® and 0V /d2? to be negative. In the following we will use V,,(p) (Vz.(p)) to denote
the value of 9*Veg/0p? (0?Ver/02?) evaluated for the circular equatorial orbit at radius p. For the
Kerr spacetime, V.. (p) < 0 at all radii, but V,,(p) has a single root at a critical radius pisco. This
tells us that the orbit becomes radially unstable at that point, which defines the ISCO. For y = 0,
pisco =~ 4.90M, while for x = 0.9, pisco =~ 1.25M for prograde orbits and pisco ~ 7.705M for
retrograde orbits. Note that p is a cylindrical Weyl coordinate, which is why these results differ
from the familiar black-hole ISCO radii, which are normally quoted in Boyer-Lindquist coordinates.

For the Manko-Novikov solutions with x = 0, the shape of the functions f/pp(p) and f/zz(p)
does not change significantly as q is increased with ¢ > 0: V.. (p) < 0 everywhere and Vpp(p) =0
has a single solution that defines the ISCO. However, as |q| is increased with ¢ < 0, there is a
transition in behavior at ¢ &~ —0.163. For ¢ < —0.163, the function Vpp(p) has two zero-crossings.
Thus, in addition to the radially stable circular orbits at large radii, we find additional such orbits
exist very close to the central singularity. If |g| is increased still further, the two roots converge
at ¢ = —0.654 and for ¢ < —0.654 radially stable orbits exist at all values of p. However, at the
point where the second branch of the radial roots appears, there is also a transition in the shape
of sz(p), so that there are now orbits which are vertically unstable. For ¢ < —0.163, the ISCO
is defined by this vertical instability, rather than the radial instability characteristic of the Kerr
spacetime, and Manko-Novikov spacetimes with ¢ > 0. In the range —0.654 < ¢ < —0.163, there
are two regimes where stable circular orbits exist—an outer zone with p > pisco, and an inner zone
with prsco < p < posco (we use “OSCO” to indicate “outermost stable circular orbit” and prsco
to denote the ISCO for the inner set of circular orbits). The energy and angular momentum of
an orbit at the “OSCO” are greater than the energy and angular momentum at the ISCO of the
outer zone, pisco. Thus, an object inspiraling from large distances on a circular equatorial orbit
will reach pisco and plunge into the central body, rather than finding itself in the inner range of
circular orbits. Compact objects could only find themselves in the inner range if they came in on an
eccentric/inclined orbit and then radiated away energy and angular momentum in exactly the right
proportions. It is therefore unlikely that this inner zone would be populated in practice. However,
any object on a circular equatorial orbit in this inner zone would reach pisco and then plunge into
the central body.

In Figure 2.11 we show the location of the ISCO as a function of ¢ for spacetimes with x = 0.
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We also show the orbital frequency at the ISCO as a function of g, computed using Eq. (2.11).
For spacetimes with spin, the behavior is qualitatively similar, but there are now two ISCO radii,
corresponding to prograde and retrograde orbits respectively. We show results for a spin of x = 0.9 in
Figure 2.12. We note that the ISCO radius is always outside the boundary of the causality-violating
region of the spacetime. For x # 0 and ¢ > 0, the ISCO radius is determined by the energy at
which the outer allowed region for bound motion (which is a single point for a circular equatorial
orbit) merges with the inner allowed region. In that case when the object reached the ISCO it would
undergo a transition onto an eccentric/inclined geodesic.

The value of the ISCO frequency depends not only on g but also M and y. However, as we
shall discuss in the next section, it is possible to measure these other parameters using precessions
measured when the orbit is in the weak field. Thus, the ISCO frequency is a powerful probe of the
nature of the spacetime since it can be very different even for comparatively small deviations from

Kerr.

2.5 Periapsis and Orbital-Plane Precessions

In Section 2.3 we saw that astrophysically relevant orbits in the Manko-Novikov spacetime are multi
periodic to high precision. In such cases, there is no smoking-gun signature that indicates the pres-
ence of “bumpiness” in the spacetime. Instead, the imprint of the spacetime bumpiness will be
observationally apparent in the location of the last stable orbit, as discussed in the previous section,
and in the following ways: (i) in the three fundamental frequencies of the gravitational waves gener-
ated while the inspiraling object is on an instantaneous geodesic orbit; (ii) in the harmonic structure
of the gravitational-wave emission, i.e., the relative amplitudes and phases of the various harmonics
of the fundamental frequencies; and (iii) in the evolution of these frequencies and amplitudes with
time as the object inspirals. A full analysis of the accuracies that could be achieved in observations
would involve computing gravitational waveforms in the bumpy spacetimes, performing a Fisher-
Matrix analysis to account for parameter correlations, and comparing to a similar analysis for Kerr.
That is beyond the scope of this paper. However, we can examine the first of these observational
consequences by comparing the fundamental frequencies between the bumpy and Kerr spacetimes.

The complication in such an analysis is to identify orbits between different spacetimes. Identifying
orbits by the p and z coordinates is not gauge invariant since the meaning of these coordinates
depends on the spacetime structure. Identifying orbits via the energy and angular momentum is
gauge invariant, but these quantities are not directly measurable observationally. However, circular
orbits in the equatorial plane of the spacetime are characterized by a single observable — the
azimuthal frequency of the orbit. We can use this frequency to identify circular equatorial orbits in

different spacetimes.
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Figure 2.11: Properties of the equatorial ISCO in spacetimes with x = 0, as a function of g. We
show the p coordinate of the ISCO (left panel) and the dimensionless frequency of the orbit at the
ISCO (right panel). As described in the text, the ISCO radius has three branches, depending on
whether it is determined by one of the two branches of radial instability or the branch of vertical
instability. These branches are indicated separately in the diagram. For values of ¢ where all three
branches are present, the dashed line denotes the “OSCO” and the dotted line denotes pisco as
discussed in the text. Allowed orbits lie above the curve in the left panel, and below the curve in

the right panel.



46

10 ‘ ‘
Radially unstable - first branch
9 Radially unstable - second branch ———-
Verticaly unstable ==
8 I 4
7 I 4
6r Retrograde |
= g
B s
a 4
3
2
1r ,
J
1
0 ‘ ‘ ! ‘ ‘
4 2 0 5 .
q
Ragially unstable - first branch
041 Radially unstable - second branch — |
Verticaly unstable -
|
]
03 H |
§ 02t |
5 Prograde
a oir T 0g |
S [
=
O i 4
-0.2 w ‘ ‘ ‘ ‘
-4 2 0 5 .
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Precession frequencies are absent in exactly circular equatorial orbits. However, if the circular
orbit is perturbed radially, it will undergo small oscillations at the radial epicyclic frequency, which is
characteristic of the periapsis precession frequency at that radius. Likewise, if the orbit is perturbed
vertically it will undergo small oscillations at the vertical epicyclic frequency, which is characteristic
of the orbital-plane precession frequency at that radius. We thus compare these epicyclic frequencies,
as a function of the circular orbital frequency, between Kerr and bumpy spacetimes. This comparison
was employed by Ryan, who used it to derive his theorem stating that all spacetime multipole
moments are encoded in the gravitational waves generated by nearly circular, nearly equatorial
EMRIs [2].

An eccentric equatorial orbit can be characterized by two observables — the orbital frequency
and the periapsis precession frequency. These two frequencies can therefore be used to identify
orbits in different spacetimes (provided there is an orbit with corresponding frequencies in the Kerr
metric). Likewise, the orbital-plane precession frequency can be used to identify inclined orbits
between spacetimes '. With such an identification, differences in the multipole structure of the
spacetime will show up only in the relative amplitudes of the harmonics and in the evolution of the
fundamental frequencies over the inspiral. We will discuss this some more at the end of this section,

but a full analysis requires treatment of inspiral in an arbitrary spacetime and is beyond the scope

of the current paper.

2.5.1 Epicyclic Frequencies

The frequency of epicyclic motion can be derived by perturbing a circular, equatorial orbit in either

the radial or vertical direction. The second-order geodesic equations (2.9) for z and p take the form

d ax dr\ 2 at\ [de dg\?
P (29XX dr) = Oxgu (dr) +20x gt (dr) (dT) + Ox 9o (dT)
o\’ 4\ 2
+0xGpp <d’7’> + 0x9-2 (d’]’) .

Here X denotes either p or z. The dependence on dt/dr and d¢/dr can be eliminated by using
the energy and angular momentum conservation equations to express these in terms of E, L,, p
and z, as in Eq. (2.8). Using this form of the equations we can take a circular, equatorial orbit,
p = pe, 2 = 0, and perturb it either in the radial direction, p = p. 4+ dp, z = 0, or in the vertical

direction, p = p., z = §z. Considering the equations of motion at leading order in the small orbital

IThe “orbital-plane” is not well defined in the strong field. However, we know the gravitational waves should be
triperiodic and, in the weak field, the three periods correspond to the orbital period and the two precessions. When
we refer to “orbital-plane precession frequency” we really mean the frequency component of the orbit that corresponds
to orbital-plane precession in the weak field. This will be the frequency of the vertical motion, averaged over many
orbits.
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perturbation, it is easy to see that the frequencies of these small epicyclic oscillations are given by

2

9ooll — groLlz ) 2 _

2 X =
tt9p¢ — Gie

1 0 (0xgu(gooE — grsL:) + 20xg1s (9os E — gioL2) (g1t L2 — g1s E)
29xx 0X (9tt966 — G7s)?

1 0 <3X9¢¢ (gL — 9t¢E)2>

29xx 0X (916960 — 975)?

As before, X denotes either p (for the radial epicyclic frequency €2,) or z (for the vertical epicyclic
frequency €2,). The same result can be derived starting from the effective potential equation (2.8):

the frequency Qx is determined by 9?V.g/0X? evaluated at the circular orbit.

2.5.2 Precessions

We are interested in precessions rather than the epicyclic frequency. We define the periapsis
precession as the number of cycles by which the periapsis advances per radial period (i.e., over
one complete epicyclic oscillation). Likewise, the orbital-plane precession is defined as the number
of cycles by which the azimuthal angle to the highest point of the orbit advances during one vertical
oscillation. These precessions, which we denote by px, are related to the epicyclic frequencies, Qx,

by

The behavior of the precessions can be understood in terms of what happens in the weak field, far
from the black hole, and in the strong field, close to the ISCO. In the weak field it is possible to derive
expressions for the precessions as functions of the orbital frequency. This was originally done for
nearly circular, nearly equatorial orbits by Ryan [2], who demonstrated that the various spacetime
multipole moments enter the precession rate expansion at different orders of (MQ,)®. This was the
basis for a theorem that, in principle, the weak field precessions can be used to extract the lowest
order spacetime multipole moments. The weak field expansion of the precessions is summarized in
Appendix 2.8.

In the strong field, we find that one or the other precession diverges at a certain frequency.
This frequency corresponds to the frequency of the ISCO. To understand what is happening, we use
the effective potential (2.8) and consider radial oscillations. For the energy and angular momentum
corresponding to the circular equatorial orbit at radius p = p,, the effective potential in the equatorial
plane takes the form Vig(p, z = 0) = =V (p)(p— p—)(p — pe)?. Here V(p) is a function that is strictly
positive for p > p_. The radius p_ is the other solution to Veg(p,z = 0) = 0, and p_ < p.. As
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the ISCO is approached, the effective potential develops a point of inflection at the location of the
turning point rather than a maximum since p_ — p.. The epicyclic frequency for radial oscillations
is Q% o V(pe)(pe — p—), which thus tends to zero as the ISCO is approached. The corresponding
periapsis precession diverges. The radius p_ corresponds to an unstable circular orbit, and associated
with any unstable circular orbit is a bound, eccentric orbit that has an infinite period — the object
comes in from larger radii, and asymptotically approaches the radius of the circular orbit. This is
referred to as a “homoclinic” orbit, or as a “zoom-whirl” orbit in the EMRI literature. As the ISCO
is approached, a small perturbation from the location of the circular orbit will put the object onto
an orbit that is close to the homoclinic orbit associated with the unstable circular orbit. Hence, it
takes a very long time for the object to complete a radial oscillation, but it is moving rapidly in the
azimuthal direction the whole time, building up a large periapsis precession.

This understanding leads us to expect the precession to diverge at the location of the ISCO,

—1/2 —-1/2

and this divergence should be like (p. — p1sco) . The above argument

s or (Qg15c0 — 26)
applies to an ISCO defined by a radial instability (as in the Kerr metric). As we saw in Section 2.4,
the ISCO in the Manko-Novikov spacetimes can be determined by the onset of a vertical instability.
In that case, the above argument still applies, but it is now the orbital-plane precession that will
diverge as the ISCO is approached. This provides another potential ‘smoking-gun’ for a deviation
from the Kerr metric. The divergence in the precession at the ISCO arises as a result of one of the
two epicyclic frequencies going to zero. It is these frequencies that will, in principle, be observable
in the gravitational waves. If an inspiral is observed starting in the weak field and up until the last
stable orbit (LSO), the different frequency components could be tracked, and one frequency will tend
to zero as the LSO is approached. This is in principle an observable, and if it is the orbital-plane
precession that goes to zero the central body cannot be a Kerr black hole. A more careful treatment
of the gravitational-wave emission will be required to understand how practical it will be to make
such observations.

In Figures 2.13-2.16 we show the precessions as a function of M4 for a variety of values of ¢. In
Figures 2.17-2.19 we present the same results, but now we show the differences between precessions
in a bumpy spacetime with a given ¢ and precessions in the Kerr spacetime with the same spin
parameter y: Apx = px —p5°™". The variable Apx represents the number of cycles of difference, so
for instance a value of Ap, = 0.1 means that the orbits in the two spacetimes, although having the
same azimuthal frequency, would drift an entire cycle out of phase in the epicyclic radial oscillation
within ten radial orbits. We do not show results for the difference in the orbital-plane precession
for x = 0, since there is no orbital-plane precession in the Schwarzschild spacetime, and hence that
plot would be identical to Figure 2.15.

Figures 2.13 and 2.17 show the periapsis precession 7,(£2y) for x = 0 while Figures 2.14 and 2.18

show the periapsis precession for y = 0.9. We see that as the value of ¢ decreases from zero,
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Figure 2.13: Periapsis precession p, vs azimuthal frequency ), for x = 0 and various values of gq.

the periapsis precession decreases relative to the corresponding value in the Kerr/Schwarzschild
spacetime. By contrast, if ¢ is increased from zero, the periapsis precession increases. In spacetimes
with non-zero spin, the difference is more extreme for prograde orbits than for retrograde orbits.
This is presumably because retrograde orbits do not get as close to the central object, and so do not
“feel” the strong field deviations in the bumpy metric.

For ¢ > —0.5, the radial epicyclic frequency §,(£24) approaches zero as the ISCO is approached
and the periapsis precession r, goes to infinity for the reasons described above. This is not true of the
q < —0.5 spacetimes shown, since for those the ISCO is defined by a vertical instability. Figure 2.15
shows the orbital-plane precession r,(£2,) for x = 0 and Figures 2.16 and 2.19 show the orbital-
plane precession for x = 0.9. As for the case of the periapsis precession, the orbital-plane precession
behaves qualitatively differently depending on the sign of q. The orbital-plane precession is greater
for ¢ < 0 and smaller for ¢ > 0 compared to the non-bumpy value. As expected, the orbital-plane
precession tends to a constant at the ISCO for ¢ > —0.5, while it diverges for ¢ < —0.5, since the
ISCO for the latter spacetimes is defined by a vertical instability as discussed earlier.

Previous authors have looked at precessions in “bumpy” spacetimes. As mentioned above,
Ryan [2] derived a weak field expansion for the precessions. Collins & Hughes [11] looked at pre-
cessions for eccentric equatorial orbits in a perturbed Schwarzschild spacetime, and Glampedakis &
Babak [12] did the same for a perturbed Kerr black hole. However, both pairs of authors did this by
comparing orbits with the same coordinates, which is rather unphysical. Our results are consistent

with this previous work in the weak field, but our calculation is the first that can be applied in the



14 -

12

10

4 T T T T T
I |
I I .
I : I
sl ! ! L
| ; , |
I : . I
I |
2 | | : . I _
N 1 | ! I
= ! | .' '
1+ \ i N 1 i
l\ ‘. ! /
N ".\ L . s
0} B -‘-:-:;:-._-,—_:_-_-_é-.;-':-.—-—-——-H-:'-_:.-;:g-_:.—._-_::-_:-:-"- = i
1 1 1 1 1 1
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
MQ
(Y
q=-05----- q=-5----- g=1----
qg=-1---- g=05-—" g=5-----

Figure 2.15: Orbital-plane precession p, versus azimuthal frequency €24 for x = 0 and various values
of q. We do not show the case ¢ = 0 here, since there is no orbital-plane precession in Schwarzschild.
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Figure 2.16: Orbital-plane precession p, vs azimuthal frequency €24 for x = 0.9 and various values
of q.

strong field, since Ryan’s work used a weak field expansion, and the other work used perturbative
spacetimes that break down close to the central body. The behavior in the approach to the ISCO is
thus a new result.

It is possible to fit the precessions as a sum of a weak field expansion (as given in Appendix 2.8)
plus a term A/ \/m . However, only a comparatively few weak field terms are required to
give a good fit, implying that the divergence at the ISCO limits the number of multipole moments
that can be recovered from such an expansion. To quantify this statement properly, we must do
a full analysis, that includes the effect of inspiral, uses an instrumental noise curve to restrict the
observable bandwidth and accounts for parameter correlations via the Fisher Matrix. We can do
this by constructing semirelativistic inspiral waveforms for bumpy spacetimes in the same way that
has been used for Kerr inspirals [26, 25]. This is beyond the scope of the present paper. However,
there are several things that we can take away from the current results — the location of the
ISCO has a strong influence on precessions that could be observable, in particular the nature of the
instability that defines the ISCO could be a clear indicator of a non-Kerr system; precessions can
be very different in the strong field in the presence of a deviation; circular orbits with frequencies
very different from the Kerr value exist in some bumpy spacetimes, so another observable signature

would be that an inspiral persists at frequencies inside the Kerr ISCO.



T | T T T T T | T
4+ I ! ! ! ! 1
| 1
\. ' ! i ! I
\ . I
2F \ \ . ] / i
.o \ / .
\ .
O_ \\.\~ ~., -__, "//‘
Q 0 _\_ _-n---__'-f'__"-;‘_‘t"-‘-“-" - - -—-—--=e=:=.-=ir5~_=-73='17-=:.'_.i_ E
q .'/;’ -7 T = ~
S \
[ . ~
2F 000 v
.:I '
.'l. \
nE ]
:l. 1 1 1 1 1 1 1 !
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
MQ
©
q=-05----- q=-5----- g=1---
q=-1---- gqg=05 - -—"- g=5-----

Figure 2.17: Difference between periapsis precessions in a bumpy spacetime with y = 0 and the
Schwarzschild spacetime, Ap,(Q4,q) = pp(Qg,q) — Pp(Qe,q = 0).
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Figure 2.18: Difference between periapsis precessions in a bumpy spacetime with y = 0.9 and the
Kerr spacetime with x = 0.9, Ap,(Q4,q9) = pp(Qe,q) — pp(Qe, ¢ = 0).
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Figure 2.19: Difference between orbital-plane precessions in a bumpy spacetime with y = 0.9 and
the Kerr spacetime with x = 0.9, Ap,(Q4,q) = p2(Qg,q) — p-(Qg,q =0).

2.5.3 Effect of Eccentricity

As discussed above, the measurement of the precessions as a function of orbital frequency for nearly
circular, nearly equatorial orbits would in principle allow measurement of the spacetime multipole
moments [2]. In practice, however, the precessions will only be manifest in the observed gravitational
waves if the orbit is not circular and equatorial, so we need to understand how the dependence of
the precessions on azimuthal frequency differs when we relax the assumption of near circularity. In
the following, we shall focus on the periapsis precession of eccentric but equatorial orbits.

The eccentricity of an orbit modifies two things — i) the frequency associated with the periapsis
precession as a function of the orbital frequency; ii) the relative amplitudes of different harmonics of
these two frequencies in the observed GWs. To accurately compute the dependence of the harmonic
structure on eccentricity for a generic orbit, we need to know details of GW generation in a spacetime
with arbitrary multipole moments. This is a difficult problem, so we focus on the effect of eccentricity
on the periapsis precession frequency itself. We consider an eccentric equatorial orbit in the Kerr
spacetime, and use 4 to denote the average azimuthal frequency (i.e., the total advance in ¢ over
one radial period, divided by the period of the radial motion). We define an orbital eccentricity, e,
such that the ratio of the Boyer-Lindquist radii of the periapsis, 7, and apapsis, rq, of the radial

motion is r,/r, = (1 — e)/(1 + e). With these definitions, the periapsis precession as defined above



can be found to be

2 4
MQ, \? MQy 3(18 = 7e? +2x?) [ MSQy, \?
= 3(—25) -4
P <( ) X(( z)* 1 -t

—(34 — 18¢?) ((1M%> i + - (2.13)

where we are expanding in the weak field limit, M {24 < 1. The corresponding result for a spacetime
with an excess quadrupole moment can be found at lowest order by replacing the term in y? with
x? + g, since the quadrupole moment of a Kerr black hole is 2 as discussed earlier.

In the circular limit, e = 0, the expansion (2.13) allows us to extract M from the coefficient of
Qz/ 3, X from the coefficient of €04, g from the coefficient of Qi/ % ete. However, if we expand to lowest
order in the eccentricity, e, it is clear that the effect of a small excess oblate quadrupole moment
q > 0 could be mimicked, at leading order, by an eccentricity evolving as e? = 2(M Q¢)_2/ 3q. The
two possibilities are then distinguished by knowing how the eccentricity should evolve with M.

The expansion (2.13) contains redundancy, since the coefficient of M Qz/ 3 also depends only on
the lowest current moment, y. If the eccentricity of the orbit did not evolve with time the first four
terms in the expansion would determine M, x, ¢ and the eccentricity e, and higher terms would
determine the remaining multipole moments as in the circular case. However, the eccentricity does
evolve with time. In practice, we will only observe EMRIs as they evolve through a finite range
of frequencies (determined by the detector sensitivity). During that period, the evolution will be
driven entirely by gravitational-wave emission. This means that we can quantify the eccentricity
of the orbit by a single number — the periapsis at which the eccentricity was equal to 1 if we
integrated the inspiral backwards in time, assuming a purely GW driven inspiral. Specifying this
parameter and the multipole structure of the spacetime determines the eccentricity as a function of
MSQg. Determining this relationship, however, requires knowing the details of GW emission in an
arbitrary spacetime.

A complication arises because the ratio M€ /(1 — ¢?)?/2 tends to a constant at the point where
e = 1. Assuming that this occurred in the weak field, MQy/(1 — €?)3/2 < 1, this can be seen by
considering the leading order term in de/d€24 in the weak field (see for instance [26])

de  —(304+121e?)(1 —e?)e (2.14)
d(MQg) — 3(MQy)(96 + 2922 + 37et)’ ’
Denoting X = 1 — ¢? and expanding in the limit MQgs — 0, X — 1, we find
dX 2 X 2 4
A~ = = X = Xo(MQy)3 +0(022 2.15
d(MQg) ~ 3MQ, 0(M2)% + 0(025) (2.15)

in which X is a constant that is related to the periapse at “capture” when X = 0. If the capture
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occurs in the strong field, the ratio M€y /(1 — €2)%/? would still tend to a constant if we integrated
backward until e — 1. Although the inspiral would not be observed as e — 1, that section of the
inspiral does affect the portion that we can observe.

We now substitute the asymptotic behavior (2.15) into Eq. (2.13), to obtain an expansion of the
periapsis precession as a function of the angular frequency in the form p, = ag + a2(M Q¢)2/ 34+
az(MQy) + - - -, where ag, az, ag etc. are constants. In contrast to the circular case, each of these
coeflicients depends on all the spacetime multipole moments, so multipole extraction from the pe-
riapsis precession expansion is no longer straightforward. The reason for this qualitative difference
between circular and eccentric orbits is that it is only possible to observe an eccentric inspiral over
a finite range of periapsis, since the orbit is captured with a certain finite periapsis, while a circular
orbit could inspiral from infinity. The various multipole moments have different radial dependencies,
thus if one can observe the precession frequency at any radius it makes sense that all the moments
can be separately extracted, while this is more difficult if only a finite section of the spacetime is
explored.

In practice, this difficulty also arises when observing a circular inspiral, since the radiation can
only be detected in a certain frequency range. One can parameterize an observation by the frequency

at the start of the observation, Qy = Qg(t = 0). A Taylor series expansion of the precession (see

+>

Eq. (2.32) in the appendix) then gives

Wl

(3 (MQp)3 — 4y (MQp) + % (94 x> +q) (MQ)

Pp =
2 2 4 Q¢*Qo
+ (200020 — ax (M) +2 (9+ X +q) (MQ0)F 4+ ) =22
0
1 2 1 4 Q. -0 2
=2 (MQ0)% 4+ 2 (94 X2 +q) (MQ)5 +--- ) [ 2—=2) 4.
3 3 0
Qy —Q Qo — 0\ 2
= b0+b1M+b2 M +... (2.16)
Q0 QO

In this kind of expansion the multipole moments again contribute at all orders. However, provided
the initial frequency My < 1, the dominant piece of the constant term, by, is (M Qo)%, so this
term can be used to estimate M. Similarly, the dominant piece of 2by — 3b; is 4x (M), so this
can be used to estimate x, and that estimate of xy can be used to improve the estimate of M from
bg. The dominant piece of by — by + 3bs is (9 +x2+ q) /2 (MQO)%7 so this can be used to estimate
the excess quadrupole moment ¢ and so on. In the same way, if an eccentric inspiral is observed in a
regime where the initial frequency is small (and hence the frequency at capture was also small), we
can use the same type of expansion and use combinations of the coefficients to successively extract

each multipole moment and the initial eccentricity. To do this requires an expansion of e? — €3

as a function of 4/ — 1. The necessary derivatives de?/d(M,) are known in the weak field,
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and to lowest order in the multipoles (see, for example, reference [26]). However, this calculation is
somewhat involved and beyond the scope of this paper.

The above discussion indicates that the periapsis precession rate can be used on its own to
measure the multipole moments from an eccentric equatorial inspiral, although this is more difficult
than for the circular equatorial case. However, the value of the precession is not the only observable.
As mentioned earlier, the relative amplitude of the various harmonics of the orbital frequencies is
a powerful probe of the orbital eccentricity. To exploit this harmonic structure we also need to
know how the amplitudes of the harmonics depend on the spacetime multipole moments. However,
if the deviations from the Kerr metric multipole structure are small, we could imagine using the
Kerr harmonic amplitude relation to estimate the eccentricity (and inclination) of the orbit, and
then use the precessions to extract the multipole structure. Proper insight can be gained using
the approximate semirelativistic waveforms described earlier or post-Newtonian expansions of the

gravitational waveforms. Such an investigation will be an important extension of the current work.

2.6 Summary

In this paper we have discussed various observational signatures that could leave an imprint on an
EMRI gravitational waveform if the spacetime in which the EMRI was occurring deviated from the
Kerr metric. We have seen that some orbits in “bumpy” spacetimes lack a fourth integral of the
motion and appear ergodic. Geodesics in the Kerr spacetime have a complete set of integrals, so if
an apparently ergodic orbit was observed it would be a clear signature of a non-Kerr central object.
However, regions of ergodic motion only appear very close to the central object, in a regime which
is probably inaccessible to a star inspiraling from large distances. Most astrophysically relevant
orbits are regular and appear to possess an approximate fourth integral of the motion, and the
orbits are tri-periodic to high accuracy. The deviations of the central body from Kerr then manifest
themselves only in the changes in the three fundamental frequencies of the motion and the relative
amplitude of the different harmonics of these frequencies present in the gravitational waves. For
nearly circular, nearly equatorial orbits, the dependence of the precession frequencies on the orbital
frequency is well fit by a combination of a weak field expansion that encodes the multipole moments
at different orders, plus a term that diverges as the innermost stable circular orbit is approached.
The frequency of the ISCO and its nature (whether it is defined by a radial or vertical instability)
is another observable signature of a non-Kerr central object.

To derive these results, we have focussed on a particular family of spacetimes due to Manko and
Novikov [13]. However, we expect the generic features of the results in the weak field and as the
ISCO is approached to be true for a wide range of spacetimes. Chaos has been found for geodesic

motion in several different metrics by various authors [14, 15, 16, 17, 18]. In all cases, however, the
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onset of chaos was qualitatively similar to what we found here — it occurred only very close to the
central object, and for a very limited range of orbital parameters. The conclusion that gravitational
waves from ergodic EMRIs are unlikely to be observed is thus probably quite robust.

Precessions for spacetimes that deviate from the Kerr metric have also been considered by several
authors [2, 11, 12]. Our results agree with this previous work in the weak field as they should.
However, the results in the present paper are the first that are valid in the strong field since previous
work was either based on a weak field expansion [2] or a perturbative spacetime [11, 12]. The main
feature of the precessions in the strong field — the divergence of one of the precessions as the ISCO
is approached — is expected from spacetime-independent considerations and therefore should be a
general feature of inspirals in any spacetime. The present work, and earlier research [11, 12], has
also considered only solutions that first differ from the Kerr metric in the mass quadrupole moment.
The Manko-Novikov solutions [13] include spacetimes that first differ at higher orders. While we
have not considered such solutions, we expect the generic features to be similar. The precessions
will be closer to the Kerr values for a greater fraction of the inspiral, and the ISCO will be at a
different frequency, but the qualitative behavior in the approach to ISCO should be the same.

The next step in understanding how gravitational-wave detectors might identify non-Kerr cen-
tral objects from EMRI observations is to consider the gravitational waveforms produced during an
inspiral. Any analysis should account for both parameter correlations and the finite bandwidth and
observation time of gravitational-wave detectors by using a Fisher Matrix analysis. Glampedakis
and Babak [12] constructed approximate gravitational waveforms generated by orbits in a perturbed
Kerr spacetime, but they considered only waveforms from geodesics (i.e., not inspirals) and com-
pared waveforms with the same orbital parameters. These are not observable quantities (unlike the
frequency of the orbit which we used as a basis for comparison here) and such a calculation does
not account for parameter correlations. Barack and Cutler [27] did a full Fisher Matrix analysis of
this problem, and estimated that a LISA observation of an EMRI could measure the quadrupole
moment of a body to an accuracy of 1072 while simultaneously measuring the mass and spin to
10~%. That calculation was based on an approximate waveform model devised to describe Kerr
inspirals. The expressions governing the inspiral were modified by adding the leading order effect of
a quadrupole moment to the energy and angular momentum fluxes. The waveform generation part
of the algorithm was left unchanged. Although this result is a good guide, the calculation contained
a number of inconsistencies. For Kerr inspirals, semirelativistic “kludge” waveforms based on com-
bining exact geodesic motion with approximate gravitational-wave emission formulae have proven
to give accurate results [26, 25]. The same method could be used to produce waveforms for inspiral
in the Manko-Novikov spacetimes, by changing the geodesic equations and augmenting the inspiral
fluxes appropriately. Such an approach will not generate totally accurate gravitational waveforms,

but it will reproduce the main features of the orbit — the precession frequencies, the orbital shape
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and the frequency of the ISCO. A study of gravitational waveforms generated in “bumpy” space-
times will provide useful guidance for future detectors such as to what precision an observation
could determine that an inspiral is an inspiral into a Kerr black hole and how well observations
can distinguish different types of deviation from Kerr, e.g., an exotic central object from a naked

singularity from a Kerr black hole with external matter.

2.7 Appendix: Chaotic Motion in Newtonian Gravity

The classic example from astrophysics of a system that exhibits chaos in classical (Newtonian) gravity
is the two dimensional Hénon-Heiles potential V (r,0) = r?/2 + r3sin(36)/3 (see [28] for example).
Guéron and Letelier [16] also found chaos in the Paczynki-Witta potential (& = M/(r — rg), where
rs = 2M 1is the Schwarzschild radius) with a dipolar perturbation. Neither of these spacetimes is
reflection symmetric, so for a better analogy to the relativistic spacetimes considered in this paper,

we examine the Newtonian quadrupole-octupole potential

2

M M, 22 M, 24 z
B(p,2) = - 2 (1—3r2> + 5% (35T4—30T2+3 . (2.17)

Here, M, My and M, denote the monopole (mass), quadrupole and octupole multipole moments
of the potential. Stationarity and axisymmetry ensure that energy E and angular momentum
L. = r?d¢/dt are conserved as usual, which leads us to the Newtonian analogue of the effective

potential equation (2.8)

1 dr\? dz\? Lo L
5 <<dt) + <dt> > *chf(EaLzapaz) - 5 (E *1) - 202 *‘I)(p,z) (2‘18)

where we have replaced the standard Newtonian energy by the relativistic expression (E? — 1)/2

for consistency with (2.8). The equation of motion in this potential takes the usual form d?r/dt? =
—V®. If we take the multipole moments to have the values My = 2M?3 and M, = 10M?, and
choose the angular momentum to be L, = 1.7M, we find that for a range of values of the energy
E, bound orbits occur quite close to the origin. For sufficiently large values of E, there is a single
allowed region for motion (defined by Veg > 0). Orbits in that regime appear to be regular, and show
closed Poincaré maps. If the energy is reduced, the allowed region eventually splits into two separate
regions, one bounded away from r = 0, and one connected to r = 0. Orbits in the outermost region
after this transition exhibit ergodic behavior. In Figure 2.20 we show four plots. Two of these plots
are for an orbit with £ = 0.82, which exhibit regular behavior. The other two are for £ = 0.81
and exhibit ergodic behavior. We choose the initial conditions of both orbits to be p = 0 = z and

p = 3M, with % determined from the assigned energy (2.18). The upper panels in the figure show
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Figure 2.20: Example of onset of chaos in the Newtonian quadrupole-octupole potential (2.17). All
plots are for orbits which start with p = 0 = 2, p/M = 3 and have specific angular momentum
L, = 1.7TM. The left hand panels are for energy E = 0.82, while the right hand panels have
energy £ = 0.81. The top two plots show zeros of the effective potential, Vog = 0, as defined by
equation (2.18), and the paths followed by the orbits in the (p, z) plane. The bottom two plots are
Poincaré maps for crossings of the z = 0 plane in each case.

the orbit in the (p, z) plane, and the boundary of the allowed region of motion (defined by Vg = 0).
The lower panels show Poincaré maps for the two orbits. The ergodicity of the orbit with £ = 0.81
is quite evident from the Poincaré map. We also find that this orbit fills up the entire allowed range
of p and z. By contrast, the regular orbit with E = 0.82 explores only a narrow torus in space.

A thorough examination of when ergodicity appears in this potential, as a function of energy,
angular momentum and the multipole moments Ms and M, is peripheral to the focus of this paper.
However, the results presented here provide a Newtonian example to which we can compare the

relativistic results of Section 2.3.
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2.8 Appendix: Weak Field Precessions

2.8.1 Relativistic Precession

In Boyer-Lindquist coordinates, the energy, angular momentum and rest-mass conservation equa-
tions (2.8)—(2.8) for geodesic motion in the Kerr metric can be used to derive the equation of motion

in the form (see for instance [29])

1 /dr\2 a6\ >
> <(dt> *A(dt> ) B
(E(r? +a?) — aLz)2 — A (r* 4+ (L, — aE)? + L cos® 0 + a” cos® 0(1 — E?))
2 (B((r* 1 a2)?/A — a?sin® §) — 2MaL.r/A)°

(2.19)

where A = r?2 — 2M7r + a2, and @ = My. The prograde equatorial circular orbit at radius r has

energy and angular momentum

1— 202 5 /M

5 _ ve+av’/ (2.20)
V1 =302 + 2av3/M

1 —2av3 /M + a?v*/M?

rv
V1 =302+ 2av3 /M

(2.21)

where v? = M /r. The frequency of a prograde circular orbit is given by

The epicyclic frequencies for radial and vertical perturbations of the orbit are given by the second
derivatives of the right hand side of equation (2.19) with respect to r and 6 (the right hand side of
Eq. (2.19) is the effective potential for the Kerr spacetime). To obtain the form of these frequencies
in the weak field, we wish to expand in 1/r. With some manipulation and keeping terms up to r~°

only, we obtain the expansion

@ oo MM MR LM (2.23)

P 73 4 79/2 75 :
M M?5/2 M3

Q0 = O TER +3X275 o (2.24)

where we use €,, 1, to denote the radial and vertical epicyclic frequencies to be consistent with

the results earlier in the paper. With further manipulation, expressions for the precessions, px, as
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a function of the orbital frequency, 2y, may be derived

2 3 4 5
pp = B(MQ)T —dx (M) + 5 (9+X7) (MQ)* — 34x (M)
1
+5 (135 + 67x%) (MQy)? + - (2.25)
3 4
p: = 2x(MQ) - 5x° (M€4)5 + 8% (MQy)” + - (2.26)

Results for retrograde orbits may be obtained by the substitutions x — —x, Q4 — —Q4 and

L, — —L, in the above expressions (NB €, < 0 for retrograde orbits, so —Q is equivalent to |[€24]).

2.8.2 Precession due to a Quadrupole Moment

The precession induced by a quadrupole moment can be derived using the Newtonian quadrupole

potential

Here r = /22 + 42 + 22 is the distance from the origin, z is the vertical coordinate and we will use
p = /22 + 92 to denote the cylindrical polar radial coordinate. The radial equation of motion in
this potential takes the form

1 /dp\? ! M 1Q 22
- Z£ N R —1 L -*(1-3Z= 2.27
2 (dt) 2p2+ - o 72 (2:27)

and the energy, angular momentum and orbital frequency of a circular, equatorial orbit with radius

p are

g - @ M
4p%  2p
3

L, = MerfQ

2p

M 3Q

Qy, = — +t-—= 2.2

Differentiating Eq. (2.27) twice with respect to p and z, we find the epicyclic frequencies take the

form

+

(2.29)

+
N W N W

+

(2.30)
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Hence we derive the precession frequencies

3 Q 4
pp = —5p MQ)E A+
3 4
p, = ng(]\[Q¢)3+.... (2‘31)

The lowest order form of these expressions was also given in Collins and Hughes [11], although they
expressed the precession in terms of a radial coordinate, rather than the observable Q4. We also use
a slightly different definition for the quadrupole moment @ so that it is consistent with Q = —y?M?3
for the Kerr metric. As we would expect, the leading-order terms in these expressions agree with
the leading order terms in x? in the Kerr expressions.

Combining this result with Eq. (2.26), we obtain the weak field precessions for the Manko-Novikov

solution with spin parameter y and excess quadrupole moment g

wlon

2 3 4
P = 3(MQ)7 —dx (M) + 3 (94 x> +q) (MQy)? — 34x (MQy)
1
+5 (135 + 67x” + 399) (MQy)? + -
3 4
pe = 2x(MQy) -3 (X2 +q) (MQy)3 + (8x% — 3q) (MQy)* +---. (2.32)
In the above, the lowest order term that is omitted is the order at which the excess current quadrupole
moment would first contribute. This result is also given in Ryan [2], although he quotes an expression
for QP/Q¢, where Qp is equal to Qg — Q,. Our result is consistent with his once this is taken into
account. We note that some of the terms in expression (2.32) come from relativistic corrections to

the effect of the quadrupole moment. These cannot be derived using only the results quoted in this

appendix, but are given in Ryan’s paper [2].
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Chapter 3

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, respectively. 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 mo-
mentum exchange) between the central body and orbiting object, and (iii) the
evolving orbital elements. Fintan Ryan has given a first partial 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 conjec-

ture) the evolving tidal coupling.

Originally published as C. Li and G. Lovelace, Phys. Rev. D 77, 064022 (2008).
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3.1 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 (10~4-0.1 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) with mass
M ~ 10°Mg. Recently, Brown and collaborators [4] have estimated that advanced detectors in
LIGO (the Laser Interferometric Gravitational-Wave Observatory) may detect up to ~ 10 —30 yr—!
intermediate mass ratio inspirals (IMRIs), which are analogous to EMRIs but have less massive
central bodies (masses M in the range of ~ 10%t010*My).

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 con-
jecture. Specifically, he has proved that it is possible in principle to recover the full spacetime geom-
etry from EMRI waves under the following assumptions: (i) the central body is general-relativistic,
stationary, 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 redundantly encoded in the gravitational waves and can be extracted using either of the two

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
Ref. [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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precession 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]).

Motivated by the result of Fang and Lovelace [16] 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, E‘body
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 Qorpbit 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. 3.2, 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. 3.3—use the
waves’ dissipation-induced phase evolution to deduce the tidal coupling.

In our somewhat delicate discussion of deducing the tidal coupling (Sec. 3.3), we begin by noting
that the sum of the power radiated to infinity and the power fed into the central body via tidal
coupling, Fiotal = 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 Ebody, the quantity that interests us, and (ii) by very slightly altering
E. To help quantify these two body influences, in Sec. 3.3.2 we show how one can deduce, from
the observations, the rate F.onpr that energy would be radiated to infinity if there were no body
influences. The difference between the measured E‘total and the deduced EOONBI is the influence

of the body’s structure on the total energy loss from the orbit, Etotal’BI = Etotal — EooNBI- This
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measured/deduced body influence on the total energy loss consists of two tiny pieces: the power that
actually goes into the body via tidal coupling, Ebody, and the body’s tiny influence on the power

radiated to infinity, Eoopr = Foo — FooNBI:
Eyotal81 = Eoonl + Ebody - (3.1)

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'total,BI 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. 3.3.3 and the appendix
that, if the central body is highly compact, then the unknown FEoop1 will be smaller than E‘body 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 E'totaLBI.

A brief conclusion is made in Sec. 3.4.

3.2 Extracting the Spacetime Geometry and Orbital Ele-
ments

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 Ref. [17])
1
ds* = —F(dt — wd¢)? + F[eZ'y(de +dz?) + p?d¢?], (3.2)

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;, Soi41), 1 =
0,1,... [18, 19]. 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 {M;, S;} [6].

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

nearly equatorial orbit.
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For precisely circular, equatorial, geodesic motion, the waves obviously have a single fundamental
frequency €2 that is associated with the circular motion ¢ = 24t. When the geodesic orbit is
slightly nonradial, it is easy to show that its radius p undergoes periodic motion with some angular
frequency Q,; 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, €2,, Q2, and their sums and differences
(see Ref. [9] for a proof, patterned after the proof by Drasco and Hughes [20] for the Kerr metric).
The frequency difference €1, — Q24 shows up as an orbital periapsis precession, and 2, — £}, 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), Q2,(¢)} 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),,(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 €2, and 2, as the “precession frequencies” even though the
actual frequencies of precession are €2, — {14 and £, — Q.

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

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

2. the rates Ebody 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 ¢(t).

Ryan’s theorem [6] states that if there is no tidal coupling, then all the SARSAF moments
{Mas;, S2;41} 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 ¢(¢t). However,

their encoding is an almost trivial extension of his analysis:
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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 €, as functions of
the moments and €4, or equivalently as functions of the moments and the Post-Newtonian (PN)
expansion parameter v = (M)'/3 ~ (orbital velocity). Expanding Q,(v; S¢, M) and Q,(v; Se, 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

Ref. [6]):

Q, 2 S1 3 9 3Mz\ 4

A WL e Z_ - e

2 v 7z + 5 o3 )Y +

Q, S1 3, 3My 4

2 = 2= )
2 2V toapy T (3.3)

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. ,(£¢) 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 ,(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 Qg(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.

3.3 Probing Tidal Coupling

We now drop Ryan’s restriction of no tidal coupling. This does not alter Egs. (3.3) for 2, and Q.
as functions of v, i.e. of the orbital frequency 24, since all three frequencies only depend on the
geodesic motion and hence only depend on the multipole moments {M;, Sp}. 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
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the spacetime metric, can be used to extract tidal-coupling information. This extension is discussed

in the following subsections.

3.3.1 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 Ref. [6])

fat
dlnf _ dfjdt’

AN(f) (3.4)

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 Ref. [6]):

5 (MY _; 743 113 Sy 3058673 1 S M,
AN _ 2 [ = 511 SE 2 4 3 e JIPO: e T L 4
NBI 967 ( i ) v g — A T3 F  Toteoes 16 T 008 )Y
(—1)4/2(40 + 2)(¢ 4 1) [M; + TNILM] v
* 3OO
0=4,6,...
N (—1)=1/2(8¢ 4 20)01 [S; + TNILM] v2¢+! (3.5)
e 3(0 — )M+ ' '

Here “NBI” stands for no body influence and “TNILM” stands for terms nonlinear in lower moments.
(Recall that v = (MQy)'/3 = (M f)*/3.) So long as tidal coupling is negligible, then, the spacetime
multipole moments can be determined redundantly from either AN(f) (Eq. (3.5)) or the periapse
precession frequency €2,(2,) or the orbital-plane precession frequency () (Egs. (3.3)).

3.3.2 Tidal Coupling and the Phase Evolution

When tidal coupling effects are included, the redundancy is broken. The multipole moments { My, S}
can still (Eq. (3.3)) be determined from €2, . (€), while (as the following discussion shows), the tidal
coupling can be determined from {Mp, 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 ANxgr (Eq. (3.5)). After inserting the mass M (obtained
from one of the precession frequencies), one can solve for u. The precession frequencies, in contrast, are independent
of p (Egs. (3.3)).
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angular momentum are related by
Eorbit = Q¢ Lorbita (36&)

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
Eo = Qy Loo. (3.6b)

Conservation of energy and of angular momentum, together with Egs. (3.6a) and (3.6b), then imply

that
Ebody = Q¢ Lbodyv (36C)

for the energy and angular momentum deposited in the body by tidal coupling. Equations (3.6)
imply 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

dEoie 1
2 orbit
AN (3.7)

-f

Etotal = *Eorbit = -

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. 3.2), it is possible to compute
dEomit/df via the geodesic equation®To do this, first insert the multipole moments {M;, S} into
the geodesic equation. Then, solve the geodesic equation for the family of circular, equatorial orbits
about the central body. Each orbit i will have a particular value of energy Eqbit,; and frequency
fi; this one-to-one mapping between Eopit and f can then be used to compute dEqpit/df. Thus
everything on the right-hand side of Eq. (3.7) can be determined from observed quantities, which

means that Fi.t, 1S measurable.

3 .
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Another measurable quantity, we claim, is the rate that energy would be lost from the orbit if

the body’s structure had no influence. This quantity is [by analogy with Eq. (3.7)]

dEorbit 1
df ANnsr

EiotaiNpl = — f? (3.8)

Knowing the moments as a function of frequency from measurements of the precessions, ANNgI
can be computed from the moments via Ryan’s phasing relation,* (3.5) and, as we have seen,
dEobit/df can also be computed from the observations; so E’total,NBI is, indeed, observable, as

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

Etotal,BI = Etotal - Etotal,NBI (39)

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, E’body, and a tiny body-influenced modification of the rate that the waves

carry energy to infinity

Erotal B = Fhody + EooBI (3.10)
where

Eocpl = Es — Etotal,NBI . (3.11)

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 E‘body and E’ooBI to the observed total body influence E'total,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, Emtal’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.

3.3.3 The Dependence of E., on the Central Body’s Internal Structure

Consider a central body sufficiently compact that gravity near its surface blueshifts 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. (3.5) can be written explicitly.
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EOOBI/Ebody is very small:

Bocbt i 1, (3.12)
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 Etotal,BI will go into the body itself via tidal coupling, so
Ebody will be measured to good accuracy.

To understand our claim that EooBI / Ebody ~ v™ 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
[21] (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 = Q4/7, 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 = 2Q). Since we only want to know, to within factors
of order unity, the ratio Eonl / 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 4, 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+ + th) =
w?(hy + ihy), where hy and hy are the dimensionless gravitational wave fields; so the radiated

which tells us that ¥, ~ (r/w)€s. Near the body’s

energy is Eoo ~ r2|hy + ihy|? ~ (r/w)2E2,
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?£|?, where « is the Kerr-metric lapse function, which goes to zero at the horizon
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Figure 3.1: 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 [22].) Thus, in order to ensure that the power flow is the square of the renormalized

radial wave function,
E~ U2, (3.13)
we must renormalize the ZAMO-measured tidal field £ by

U~ (r/w)€ at r — oo,

U ~ (a?r/w)€ near body . (3.14)

With these preliminaries finished, we can give our physical argument for Eq. (3.12) in terms of
the radial wave function ¥. Our argument relies on Fig. 3.1.

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 [23][24]:
Ebody / EOONBI ~ v if the hole’s spin angular velocity Qg is much less than the orbital angular ve-
locity Q4; and Ebody/EooNBI ~ VP i Q> Q4. (Here we have used the no-body-influence notation
FEoongi 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. (3.13), the ratio of the downgoing
field at the horizon ¥| to the outgoing field at infinity V.onpr is

v, vt Q< Qy

~ for
YoonBI 52 Qu > Qy

(3.15)

This suppression of the downgoing field relative to the outgoing is due, mathematically, to a reflective
effective potential in the wave equation that U satisfies (Fig. 3.1). 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
Wy =Ry, (3.16)

at some chosen radius just above the body’s surface. Here ¥ and W; are the downgoing and
upgoing components of ¥: see Fig. 3.1. 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 [22] 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 Bl N v Qg < Qy

for . (3.17)
vy 15/2 Qi > Q4

Combining Eqgs. (3.17), (3.16), and (3.15), we see that

Yoot vt? for O <y

VoonBI 10 Q> O,

(3.18)

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 |¥eonpr + Yoon1|? ~ |Voonni|? + 2R (Yoonn1 P2 p;), which
means that the ratio of the radiated body-influenced power to radiated no-body-influence power is

EOOBI '1)13 QH < Qd)

- ~ for . (3.19)
EeonpI 10 Qu > Qy

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. (3.19) with the square of Eq. (3.15), we obtain the ratio of the body-influence

power radiated to infinity over the tidal coupling power into the central body:
Eoobt/Eboday ~ v° (3.20)

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, E‘body /E"OOBI ~ 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 EtotaL BI, Which is measurable; and

therefore the tidal power will be measurable.

3.4 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.

3.5 Appendix: an Explicit Derivation of Results in Section 3.3.3

3.5.1 Teukolsky Perturbation Formalism

In this subsection, we use the Teukolsky perturbation theory to justify our results in Sec. 3.3.3. We
first briefly review the standard Teukolsky perturbation formalism. Details can be found in, e.g.,
Ref. [25]. 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
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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 14 that is related to the ZAMO-measured tidal field & by a linear transformation of the

basis vectors. This 14 can be decomposed into Fourier-Harmonic components according to

Yy = — / o 3 Rotn)-2Tim 0. )™ (3.21)

4
where Y}, (0, ¢) are the spin-weighted spherical harmonics. The radial function Ry, () satisfies
the inhomogeneous Teukolsky equation

——Q(T—M)i

dr + U(T):| Rwlm(r) = Totm, (322)

where o = 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 in, e.g., Ref. [23], Egs. (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,

IN (wr)4 * —lUJT' ) r— 2]\47
Ritm = 1 o™ 3 yout iwr*
() Qe ™+ (@r) Qe 1 — oo,
(wr)4a4pout efiwr* + in eiwr* r— 9M
UP wlm wlm ) )
Rwlm - (323)

(wr)3er, r — 400,

where d/dr* = o2d/dr. From these two homogeneous solutions, we can construct the inhomogeneous

solution according to

1
Roim(r) = 3.24
tm(r) Wronskian[RYP | RIY (3:24)

wlm? wlm]

(Rwlm( )/21\/1 dr' R}, (r') Totm (r') + RO, (7 )/T dr' Ry, (r /)%zm(Tl))7

where 7.1, (1) = Tipim () (1> —2M7r)~2. This solution has only outgoing waves at infinity and satisfies

the purely ingoing boundary condition: (Ref. [23], Eqgs. (2.8) and (2.9))

]%wlm(’r—> OO) ~ Zwlm ° zwr )

Rwlm(r N QM) ~ ZUP T4a4e—zwr ; (325)

wlm
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where

1 o0
IN,UP — IN,UP
20" = g > [, [0 = 20 R 0 T )] (3.26)

At infinity, where the spacetime is almost flat, 14 is directly related to the outgoing gravitational

wave strains according to
1 /-
ba=3 (s b)), (3.27)
and we can obtain the luminosity formula (Ref. [23], Eq. (2.21))

5 1 w2 2| 7IN |2
B = - (M) ZZ(MW) 1ZIN 12, (3.28)

3.5.2 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
Rt (1 — 2M) ~ e 4 (something)e™" . (3.29)

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.

3.5.3 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. 3.3.3: 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 the physical, order-of-magnitude
arguments, but at general radii r they not related in any simple way to ©4. 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

X by the Chandrasekhar transform, Eq. (A6) of Ref. [23]. This Chandrasekhar transform takes the
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form
RO =\ CLXET, (.30
where
B = g ot
N _i (3.31)
C,, is a second order differential operator, and X Bfr’nUP are two linearly independent solutions of the

homogeneous Regge-Wheeler equation

d2
[dT*z +w? - V(T)} Xoim(r) =0, (3.32)
where
(l-1) 6M
V(r) = a2 { — TB] . (3.33)
The asymptotic expressions for X LIUI;%UP are (Ref. [23], Eq. (2.7))
e e, r— 2M,
Xotm = o o (3.34)
:’.r)llme—zwr +Aglll1tnelwr , T — _1_007
_ Bgu;e—iwr* + i})ﬂmeiwr*7 r— 2M,
X~ l l

e, r — 400,

Here we note that by the conservation of the Wronskian, it is straightforward to show that B™out =

Ain,out

3.5.4 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, (3.35)
Here X Sfm 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 Ref. [26] that because the Regge-Wheeler function treats outgoing and



81

ingoing 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 (3.35), which satisfies the new inner boundary condition can be con-

structed from the old homogeneous solutions:

XD = BLX D + Ba X, (3.36)
where
RAout R
ﬁl =1 + +m7 ﬁQ = in (337)
Awlm Awlm

After doing an inverse Chandrasekhar transform, we obtain the corresponding homogeneous
solution of the homogeneous Teukolsky equation

IN
ﬂ 2 lem

RN =RN 4+= RYP. 3.38
l l ﬁl XElF;n l ( )

Now we can replace R™N by R™ in Eq. (3.25) to obtain the solution R, (r), which satisfies the
inhomogeneous Teukolsky equation with upgoing and downgoing waves at the horizon and purely

as in Eq. (3.25):

outgoing waves at infinity. From this Ry, () we identify the new amplitudes Z .

ZIN — ZIN + &XB\ZITH ZUP . (339)
wlm wlm 61 Xgll:n wlm

From these new Z!N the calculation of the luminosity at infinity is straightforward.

wlm

In Ref. [23] Poisson and Sasaki have already worked out all the relevant formulae, so we only
give the results. For the original expressions in Ref. [23], please refer to Eq. (3.25) for A, A°ut
Eq. (A7) for x™N XU 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

2

128iRv!3
Sl (3.40)

Fo = E
> 1564

Schwarzschild

where v is the same PN expansion parameter as that in Sec. 3.3.3. Unless the reflection coefficient

R is precisely real, this gives

Eo = Ex

1+ 204 (R) 71;13} (3.41)

Schwarzschild |: 15 ﬂl
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in agreement with Eq. (3.19). The change in Ebody should be

1—[RP
Schwarzschild ( ‘ﬁ1|2 ) ( )

Ebody = Ebody

where [ is defined in Eq. (3.37).
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Chapter 4

Mapping Spacetime with Gravitational
Waves from EMRIs: Generalization of
Ryan’s Theorem to Eccentric, Nearly
Circular Orbits and to Generic Orbits

I consider the gravitational waves emitted by an EMRI, which consists of a small
object orbiting around a massive body whose gravitational field is a SARSAF
solution of the vacuum Einstein equations. The emitted gravitational waves de-
pend on the central body’s spacetime metric, which can be fully characterized
by two families of multipole moments M; and S;, and on the moon’s slowly
evolving geodesic orbital parameters. Using action-angle variable theory, the
KAM theorem in classical mechanics, and the results of numerical experiments,
I give strong evidence that the coordinates of these geodesics as functions of
the moon’s proper time 7 can be expanded into discrete Fourier series with four
fundamental frequencies (A, Az, Ay, A¢). T also use a Green’s function to show
that, as functions of time ¢ far from the EMRI, the emitted gravitational wave-
forms can also be expanded into Fourier series with three fundamental frequencies
(Q = Ao /A, Q2 = A /A, Qg = Ay /A¢). The evolution of these three frequencies
and the evolution of the waveforms’ harmonic amplitudes contain rich informa-
tion about the metric of the central body and the orbital parameters of the moon.
In particular, (one variant of) Ryan’s Theorem [1] states that, for nearly circular,
nearly equatorial orbits, a sequence of snapshots of the frequencies contains the
full spacetime metric of the central body. In this paper I show that this is also
true when the orbit is arbitrarily eccentric but still nearly equatorial, and I give
an algorithm for extracting the map in this case — one that might, in fact, be
practical. I also sketch two different routes by which a generalization to generic

orbits might be achieved.

C. Li, paper in preparation.
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4.1 Introduction and Overview

We are in an era when a network of broadband ground-based laser interferometers [the Laser Interfer-
ometer Gravitational Wave Observatory (LIGO), VIRGO, GEO600, TAMA][2], aimed at detecting
high-frequency, astrophysical gravitational waves, has already operated for two years and is now
being upgraded; and plans for the space-based, low-frequency Laser Interferometer Space Antenna
(LISA) [3] are maturing. One of LISA’s high-profile goals is bothrodesy — the black-hole analog of
geodesy: use observed waveforms from extreme mass ratio inspirals (EMRISs) to measure the space-
time metric of a massive black hole orbited by a small object (“moon”), and compare the measured
metric with that of Kerr. Thorne [2, 4] has argued since the early 1990s that it should be possible to
extract details of the massive hole’s metric from its EMRI waves, and the author and colleagues have
recently shown that LIGO can likely also do so (though with far lower accuracy) using waves from
intermediate mass ratio inspirals, IMRIs [5]. LISA and LIGO can not only measure the spacetime
metrics of black holes, but can also search, via mapping, for other types of massive central bodies
(e.g., hypothesized boson or soliton stars and naked singularities). Even if no such bodies exist, a
search for them, will provide a way to place quantitative, high-precision observational limits on the
black-hole “no-hair” theorem, which says that a black holes’ spacetime metric is fully determined
by its mass and spin angular momentum.

Extracting high-precision maps of the spacetime metric from LISA’s EMRI waves is feasible
because of bothrodesy’s very high potential precision: in the last year of its inspiral, a stellar-mass
object orbiting a (say) 10°Mg black hole emits roughly 200,000 cycles of waves, with a very rich,
time-evolving harmonic and modulational structure. Because of the extreme mass ratio /M ~ 1076,
the inspiral is very slow and so the last year’s waves are all emitted from the intense-gravity regime
r < 8M near the black-hole horizon [6]. With so many cycles, such rich structure, and such intense
gravity, LISA is expected to have great power in exploring the spacetime metric.

Our confidence that this mapping is feasible is based largely on a theorem due to Fintan Ryan
[1] (and its generalization by the author and Geoffrey Lovelace [7]). This theorem says that (under
certain assumptions discussed below) the EMRI waves contain, encoded in themselves, the central
body’s full spacetime metric and full details of the evolving orbital parameters (and also details of
the dissipative tidal coupling between the orbiting moon and central body [7] — though that will be
irrelevant for the present paper). This theorem is also accomapnied by algorithms for extracting this
information from the observed waveforms [1, 7]. A generalization to a massive body with electric
charge and currents has been given by Sotiriou and Apostolatos [8].

Ryan’s theorem [1, 7] relies on the following idealizing assumptions:

(i) The compact, massive central body has a vacuum, external gravitational field, which is Sta-

tionary and Axisymmetric (otherwise it presumably would emit gravitational waves until its asym-
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metries disappear), and also Reflection Symmetric across the equatorial plane and Asymptotically
Flat (SARSAF). (In the unlikely case that it is nonrotating, a massive body’s intense self-gravity pre-
sumably will have driven it into a spherical and thus axisymmetric shape.) Xanthopolous and others
[9, 10] showed, in the 1970s, that there is a one-to-one correspondence between a SARSAF vacuum
solution of the Einstein field equations and two families of scalar multipole moments [11, 12, 13]: the
spacetime’s “mass moments” {My, Mo, My, Mg, ...} and its “current moments” {Si, Ss3, S5, S7, ...}
Therefore, to map the spacetime metric, we only need to determine these multipole moments from
the observed gravitational waveforms.

(ii) The inspiraling moon is sufficiently compact and its mass is sufficiently small that the radi-
ation reaction timescale is much longer than its orbital period. (This is reasonable for LISA since
a mass ratio of u/M ~ 107° is expected, but less so for LIGO where u/M ~ 1/10 to 1/100.)
This assumption allows us to make the usual adiabatic approximation so that the moon moves on
geodesics of the central body and spirals from geodesic to geodesic on a timescale much longer than
one orbital period.

(iii) The moon’s orbit is nearly circular and nearly equatorial; i.e., it lies in the equatorial plane
and is circular, plus has small radial and vertical perturbations.

These three assumptions enabled Ryan to show [Ref. [1] Eqgs.(18)—(19)] that the spacetime’s
multipole moments, and hence its metric, can be extracted from the observed frequencies of the
radial and vertical perturbations, expressed as functions of the slowly evolving fundamental orbital
frequency. Ryan accompanied this theorem with algorithms for extracting the moments and hence
the map of the body’s metric from the observed waveforms.

Remarkably, Ryan’s algorithms and his proof of his theorem did not require any substantial
details of gravitational-wave-generation theory. Lovelace and I have shown [7] that if one is willing
to invoke wave-generation theory, then from the time evolution of the waves’ phase (or, equally well
of their fundamental frequency), one can deduce full details of the dissipative tidal coupling between
the moon and the central body. We also showed how to extract the time evolution of the orbital
elements from the observed waveforms.

In this paper (Sec. 4.5), without using wave-generation theory I generalize Ryan’s theorem and
map-extracting algorithm to arbitrarily eccentric orbits. Unfortunately, my proof requires that the
orbit remain nearly equatorial, with small vertical perturbations. In Sec. 4.4, I give strong evidence
that, in order to relax my nearly equatorial assumption (in order to generalize Ryan to generic
orbits), it will be necessary to rely on substantial details of wave-generation theory.

In my algorithm and theorem, (like Ryan) I avoid wave-generation theory by using only observ-
ables related to gravitational-wave snapshots, which do not depend on the rate, as a function of
time, of the orbital inspiral and thus also do not depend on the dissipative tidal coupling between

the central body and the moon. In the adiabatic approximation, these snapshots are emitted by
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the moon when it is moving on a fixed geodesic. I work out the multiperiodic functional forms of
these snapshot waveforms explicitly in Sec.4.3. In Sec. 4.4 T discuss the extra dynamical evolution
information contained in the rate at which the orbit evolves from one snapshot to another (the rate
of orbital inspiral), and I discuss the crucial role that this extra information is likely to play in any
generalization of Ryan’s theorem to generic orbits.

In some realistic astrophysical situations, the orbits might have non-negligible eccentricity and
inclination angle (e.g., Ref. [14]). For such situations, a generalization to generic orbits is much
needed. However, when the massive central body has had a sufficiently dense accretion disk in the
equatorial plane for a sufficiently long time in the past, Miller [15] suggests that the inclination
angle might have been driven to near zero. Then we can apply the theorem of this paper and use
its algorithm (Sec. 4.5.5) to map the spacetime geometry.

Phinney [16] has given evidence that a large fraction of LISA’s EMRIs will have nearly circular
orbits (in the sense of Keplerian orbits). Hence a generalization of Ryan’s theorem to inclined, nearly
circular orbits (in the sense of general relativity) might be more interesting than my generalization
to eccentric, nearly equatorial orbits. If the central body is a black hole, then “near circularity”
is well defined independent of the orbit’s inclination to the equatorial plane; and for black holes,
Phinney’s evidence for near circularity is tied to a theorem that, under radiation reaction, eccentric
inclined orbits circularize, and circular orbits (orbits of constant Boyer-Lindquist radius r) evolve
into circular orbits. However, in a general SARSAF spacetime, for inclined orbits no such theorem
is known and there is no obvious well-defined meaning for circularity; so it is not at all obvious how
one would generalize Ryan’s theorem to inclined, nearly circular orbits.

This paper is arranged as follows. In Sec. 4.2, T discuss geodesics in a SARSAF spacetime. I
show that, if the Hamilton-Jacobi equation is completely separable (as is the case in some but not
all such spacetimes), then the geodesics are multi-periodic functions of the geodesic’s proper time
7. When the Hamilton-Jacobi equation is not separable (or we do not know if it is separable), then
numerical integration of the geodesic equation [17] shows that the orbits are still multi-periodic, at
least in all SARSAF spacetimes that have been studied and for orbits that are not too extremely
small. This may be due to the KAM Theorem. These considerations provide strong evidence that
geodesic orbits are multi-periodic in SARSAF spacetimes, and the remainder of the paper presumes
this to be true. In Sec.4.3, I show that one can deduce the orbit’s fundamental frequencies from
gravitational-wave snapshots [Eq. (4.28)]. In Sec.4.4, I discuss some general issues related to the full
generalization of Ryan’s theorem (generalization to generic orbits). Most importantly, I show that
any such generalization must involve details of wave-generation theory in SARSAF spacetimes that
are not now in hand, and I suggest two routes by which the generic generalization might be carried
out: one involving snapshots of the complex amplitudes of the waves’ harmonics along with their

three frequencies; the other involving the time evolutions of the waves’ fundamental frequencies.
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With all these preliminaries finished, in Sec. 4.5, I formulate and prove my generalization of
Ryan’s theorem for a moon that is in an eccentric but nearly equatorial orbit; and as the foundation
for this generalization, I derive an algorithm for extracting the map carried by the waves. The basic
idea underlying my proof and algorithm is as follows. For any generic multiperiodic geodesic orbit
in a fixed SARSAF spacetime, the waves’ three fundamental frequencies, §2,,Q. and Q4 [Eq. (4.28)]
depend on the three orbital parameters p, e, and ¢ and on the spacetime’s metric or multipole mo-
ments. However, when the orbit is nearly equatorial, the fundamental frequencies are not influenced
by the orbital inclination angle ¢ (at first order in ¢). As a result, the evolution of the three frequen-
cies turns out to contain enough information to solve for the evolution of the two orbital elements
p, € on which they depend, plus the spacetime’s two families of multipole moments and thence its
metric.

In Sec. 4.6, I summarize the paper’s most important results.

This paper is a generalization of Ryan [1]; hence I use the same notations and geometric units

(G=c=1) as he.

4.2 Geodesics in SARSAF Spacetimes

As a foundation for extracting spacetime information from gravitational waves, we must understand
some properties of an EMRI’s gravitational waves. Because of the extreme mass ratio pu/M ~ 1076,
the EMRI’s radiation reaction timescale is much longer than its orbital period, and correspondingly,
the gravitational waves can be well described by the adiabatic approximation. Specifically, we can
approximate the moon as moving along a geodesic of the central body. The moon’s gravitational
waves carry away orbital energy, causing the moon to spiral from one geodesic to another, with
the timescale for substantial changes being much longer than one orbital period. Consequently, the
emitted gravitational waves can be considered as a series of snapshots [18], with each corresponding
to one geodesic.

Obviously the snapshot waveforms depend on the details of the geodesics, so we need to know
some properties of the geodesics in SARSAF spacetimes before discussing wave generation. In this

section, I discuss the multi-periodic properties of geodesics [Egs. (4.8), (4.10) and (4.17)—(4.19)].

4.2.1 SARSAF Spacetime

As our starting point, I spell out the coordinates and spacetime metric that will be used throughout
this paper.

T use so-called Weyl coordinates (p, z,®,t), in which the stationary, axisymmetric spacetime
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metric takes the form
1
ds* = —F(dt — wd¢)? + F[e%(dp2 +dz?) + p?d¢?], (4.1)

where F,w, are functions of p and |z|. These functions are fully determined by the complex Ernst

potential £ (e.g., Refs. [13, 19, 20]). The explicit relations are (e.g., Refs. [1], Eqgs.(20)-(22), (28))
Ftip = 7,

4/, g% \ dp 4 dp’ ’

gt = —F,ngFw:_F/ 7761:0/

(4.2)

constant z

The Ernst potential, which contains all the information about the spacetime geometry in a single

complex function, can be expanded as (Ref. [13]. Eq. (15))

(“"Jz

oo p]Z
; o AT (4.3)

The aji are nonzero only for non-negative, even j and non-negative k. Because of the reflection
symmetry across the equatorial plane, a;j, is real for even k and imaginary for odd k. The Einstein

field equation enforces the following recursion relation between these coefficients:

1

T8 T ———— 22 r s
QAr 542 (S+2>(S+1){ (r+2)%a,42.

+ Z akla;—k—p,s—l—q[aPQ(pz +q2
k,l,p,q
—4p — bq — 2pk — 2ql — 2)

Fapr2,q-2(p+2)(p+ 2 — 2Kk)

+ap-2.4+2(q+2)(qg+1-20)]}. (4.4)

The sum is over all integer values of k, [, p and ¢ that give nonzero contributions. If we know all the
ajo and a;; for j =0,2,...,m, then this recursion relation determines all a;, for j +k < m.

Since the complex Ernst potential fully determines the spacetime metric, and the metric is also
fully determined by the body’s multipole moments, there must be relations between the coefficients

a;ji, and the moments. These relations, which have been worked out in Refs. [13, 1], have the general
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form (Ref. [1], Eq. (43))

B o (2n — 1!
A2n,0 = (_1) (271)” M2n + LOM7
, n(2n 4+ )N
agn1 = (1) (2n+ DU (2n)!!) S2n+1 + LOM; (4.5)

here LOM means lower order multipole moments. Equivalently, there is a known algorithm in [13]
(also in Ref. [1] Egs.(36)—(41)) for computing the multipole moments from the coefficients a;y.

To summarize, in order to extract the spacetime metric from an EMRI’s gravitational waves,
we only need to determine the coefficients ajo,a;1 in the source’s complex Ernst potential € from
observations of gravitational-wave snapshots. From those coefficients we can compute both the

spacetime metric and the spacetime multipole moments.

4.2.2 Geodesics in Completely Separable Spacetimes

In this subsection I use the phrase “completely separable spacetime” to denote any spacetime in
which the Hamilton-Jacobi equation is completely separable in some coordinate system. In a com-
pletely separable spacetime, action-angle-variable theory can be used to show that the geodesics are
multi-periodic with respect to the proper time 7. Below I sketch a derivation of this conclusion.
Details can be found in Sec.10.7 of Ref. [21] and other standard textbooks such as [22, 23].

As a well-known fact, the geodesic equation for a moon’s orbit can be derived from the Lagrangian
L = gaguauﬂ, with the moon’s proper time 7 as the time parameter. Usually there are eight
canonical variables, (p, 2, ¢,t,pp, Dz, D¢, Pt). In a SARSAF spacetime, (¢,t) are cyclic coordinates so
their corresponding canonical momenta (pg,p;) are conserved. Therefore we can choose the usual

energy and angular momentum as constants of motion and eliminate the following two velocities,

d dt
uo = 4 t_

In other words, we can reduce the solution of the geodesic equation to a two-dimensional problem
with canonical variables (p, z,p,, p.) and two constants (L = pg, E = —p,); cf., e.g., [24].

Since I assume the Hamilton-Jacobi equation is completely separable in some coordinates (X,Y")
(not necessarily (p, z)), and the geodesic is bounded, there exist action-angle variables (wy, J1), (w2, J2)

with Ji, J2 constants of motion and [Ref. [21], Eq. (10-106)]
wi =u1T + P, we =0T + fa. (4.7)

Here 7 is the moon’s proper time, [3; are integral constants and v; are frequencies related to the

geodesic’s periodic motion. Furthermore, as shown in Eq. (10-110) of Ref. [21], the canonical
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coordinates (X,Y") are biperiodic functions of (wy,ws), and their canonical momenta (Px, Py) are
also biperiodic functions of (w;,ws). Hence (p, z), which are related to (X,Y, Px, Py) by some
canonical transformation, are also biperiodic functions of (w1, ws) (Eq. (10-115) in [21]). Therefore,

the motion of (p, z) can be Fourier decomposed as follows:

,0(7') — Zpmnei('rrLAp—‘,-nAz)T7

mn

Z(T) = Z Zmnei(mAp+nAZ)T~ (48)
mn
Here we introduce the new symbols (A, = v1, A, = v2) to emphasize that these two frequencies are
related to the coordinates p and z.
As for the two cyclic coordinates (¢,1), it is easy to see that they are related to the energy and

angular momentum by

dat o Eges + Lo
dr 9iy — 9osut
do 6 Egig + Lo

dr Gry — GGt

IS

The RHSs are biperiodic functions of (wp,ws), which means the RHSs can be decomposed into
Fourier series similar to Eqgs. (4.8). We can integrate out these Fourier series and express the results

as

O(r) = AT+ b AT,
Hr) = M7+ Y bAoA (4.10)

Similar to Eq. (10-113) in Ref. [21], there are two parts in Eq. (4.10); one grows linearly with proper
time, and the other is biperiodic.
In Eqgs. (4.8) and (4.10) we see that the geodesics of a SARSAF spacetime are determined by

four fundamental frequencies. In Sec.4.3, I will show that three combinations of them,

A, A Ay

Q=3 Q=7 Q=35 (4.11)

can be observed from the phase evolution of a gravitational wave snapshot.

4.2.3 Geodesics in Nonseparable Spacetimes and the KAM Theorem

The set of SARSAF spacetimes that are known to be fully separable (i.e., have Hamilton-Jacobi equa-

tions that are separable) is very small compared to all SARSAF spacetimes [25]. So in this section
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I discuss geodesics in non-separable SARSAF spacetimes, i.e., spacetimes in which the Hamilton-
Jacobi equation is not separable in any coordinate system.

In such spacetimes, the above action-angle variable theory is not applicable, and our knowledge
of the properties of geodesics comes primarily from high-precision numerical integrations of the
geodesic equations. These numerical integrations (restricted, of course, to a few specific SARSAF
spacetimes) have revealed [26, 17] that there are both multi-periodic geodesics and chaotic geodesics;
but in all cases studied thus far, the chaotic geodesics (if they exist at all) are confined to a tiny
spatial region at very small radii, and there is evidence that they might never be accessible via
radiation-reaction-induced inspiral from large radii [17].

The apparent multiperiodicity might be a result of the well-known Kolmogorov-Arnold-Moser
(KAM) theorem (for example, Ref. [21] Sec.11.2), which deals with orbits in non-integrable Hamilton
systems. The main idea of the KAM theorem is as follows. If we add a small perturbation H, to an

integrable Hamiltonian Hy so that the new Hamiltonian

H = Hy + H., (4.12)

is non-integrable, and if we further assume the perturbation is small and the fundamental frequencies
w; of Hy are incommensurate, then most of the orbits in Hy continue to be multi-periodic; only a
small fraction of the orbits become chaotic. As we increase the perturbation Hamiltonian H., the
fraction of chaotic orbits becomes larger.

If the spacetime is SARSAF but not fully separable, then at sufficiently large radii, it may
be close enough to a fully separable spacetime (e.g., one of Carter’s [25]) for the KAM theorem to
apply. This could explain the multiperiodicity seen in all high-precision integrations carried out thus
far [26, 17]. Alternatively, it might be that most or all SARSAF spacetimes have fully integrable
geodesics (i.e., geodesics with four isolating integrals of the motion), except sometimes at extremely
small radii; and, consequently, their geodesics are fully multi-periodic. Brink [24, 27] is exploring
this possibility and thinks it likely to be true.

Throughout the rest of this paper I shall assume that the orbit of the EMRI I study spirals inward
through geodesics that are multiperiodic, at least to the accuracy that LISA or LIGO can explore
them via gravitational waves. It is very important to carry out further studies of this assumption.

In Sec. 4.3, I will discuss the gravitational waves emitted by the moon when it moves through

these multi-periodic orbits.

4.2.4 Geodesic Described in Coordinate Time

In the above discussion, I investigated the geodesic equation in proper time 7. In this subsection, I

describe the geodesics in coordinate time ¢, which is the time we measure at infinity (i.e. at Earth).
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In Sec. 4.3, I will show that the geodesics’ fundamental frequencies with respect to coordinate time
are among LISA’s and LIGO’s physical observables.

The following argument parallels that of Drasco and Hughes [28], who discussed the same problem
assuming the central body to be a Kerr black hole.

The Fourier transform of p(t) is

p(W) _ /p(t)ezwtdt — /p(T)eiwt(T)ﬂdT
dr
_ /eiwAtT (p(T)eiw(t(T)AtT);lt> dr. (4.13)

T

To simplify this expression, we note that the expression in the big bracket is a biperiodic function

with two fundamental frequencies A,, A, so it can be decomposed as

. dt .
(t(r)=Aem) 20 ) (mAp+nAz)T

<p(T>eW dT) = %;fmnel mhptnda)r, (4.14)

Hence
p(w) — /eiwAtT Z fmnei(mAernAz)TdT

= D fhnblw —mQ, —nL), (4.15)
where

Q, = Ap/At,Qz =A. /A (4.16)

This shows that the Fourier transform of p(t) has a discrete spectrum; it therefore can be expanded

in a Fourier series as
p(t) = pmne! (M (4.17)
mn
Following the same argument, the z-motion can be written in coordinate time as

2(t) =Y zpe (MR (4.18)

As for the ¢-motion, using the fact that ¢(t) — Qgut is biperiodic, it is easy to derive the following

Fourier-expansion expression:

G(t) = Qut + Y Grape’ "I (4.19)
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where
Qy =Ay/Ay. (4.20)

Therefore we see that the geodesic is multi-periodic with respect to coordinate time ¢, with

frequencies €,, 2., Q.

4.3 Gravitational-Wave Snapshots in SARSAF Spacetimes

In this section I show that the fundamental frequencies (Q2,, 2., Q4) can be extracted from the phase
evolution of the gravitational waves. Therefore, these frequencies are observables, when one monitors
the EMRI gravitational wave snapshots with high precision. When the central body is a Kerr black
hole, this conclusion is well known; e.g., [28]. The following argument has been suggested by Mino
[29].

Because of the extreme mass ratio, we can approximate the moon as the source of the gravitational
waves, and we can use a Green’s function to calculate the waves. Let us denote by (po, 20, ¢0, to)
the coordinates of the gravitational wave detector, and by (p', 2’, ¢’,¢') the coordinates of the source
(the moon), and by G(po, ¢, 20, 2, ¢o, @', to, ') the waves’ radiative Green’s function in the central
body’s SARSAF spacetime. By virtue of the spacetime’s rotational symmetry and time translational

symmetry, the radiative Green’s function can be decomposed as follows,

oo - [y

XG (po, 7, 20,2 e B0 i), (a.21)
The source term is
d 3 d v
T = [ g e =) (422)

where 2/ = (p/, 2/, ¢, '), g = det(gap) and

o(a’ — (1)) (4.23)
= (0 = p(7)d(¢" — &(7))d(2" — 2(7))d(t" —t(7)).

Here p(7), (1), 2(7),t(r) are the multiperiodic functions given in Egs. (4.8) and (4.10). From the
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Green’s function and the source term, the observed gravitational wave snapshots must be

haﬁ<p07'z07¢0)t0)
/dv//dw\/jngSfW(po,p',zo,z’)
% m(po—o¢")+iw(to— t)/d B dx'™ dx'v

V=g dr dr
X 0(p" = p(1))d(¢" = &(7))d(z" — 2(m))o(t" — t(7))

_ /dwdTZeim(¢0—A¢7—)+iw(to—AtT)Hglﬁ(T)’ (4.24)
where
o dx dz¥ ..
HpP (1) = W ar m 1 (po, p(7), 20, 2(7))
s MM pT = (7)) +iw(ArT—t(7)) (4.25)

From Egs. (4.8), (4.10) and (4.25) we see that H2”(7) are biperiodic functions with two fundamental

frequencies A,, A.. Therefore, we can expand H2P in a Fourier series as

Haﬂ ZHmnle_znApT_ilAZT' (426)

From Egs. (4.24) and (4.26) we have

haﬁ(p@az()ad)OatO)
/dwdTZHaﬂ im(po—AgT)+tiw(to—AeT)—inA,T—ilAT

mnl

/ dw > D 5w+ mQy + nQ, + 19, )Mot

mnl
mnl
_ Z hgﬁllezm¢0—i(7n9¢+n9p+l9z)to7 (4.27)

mnl

where Q,,Q.,Q, are defined in Eqs. (4.16) and (4.20), and h®” = ZWHmnl/At.

If we absorb the constant phase factors e?™?° into the amplitudes R the gravitational wave

mnl?

snapshots can be written as
hoc,B Zhoéﬁ —i(mQe+nQ,+IQ. )to (428)

Thus, we can read out €2, {24, £, from the phase evolution of gravitational wave snapshots. This nice
phase property allows the possibility to extract the central body’s metric from EMRI gravitational
waves observed by LISA and LIGO.
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4.4 Strategies for Generalizing Ryan’s Theorem to (Generic

Orbits

In this section, I discuss possible ways of generalizing Ryan’s theorem on the possibility to extract
the orbital parameters and the central body’s spacetime metric from an EMRI’s gravitational waves.

For a generic orbit, the multi-periodic form of a gravitational-wave snapshot is given by Eq. (4.28).
It is determined by three fundamental frequencies €2,,(2,, Q4 and by complex amplitudes hf‘nil for
the various harmonics of these frequencies. These are snapshot-dependent constants, i.e., they are
constants when the moon is in a specific geodesic, and they change values as the moon moves from
one geodesic to another. These snapshot-dependent constants and their slow time evolutions are our
gravitational-wave observables.

First, let us consider what we can learn if we only observe the waves’ phase evolution. From
this, we can obtain the three fundamental frequencies (£,,€2,,Qy) for each snapshot. I will argue
below that if the geodesic is both inclined and eccentric, then we cannot deduce the spacetime
metric from a sequence of snapshots of these fundamental frequencies. The reason is as follows. The
fundamental frequencies depend on both the spacetime metric and the orbital parameters. Assume
we have obtained N snapshots and therefore 3V items of data. For each snapshot, there are 3
unknown orbital parameters (the semi-latus rectum p, the eccentricity e and the inclination angle ¢).
Therefore we have 3N unknown orbital parameters plus an infinite number of unknown parameters
for the spacetime metric. Hence, the number of unknown parameters is far larger than the number
of observed variables and we can not do anything without further information.

This does not contradict Ryan’s theorem [1], because Ryan restricted himself to orbits that are
nearly circular and nearly equatorial, and he showed that in this case, to leading order in the orbit’s
small perturbations (vertical and/or radial), the three frequencies only depend on the radius of the
underlying circular equatorial orbit. In this case, N snapshots give 3N items of information, from
which (at least in principle) one can solve for the N unknown values of the orbital radius, plus the
spacetime’s 2V lowest-order moments. For details and a parameter-extraction algorithm, see Ryan’s
paper [1].

In Sec. 4.5 we shall generalize Ryan’s argument to nearly equatorial but significantly eccentric
orbits. In this case, the three fundamental frequencies depend on two parameters: the orbit’s
semi-latus rectum p and eccentricity e. Therefore, from the 3N measured values of fundamental
frequencies, obtained in N snapshot wave measurements, we can extract the N unknown values
of p, the N unknown values of e, and the first N multipole moments. This is the basis for an
information-extraction algorithm worked out in Sec. 4.5

If we do not place any restrictions on the orbits, then to extract the central body’s spacetime

metric, we must make use of additional information beyond measured snapshot values of the three
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fundamental frequencies. There are two possibilities:
af

ol (An example of

First, we can use measured snapshot values of the complex amplitudes h
this has been given in Fig. 9 of Finn and Thorne [6]. There the central body was assumed to be
a Kerr black hole, the orbit was assumed precisely equatorial and circular, and it was shown that
the orbital radius and the black-hole spin can be obtained from snapshot values of the ratios hy/ho
and hg/hg. See also Drasco’s [30] exploration of the harmonics’ amplitudes for generic orbits around
Kerr black holes.) The complex amplitudes are governed by the details of snapshot gravitational-
wave generation (whereas the fundamental frequencies rely only on the details of geodesics). Wave-
generation theory has been worked out in full detail for the Kerr metric, but not yet for general
SARSAF spacetimes. Therefore, generalizing Ryan in this complex-amplitude direction must await
the development of SARSAF wave-generation theory.

The second way we might generalize Ryan to generic orbits is to augment the measured snapshot
values of the fundamental frequencies £2,, €., {24 with the details of how they evolve as functions of
time. That time evolution is governed, of course, by gravitational-radiation reaction, which in turn
depends on the details of wave generation. The radiation reaction is sensitive to the rate at which
energy and angular momentum are exchanged with the central body via tidal coupling. (This is the
basis for an algorithm that Lovelace and I have given for measuring the tidal coupling when the orbit
is nearly circular and equatorial [7].) Therefore, to implement this time-evolution generalization to
generic orbits, it will be necessary to work out the details of wave generation and radiation reaction
in SARSAF spacetimes, and either solve for the details of dissipative tidal coupling along with the
metric, or else make assumptions about the physical nature of the central body and thence about the
tidal coupling. (The complex-amplitude method of generalizing to generic orbits, discussed above,
will also be sensitive to tidal coupling, or more precisely to boundary conditions at the central body;
but I expect it to be much less sensitive than the time-evolution generalization.)

In summary, I have argued that in order to generalize Ryan’s theorem, we must make one of two

choices
1. Retain one restriction on the orbits—e.g., require them to be nearly equatorial; or

2. Remove all orbital restrictions, and make use of additional observational data that can be
interpreted only after we understand the details of gravitational-wave generation in general

SARSAF spacetimes.

In Sec. 4.5, I will present an algorithm following the first choice.
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4.5 Generalizing Ryan’s Theorem to Eccentric, Nearly Equa-

torial Orbits

The map-extraction algorithm underlying Ryan’s theorem relies on the assumption that the orbit
is nearly equatorial and nearly circular. In this section I shall show how we can lift the restriction
of near circularity; i.e., I shall sketch an algorithm for extracting the nearly equatorial orbit’s semi-
latus rectum p and eccentricity e, and the central body’s spacetime metric (or equivalently multipole
moments) from snapshot-waveform values of the three fundamental frequencies (£2,,Q4,€2.).

As foundations for my algorithm, in Sec. 4.5.1, I will describe, mathematically, an eccentric,
precisely equatorial orbit; in Sec. 4.5.2, I will analyze vertical perturbations of such an orbit; in Sec.
4.5.3, T will develop a procedure for computing the three fundamental frequencies of a vertically
perturbed orbit in terms of its semi-latus rectum p and eccentricity e and the spacetime’s multipole
moments; and in Sec. 4.5.4, I will develop an approzimate formula for the three fundamental fre-
quencies in terms of p, e, the lowest NV 4+ 1 mass moments, and the lowest N current moments. Then
in Sec. 4.5.5, I will use this approximate formula to formulate an iterative procedure, that may well
turn out to be practical, for extracting p, e, and the moments from a sequence of snapshot values of

the three fundamental frequencies.

4.5.1 Eccentric, Precisely Equatorial Orbit

In this subsection, as a first foundation for my algorithm, I discuss unperturbed, precisely equatorial,
geodesic orbits; in the next subsection I will add perturbations in the vertical, z direction.

Assuming the orbit to be in the equatorial plane, we have three nonvanishing velocities

upf@ ¢ @ tfdt

T Y T e YT (4.29)

Here 7 is the proper time of the moon along the geodesic. Because of the SARSAF symmetries,
there are three isolating integrals of the motion: energy, angular momentum and the norm of the

4-velocity,

E = —guu' —giu®, L= gu' + geeu’, (4.30)

—1 = gu(u")® + 2gu'u® + goo(u?)? + gop(u”)?.
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From these equations we obtain

E L E L
o = oot L0 e DYwd Lou (4.31)
9ip — 9opJtt 9ty — 9o Jit

E?g4g +2ELgry — gt2¢ + L?gu + goo gt

(w)? =
gpp(9t2¢ — 919s9)

Similar to what we have done in Sec.4.2.2; the solution to this equatorial geodesic equation can be

written as

pr) = D pne™TL B(r) = AT+ e,

Hr) = AT+ tne™7, (4.32)

n

where

2w
T, = de Apz?p,
A = L% 64 A_ijftd. (4.33)
6 = 7, u?dr, t_Tp u'dr; .

here ¢ means integration over a complete radial cycle, i.e, from the perihelion to the aphelion and

back to the perihelion.

4.5.2 Nearly Equatorial Orbit

In this subsection, I analyze a nearly equatorial orbit with a perturbation in the z direction.

Since the orbit is nearly but not precisely equatorial, the three fundamental frequencies €2, Q,, Qg
will all show up in the phase evolution of a gravitational-wave snapshot. Below I argue that these
fundamental frequencies will not depend on the inclination angle ¢ to first order in the vertical
perturbation.

These frequencies will evolve as the orbit evolves. This evolution might carry one or another
of them through zero (e.g. for a circular equatorial orbit, frame dragging can drive the orbit from
retrograde to prograde as it shrinks, causing €, to pass from negative through zero to positive).
However, almost all of the time, all three frequencies should be well away from zero, and we shall
restrict our analysis to such times. Then the snapshot values of the frequencies will have finite values
plus corrections quadratic in ¢, which we shall ignore.

Therefore, when we include first-order perturbations in the vertical direction, the three frequen-
cies only depend on the semi-latus rectum p and eccentricity e. Below I will give a routine derivation
of this result again, during which I will work out all the mathematical details.

In analyzing a vertically perturbed, geodesic orbit, I start from the standard geodesic equation
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for z motion (in Weyl coordinates (4.1), gpp = g-2):

d2
de +T2uub =0, (4.34)
where
z L oo z L oo
I, = 99 Gop,r 12 = 99 9pp.z
z L oo z L oo
sz = 59 gpp,mrtt = _ag gtt,z»
1 1
o = 59792 50 = —59" 90865 (4.35)

Multiplied by g,,, this geodesic equation can be written as
d?z 1
0 = oo gs T §9pp,z(“2)2 + Gpp.pulu” (4.36)

1

) [gpp,z(up)2 + gtt,Z(Ut)2 + 94545,2(“4))2 + 2gt¢>,zutud>] :

Assuming that the orbit is nearly equatorial and its z motion is small, I expand the metric g,
around z = 0 and keep terms up to 22. (Reflection symmetry across the equatorial plane kills the

terms that are linear in z.) After making this approximation, we have

d%ga
gaﬁ,z = |: diQﬁ (p,Z = 0>:| Z, (437)

for all the metric 2-derivatives. Therefore we can neglect the g,, .(u*)?/2 term and substitute the
unperturbed, equatorial versions of u”, u*,u? into Eq. (4.36). This leads to the following first-order

version of Eq. (4.36):

d?z
Fu0) T2 4 (ot + Falp)z =0, (438)
where
Filp) = gpp(PaZ =0),
1
‘7:2(/)) = 7§[gpp,2z(up)2 Jrgtt,zz(ut)z
+966,22 (U¢)2 + 2gt¢,zzut'“¢]|z:0- (439)

Multiplying Eq. (4.38) by g*?(p, 2z = 0) we obtain the simpler equation

K (o) E 4 Kalpl()z = 0, (1.40)
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where
F1p(p)w’ Fa(p)
Ka(p(r) = TR Ka(p(r) = (4.41)
Fi(p) Fi(p)
Since p is periodic in 7, so are K7 and Ks:
Kl(p) = Z KlneinA”T, Kg(p) = Z KgneinA"T. (442)
Since the geodesic is assumed to be multi-periodic, its z motion can be expressed as as
z(1) = Z Zmne A tnA)T (4.43)
By plugging this expression into the equation of motion (4.40), we obtain
E:GmM%WAQéWM“MJV:Q (4.44)
where
Gmn = Zmn(mA, +nA.)? (4.45)
+ Z Kipi(gA, +nA)zgn + Z Kopzgn.
p+g=m p+g=m
This equation can be satisfied for all times 7 if and only if
Gmn(2qn, Az) =0 (4.46)

for all m, n. These equations determine the coeflicients z4, and the frequency A,. They are linear
and homogeneous with respect to z4,; therefore, in order to have a solution, the determinant of the
matrix of coefficients of the z4, must vanish. This zero-determinant condition determines A,.

We cannot evaluate the determinant of an infinite square matrix, so we need to put some cutoff

on the indices ¢, n. I implement the cutoff by assuming that

Zgn # 0, only for |g| + |n| < N, (4.47)

where N is a positive integer number. This cutoff will give us a finite number of linear, homogeneous
equations for the nonvanishing z,,. Let us denote the determinant of the finite-dimensional square

matrix of coefficients by Dety; then from

Dety =0, (4.48)
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we can obtain an approximate expression for A, which I denote by A, . As we increase IV, we will
obtain better and better approximate expressions for A,.

In conclusion, by assuming the multi-periodic, geodesic orbit is nearly equatorial, we obtain
the following expressions for the three frequencies, which show up in the phase evolution of each

gravitational-wave snapshot:

A A A
Q,=""L Q=2 Q=2 4.4
p At 5 z At s ¢ At ; ( 9)
where
2 1
T, = fdr, Apz—ﬂ-, A¢:—7{u¢d7,

P T,

A = ij{uth, A=A, N, (4.50)
Ty

and the integration is over one full radial cycle. Here the expression for A, depends on the cutoff
number N.
If the orbits are nearly equatorial and nearly circular, Eq. (4.50) will degenerate to Ryan’s

formulae, Eqgs. (9) and (14) of Ref. [1].

4.5.3 Fundamental Frequencies as Functions of p, e, and Multipole Mo-

ments

In this subsection I use the results of previous subsections to construct an algorithm by which a

nearly equatorial orbit’s fundamental frequencies Qg, §2,, €2, can be computed as explicit functions

of the orbit’s semi-latus rectum p and eccentricity e, and the central body’s multipole moments.
As a preparation, I recall the definitions of p and e (e.g., [31]): If the radial coordinate p is

parametrized in the Newtonian-like way

p

=—\ 4.51
P 1+ ecosy ( )
then the orbit’s aphelion and perihelion occur at xy = 0,7 and are related to p and e by
p
= . 4.52
P+ = T1e (4.52)

Now suppose that the central body’s multipole moments Ma,,, Sa,+1, 7 = 0,1,2, ... have all been
specified. Then we can compute the orbit’s fundamental frequencies as functions of these moments

and the orbit’s p and e via the following algorithm:

1. Using Egs. (43) of Ryan [1] (Egs. (4.5) above), compute the coefficients agy, o and ag,1 from
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the moments, and then use the recursion relation (4.4) to compute all the other aj;. Use these
coefficents to compute the central body’s complex Ernst potential via Eq. (4.3), and thence

the metric coefficients and metric via Egs. (4.2) and (4.1).

2. The radial velocity u” of the unperturbed (no z motion) equatorial orbit vanishes at its peri-

helion and aphelion:

u(p=ps)=0
E?9sp +2ELgis — giy + L?git + goout
9op(9iy — Gtt966) '

(4.53)

Use the two solutions of this equation, p = p;+ and p = p_, to solve for the orbit’s conserved
energy and angular momentum in terms of p+ and thence (via Eq. (4.52)) in terms of p, e and

the multipole moments which appear in the metric components:

E = E(p,e.moments), L = L(p, e, moments). (4.54)

3. From Egs. (4.31), (4.33) and (4.54), do the following integration to get T, and hence A, =

21 /T, in terms of (p,e) and the multipole moments

27
dr d
]{ dr = / i de
0 dp dx
/27r 1 pesin x
dx ;
0 u(p, e, x) (14 ecosx)?

T,

(4.55)

and similarly for Ay and A;. Use Eq. (4.48) to compute A, n, and take the limit as N — oo to
obtain A, as a function of p, e and the moments. (Note: it is not really necessary to take this
limit, in practice, as our mapping algorithm (Sec. 4.5.5 below) will revert to an order-by-order

procedure, but for pedagogical reasons, we imagine taking the limit.)

4. Compute Q, = A, /Ay, Qp = Ay /Ay, Q. = A, /A;. These fundamental frequencies, like the As,

will be functions of p, e, and the central body’s multipole moments:

Qo = Q04(p, e, moments) for a = ¢, p, 2. (4.56)

In principle, if we have a sequence of snapshot waveforms, from which we deduce a sequence
of values of 4, Q,, 2., we can invert Egs. (4.56) to obtain the corresponding sequence of p and e
plus the dominant multipole moments. In practice, inverting these equations might be difficult. To
facilitate the inversion, in the next section we develop a truncated version of Egs. (4.56), in which

only a controlled, finite set of moments appears.
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4.5.4 Truncated Fundamental-Frequency Equations

In practice, it seems likely that moments of low order will have a much stronger influence on the
central body’s metric and thence on the fundamental frequencies than moments of high order; and,
more specifically, the influence of a moment will tend to decrease as its order becomes larger and
larger. This motivates us to develop, in this section, an approximate version of the fundamental-
frequency equations (4.56) in which only the first N +1 mass moments My, Mo, ..., Moy and and first
N current moments S, S3, ..., Son_1 appear. These “truncated” fundamental-frequency equations
will become the foundation for a moment-extraction algorithm (Sec. 4.5.5) that is likely to be
computationally practical.

Suppose that the first N 41 mass moments and first N current moments are known. Then to get
truncated fundamental-frequency equations that depend only on these 2NV + 1 moments, we proceed

as follows:

1. From these moments, using Eqs. (43) of Ryan [1] (Eq. (4.5) above), compute the coefficients
agj for j =0,1,..., N and ag;1 for j =0,1,..., N —1; and then use the recursion relation (4.4)
to compute all the other a;;, with j + k& < 2N. Use these coefficents to compute a truncated
complex Ernst potential (Eq. (4.3)),

2k

gN = Z ajkig Ntk " (457)
jindoy 022

From this truncated potential, compute truncated metric components gIJX, via Egs. (4.2) and

(4.1).

2. Using this truncated metric in Eqgs. (4.53), compute a truncated expression for the orbital en-

ergy and angular momentum, Ey(p, e,lowest 2N + 1 moments) and Ly (p, e,lowest 2N + 1 moments).

3. Using these truncated equations in Eq. (4.55), compute a truncated A, v = 27/T, n, and
similarly for Ay v and Ay n. Using Eq. (4.48), compute the truncated A, n, which, like the
other Ay, n, depends only on the lowest 2/V + 1 moments.

4. Finally, compute Q4 n = Ao n/A¢ N, for o = ¢, p, z. These fundamental frequencies, like the

truncated A’s, will be functions of p, e, and the lowest 2N + 1 multipole moments:

Qa,N = QmN(p,e;Mo, .. .,MQN;Sl, .. .,SQN_l)

for « = ¢, p, 2. (4.58)

Equations (4.58) are the foundations for our moment-extraction algorithm.
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That algorithm will require that at least two of the 0, n actually do depend on the highest-
order moments My and Soy—1. Ryan has shown (by expanding Q, and €2, in powers of )
that this is truly the case for circular orbits, e = 0. As we turn on the orbital eccentricity e

and crank it up to finite values, it is reasonable to expect that this will continue to be so.

4.5.5 Generalizing Ryan’s Theorem to Eccentric, Nearly Equatorial Or-

bits

Suppose, now, that we have a large sequence of snapshot waveforms. We can use the truncated
fundamental-frequency equations (4.58) to solve, in a step-by-step manner, for each snapshot’s p
and e, and for the central body’s moments — beginning with My in the first step, then My, Ma, S1
in the second step, and so forth.

Suppose that step N —1 has been taken, yielding the first 2N —1 moments. The next step, number
N, makes use of 2N +1 snapshot waveforms, which yield 3(2N+1) fundamental-frequency values — of
which 3(2N —1) were used in step N—1, and 3 are new. Approximating these 3(2N+1) fundamental-
frequency values by the truncated frequency equations (4.58), we get 3(2N + 1) equations for the
same number of unknowns: 2N + 1 values of p (one for each snapshot), 2N + 1 values of e, N + 1
mass moments, and N current moments. These 3(2N + 1) equations can be inverted with the aid
of the previous step’s (less accurate) values of 2N —1 p’s, 2N — 1 ¢’s and the first N mass moments
and first N — 1 current moments. The inversion will give improved values of the already-known
parameters, plus first approximations to the two new p’s, two new e’s and the new Msy and Son_1.

This step-by-step algorithm generalizes Ryan’s theorem to significantly eccentric, but still nearly
equatorial orbits. It exhibits how to extract the evolving orbital elements and the central body’s
moments (and thence spacetime metric) from a sequence of snapshot waveforms. Of course, we
cannot be sure of how robust and rapidly convergent this algorithm will be until it is tested (a

daunting but manageable task).

4.6 Conclusion

In this paper, I have given a detailed analysis of Ryan’s theorem and some possible generaliza-
tions. I argued that most or all observed geodesics in a general SARSAF spacetime are likely to be
multi-periodic with four fundamental frequencies (Egs. (4.8), (4.10)); and I showed that, if this is
so, then the adiabatic snapshot waveforms are also multi-periodic, with three fundamental frequen-

cies (Eq. (4.28)). A snapshot’s observables are these three frequencies €2,,,, 2, plus the complex

n%

mny Of the various harmonics. For generic orbits, in Sec.4.4 I dis-

gravitational-wave amplitudes h
cussed how these observables might be used to extract the orbital evolution and the central body’s

multipole moments (or, equivalently, its spacetime metric); and T argued that, in the generic case,



106

any algorithm for this extraction will require a detailed knowledge of gravitational-wave generation
in SARSAF spacetimes. After this generic discussion, I specialized to a nearly equatorial but signifi-
cantly eccentric orbit, and for it T derived, in Sec. 4.5.5, a detailed algorithm for extracting the central
body’s moments and the orbital evolution from a sequence of gravitational-wave shapshots—without
any detailed knowledge of wave-generation theory for SARSAF spacetimes.

It should be possible for LISA to measure the three slowly evolving fundamental frequencies
with high accuracy. Using these data, the algorithm I have presented here might be realistic and

practical.
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Local Readout Enhancement for Detuned
Signal-Recycling Interferometers

High power detuned signal recycling interferometers currently planned for second-
generation interferometric gravitational-wave detectors (for example Advanced
LIGO) are characterized by two resonances in the detection band, an optical res-
onance and an optomechanical resonance, which is upshifted from the suspension
pendulum frequency due to the so-called optical-spring effect. The detector’s sen-
sitivity is enhanced around these two resonances. However, at frequencies below
the optomechanical resonance frequency, the sensitivity of such interferometers
is significantly lower than non-optical-spring configurations with comparable cir-
culating power; such a drawback can also compromise high-frequency sensitivity
when an optimization is performed on the overall sensitivity of the interferom-
eter to a class of sources. In this paper, we clarify the reason of such a low
sensitivity, and propose a way to fix this problem. Motivated by the optical-bar
scheme of Braginsky, Gorodetsky, and Khalili, we propose to add a local read-
out scheme which measures the motion of the arm-cavity front mirror, which at
low frequencies moves together with the arm-cavity end mirror under the influ-
ence of gravitational waves. This scheme improves the low-frequency quantum-
noise-limited sensitivity of optical-spring interferometers significantly and can be
considered as a incorporation of the optical-bar scheme into currently planned
second-generation interferometers. On the other hand it can be regarded as an
extension of the optical bar scheme. Taking compact-binary inspiral signals as an
example, we illustrate how this scheme can be used to improve the sensitivity of
the planned Advanced LIGO interferometer, in various scenarios, using a realistic
classical-noise budget. We also discuss how this scheme can be implemented in

Advanced LIGO with relative ease.

Originally published as H. Rehbein, H. Mueller-Ebhardt, K. Somiya, C. Li, R.
Schnabel, K. Danzmann and Y. Chen, Phys. Rev. D 76, 062002 (2007).
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5.1 Introduction

First-generation laser interferometric gravitational-wave (GW) detectors (LIGO [1], VIRGO [2],
GEO [3] and TAMA [4]) are reaching design sensitivities. These interferometers are usually Michel-
son interferometers with Fabry-Perot cavities in the arms, with power recycling (PR) at the laser
input port (with the exception of GEO, which uses dual-recycling [5]), and operating close to the
dark-port condition.

In order to have a flexible sensitivity to specific astrophysical sources, and for other technical
reasons such as lowering power at the beam splitter (BS), second-generation interferometers, such
as Advanced LIGO [6], plan to use the so-called signal recycling (SR) configuration, in which an
additional mirror is placed at the dark port of a Fabry-Perot Michelson interferometer, modifying
the optical resonant structure of the interferometer. The adjustment of the location and reflectivity
of the signal recycling mirror varies the optical resonance frequency and bandwidth, respectively.
Near the optical resonance, sensitivity to GWs is improved. When the signal recycling cavity, the
cavity formed by the input test-mass mirrors and the signal recycling mirror is neither resonant nor
anti-resonant with respect to the carrier frequency, the optical configuration is called detuned signal
recycling. In these detuned configurations, the optical resonance of the interferometer is away from

the carrier frequency, creating a peak sensitivity to GWs away from DC.

ETM
IT™

PRM

M BS
laser 1
laser 2 4

i IT™ ETM
I— Y]

¥y

Figure 5.1: Schematic plot of a power and signal recycled Michelson interferometer with arm cavities
and double readout. The added local readout sensing the I'TM is realized by a secondary laser which
does not resonate in the arm cavities.

As demonstrated theoretically by Buonanno and Chen [7, 8, 9] and experimentally by Somiya
et al. [10] and Miyakawa et al. [11], detuned signal recycling also makes the power inside the in-
terferometer depend on the motion of the mirrors, creating an optical spring, and can shift the
eigenfrequency of the test masses from the pendulum frequency (~ 1Hz) up to the detection band.
The optical spring helps to improve the interferometer’s response to GWs around the optomechanical

resonant frequency, even allowing the interferometer to surpass the free-mass Standard Quantum
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Limit (SQL). However, the quantum-noise-limited sensitivity of optical-spring interferometers at
frequencies below the optomechanical resonant frequency is dramatically lower than the one of non-
optical-spring interferometers. Such a limitation in sensitivity is caused by the optical spring, which
rigidly connects the front and the end mirror of the arm cavities at frequencies below the optome-
chanical resonance. The general principle underlying this effect has already been explained in the
works of Braginsky, Gorodetsky and Khalili, namely in their proposal of the optical bar detection
scheme [12]. In order to understand this more conveniently, we need to use the local inertial frame of
the BS, in which the effect of GWs can be described completely as a tidal force field, which induces
forces only on the end test-mass mirrors (ETMs), but not on the input test-mass mirrors (ITMs).
We make the approximation that the ITMs and the BS are colocated. In this frame, the propagation
of the light is unaffected by GWs. Remember that the optical spring connects the ITM and the
ETM. At frequencies substantially below the optomechanical resonance, the optical spring behaves
like a rigid optical bar, connecting the ITM and the ETM of each arm rigidly. It is then easy to
understand that the carrier light, which senses the change in arm-cavity length, or the difference
in ITM and ETM motion, cannot be used to measure GW efficiently at these frequencies. On the
other hand, since the ITM and the ETM are rigidly connected, they both move, in the local inertial
frame of the BS, by 1/2 the amount the ETM would have moved if there were no optical spring
present (assuming ITM and ETM to have equal masses). To illustrate this situation, assume that a
low-frequency GW with amplitude & is incident from right above our detector (with arm-length L),
then in the local inertial frame of the BS, the motion of the ETM of a non-optical-spring interferom-
eter would be Lh, the motion of ITM and ETM of an optical-spring interferometer below resonance
will be both ~ Lh/2. For this reason, if one also measures the local motion of the ITM using an
additional local readout scheme, one can recover low-frequency sensitivity dramatically. Note that
as viewed by the local meter, the ITM has an effective mass that is equal to the total mass of the
ITM and the ETM. If one applies a local readout scheme to the ETM, the same sensitivity recovery
is possible, since the ETM also moves with respect to a free colocated mirror by —Lh/2. Braginsky,
Gorodetsky and Khalili proposed an optical bar detection scheme, in which only the local motion
of the ITM is measured [12]. In this sense, what we are proposing can be considered as directly
incorporating the optical-bar scheme into currently planned second-generation interferometers.
Local readout schemes have also been proposed for interferometers without optical spring, with
a different motivation. In those interferometers, the motion of mirrors with respect to their local
inertial frames are caused by radiation-pressure noise (if we only consider signal and quantum noise
sources); results of local readout schemes can thus be used to cancel radiation-pressure noise and
improve low-frequency sensitivity [13, 14]. Furthermore, such schemes are able to cancel parts of the
classical noise. Our treatment here can also be viewed as a generalization of these schemes because

by setting detuning in our treatment to zero will recover their results.
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From an astrophysical point of view, the addition of the local readout scheme, which broadens
the detection band, will allow the interferometer to search for multiple sources simultaneously, as
well as to examine a wider frequency range of the same source. As an example, we will explore
how the increase in detection bandwidth can allow us to detect more efficiently the population of
compact binary objects with a broad range of masses (and hence signal frequency band).

In order to construct the local meter, we consider a scheme where a second carrier is injected
into the bright port, which does not enter the arm cavities, but instead senses the location of the
ITMs, as shown in Fig.5.1. An alternative strategy would be attaching auxiliary interferometers
at the ETMs. These two strategies are quite equivalent in the ideal situation, but differ from each
other in terms of difficulty in implementation in terms of quantum noise and in terms of technical
noise sources such as laser noise as we will discuss in some more details.

This paper is organized as follows. In Sec.5.2, we study the dynamics, sensing, and control
of our double readout interferometer. In Sec.5.2.1, we write down and solve the joint Heisenberg
equations of motion of test masses, beam splitter, and optical fields; in Sec.5.2.2, we evaluate the
optimal combined GW sensitivity of the two readout channels; in Sec. 5.2.3, we prove that the use
of control schemes do not affect this sensitivity. In Sec.5.4 we show the benefit, which the local
readout scheme will provide for the detection of intermediate-mass black holes, using a realistic
Advanced LIGO noise budget. In Sec. 5.4 we consider practical issues for a possible implementation

in Advanced LIGO. In Sec. 5.5 we summarize our main conclusions.

5.2 Dynamics, Sensing, and Control

5.2.1 Equations of Motion

Let us consider a configuration where the ITMs’ motion of a signal and power recycled Michelson
interferometer with arm cavities is locally sensed by a small interferometer which has the I'TMs
as its end mirrors (cf.Fig.5.1). This is realized by injecting a second carrier into the bright port,
which does not resonate in the arms (preferably anti-resonant). Because the frequency (and the
polarization) of the second carrier is (are) different from that of the first, we effectively obtain two
interferometers in one scheme where parameters such as detuning and mirror reflectivities for each
interferometer can be chosen independently; input vacuum fluctuations associated with the two
lasers are also independent.

Throughout this paper, we will assume the GW with amplitude h as incident from right above
the interferometer, with a polarization that maximizes the response of our L-shaped Michelson
interferometers. In the following we will list the Heisenberg equation of motions in frequency domain
[15, 7, 8,9, 16] for the differential mode of motion (i.e., opposite in the two arms) of the input mirrors

Zrrm and the end mirrors ZgTy, respectively, as well as for the BS motion normal to its reflective
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surface Zgg and for the two measurement outputs g)(i)

Tirn = —Rea(Q) [F(l)(ﬂ) + R%lz)?(Q) (ZrT™M — Zrm) — F(2)(Q) - Rﬁf}(ﬂ) (Zrrm + V2 IBs)
+érru (5.1)
Fern = Rea(Q) [PO(Q) + REHQ) (Bmru — don)] + L b+ sn, (5.2)
ins = RES(Q) [FO(Q)+ RENQ) (Grrw + V2 i) + FER(Q) + FR(Q)] + s, (5.3)
39(1) — yl(l)(Q) sinC(l) + YQ( )(Q) oS 4(1)
+ [R%)F(Q) sin () + R{)(Q) cos C(l)} (ZET™ — Z1TM) 5 (5.4)
3@ = Y2 @) sin¢® + 72 (Q) cos¢®
+ [RZp(9) sin¢® + RP(Q) cos (] (Grne + V2 ips). (5.5)

Note that Zrrym and Zrrm account for the differential motion between two mirrors while Zgg
describes the motion of a single mirror with an angle of 45 degrees. This explains the factor of
V2 in front of the BS motion. The outgoing fields at the dark port belonging to the two different
carriers are each sensed by homodyne detection such that the measurement outputs are a certain
combination of amplitude and phase quadratures (described by the phases ¢ (1)’(2)). Note that we
have labeled all quantities with superscripts (1) and (2) for the large-scale interferometer and the
local meter (the small interferometer, formed by the BS and the ITMs), respectively. The operators
F® and Fgg describe the radiation pressure forces which would act on fixed mirrors caused by
the incoming vacuum fields at the dark port and the laser light fluctuations from the bright port,
respectively. The operators )A/j(i) account for the shot noise in case of fixed mirrors. Each optical
component is subject to classical noise generated by the corresponding operator é and has its own
mechanical susceptibility R;,. The susceptibilities Rg)F describe the optical springs [7] and R@F
the transformation of the mirror motion into the two outputs. In the following we will present all

these quantities more detailed while all appearing parameters are summarized in tab.5.1.

The free radiation pressure force and the free shot noise in each of the two interferometers are

given by [9]
P e(i>9<i>mh (i — @) &l 4 A@ &)
(2= A0 +ie®)(Q 4+ A >+16(>)
v (@ )) — ()2 - 0%) i + 220 4
! = /\( D Fie)(Q+ A +ie@)
o0 _ 97\ @ g)+<()\(z))2_(6(i))2_92) PO
? (2 — 2O +ieD)(Q + AD +ie(®) ’
’ (1) , (1) .
where () = 8:; L)(Lf)"c has units of frequency cube. Note that P! refers to the circulating power
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in each arm, respectively. Here &&i) and déi) are the amplitude and phase quadrature operators of
the incoming vacuum fields at the dark port [15], associated with the first and second carrier field,

respectively. The susceptibilities are given by [9]

RBS _ _
2
wa = 5
mO2
R0 0Um A0
FE 7 4 (= A0 +ie@)(Q + N0 4 i)
Jr0) e@9Om A(®
nEe 2h (Q— XD +ie®)(Q+ AD 4 i)’
RO _ _ (P m ) _i0
LFo 2h (2= 2O +ie®)(Q + X0 4+ ie(®)
where the (free) optical resonant frequency of the large-scale interferometer at Q = —A(1) —ie(1) ig

determined by

2D = 2psr sin(2¢)
°1+ p2g + 2psr cos(2¢) ’
JEEO R 1- p%R

Yo -
1+ p2g + 2psr cos(2¢)

As already mentioned, the second carrier does not resonate in the arm cavities and therefore the
local meter is just equivalent to a interferometer configuration without cavities in the arms. Thus, in
Eq. (5.3) we only take into account the forces on the BS due to field fluctuations around the second
carrier, in the same way as in Ref. [17]: the first two terms in the bracket on the right-hand side
of Eq. (5.3) are due to dark-port fluctuations around the second carrier, while the third and fourth

term, given by

LW /Wmh(1 - pEr)v0

F]gll:z = Y bgl)
V2c(—0(1 — ppr) +i(1 + ppr)Q)
@ 0DmL@K(1 + ppr) b2
BP 2¢(1 — ppr) b

are forces due to bright-port fluctuations, where bgi) are the amplitude quadrature of fluctuations
around the first and second carrier, at the input port. Forces due to fluctuations around the first
carrier are usually negligible, because the intensity of the first carrier at the beam splitter is lower
than that of the second carrier; in addition, fluctuations associated with the first carrier also do not
build up as much as those associated with the second carrier, both in common and in differential
mode.

In Eq.(5.4), we make the approximation that the first carrier only senses the cavity length,
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Table 5.1: Technical data and parameter values for large-scale interferometer and local meter used
throughout the calculations?.

Symbol | physical meaning value
m single mirror mass 40 kg
mss beam splitter mass 40 kg
c/wél) laser wavelength of 1st carrier 1064 nm
p) circulating power of 1st carrier 0.1,...,0.8 MW
LW large-scale interferometer arm length | 4 km
PPR power recycling mirror reflectivity 1v/0.94
10) detuning phase for 1st carrier 0,...,m
PSR signal recycling mirror reflectivity 1v/0.93
Yo cavity half bandwidth for 1st carrier | 27 x 15 Hz
¢ detection angle for 1st carrier 0,...,m
c/wé2) laser wavelength of 2nd carrier 1064 nm
p® circulating power of 2nd carrier 0,...,16 kW
L® local meter arm length 15 m
A2 detuning for 2nd carrier 0 Hz
@ cavity half bandwidth for 2nd carrier | 27 x 4 kHz
@ detection angle for 2nd carrier 0

TETM — Z1TM, ignoring the slight difference between its sensitivities to ITM and ETM, as well as
motion of the BS. In Eq. (5.5), the second carrier only senses the ITM and BS motions, since it does
not enter the arm cavities.

The operators éITM, éITM and éBS model the classical noise at ITM, ETM and BS, respectively.
We assume that they are uncorrelated but all have the same spectrum, namely, one fourth of the
classical noise spectrum generally expected for the differential mode of motion. By using the following

only non-vanishing correlation functions

(@ () @) Q))gm = Q=) b5 0,
B (Q) BN aym = 7 5(Q— Q) b SV (),
G () () (Q)sym = 27 6(Q— Q) Sa(Q),
(Eerm(Q) Eerm) ())sym = 27 6(Q — Q) Sa(Q),
(€ps() (EB)T()eym = 7 (Q =) Sa(Q), (5.6)

we obtain the single-sided noise spectral densities. Here Sl(i)(Q) is the spectrum of technical input
laser noise while S¢(§2) characterizes the spectrum of all the other classical noise sources. In further
calculations we will assume amplitude laser noise to be white and ten times in power above shot noise
level. For other classical noise sources, we use the current noise budget of Advanced LIGO, as given
in Bench [18]; contributions such as suspension thermal noise, seismic noise, thermal fluctuations in

the coating and gravity gradient noise are presented in Fig. 5.4.
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Note that we can obtain two input-output relations from the equation of motions in Eq. (5.1-5.5)

and write them in the following compact form
g =il Fsih, 9% =0 i+ h, (5.7)

where 7T = (&gl), &él), &(12),&&2), 13§1>, 352),§1TM,§AETM,€BS) and T denotes transposed. Here the two
vectors 117 o are the linear transfer functions from the noise channels 77 into the two output channels,
while the two functions s; o are the linear transfer functions from the signal, i.e., the GW strain h,

into the output channels.

5.2.2 Combined Sensitivity

Now we seek for a linear combination of the two output channels, ) and §(®,
§=Ki1(Q) 9 + K2(2) 97, (5-8)

which has optimal sensitivity to gravitational waves. In this optimization, we only consider the

signal referred noise spectral density of ¢,

K*
(g K )N| Y
K3
Sh(Q) = o , (5.9)
1
(k)
2
with _ .
1y
S(l)
T 1
— i e
N= oy 51(2) [ ny o s } ; (5.10)
ny
251,
. SCI -
and

* *
8181 8182
S = , (5.11)
5257  S255

where 1, stands for a k-dimensional identity matrix. One way of obtaining the minimum noise is
to impose the constraint that the value of the denominator always remains unity, and minimize the

numerator under this constraint. Note that an overall rescaling of the vector (K7, Ks) does not
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Figure 5.2: Example for the signal (top panel) and noise (bottom panel) transfer functions in a
signal recycled Michelson interferometer with two carriers and double readout, for a configuration
with the parameters as given in tab. 5.1 but () =0, ¢ = 7/2 — 0.0147 and P(Y) = 800kW).

affect Sj,. The resulting minimum noise is one over the bigger eigenvalue of the 2-by-2 matrix
M=N"'S, (5.12)

with the corresponding eigenvector providing the optimal filters (K7, K>).

We now illustrate the local readout scheme using the following configuration: the parameters are
given in tab. 5.1 as well as phase quadrature readout ¢(V) = 0, signal recycling cavity detuning phase
¢ = /2 — 0.0147 and power PM) = 800kW of the first carrier are used. In Fig.5.2 we plot the
individual signal and noise-transfer functions of the first and second carriers, for the configuration
with P(® = 4kW. As we can see from these plots, the first carrier mainly senses frequencies
above the optical-spring resonance with signal transfer function suppressed at lower frequencies by
the optical spring; the second carrier offers complementary sensitivity for frequencies below the
optical-spring resonance, when the ITM is dragged together with the ETM by the optical spring.
As a consequence, as we see in the top panel of Fig.5.3, at frequencies above the optical-spring

resonance, the optimal combination depends mostly on the first readout, while at frequencies below
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Figure 5.3: Top panel: filter functions K; and Ky, for the same configuration as in Fig. 5.2. Here
each filter function is rescaled such that it gives the percentage of how much GW strain it feeds into
the combined output. Bottom panel: quantum noise curves for our proposed scheme with different
powers of 2nd carrier. Again phase quadrature readout ¢(!) = 0, signal recycling cavity detuning
phase ¢ = 7/2 — 0.0147 and power P1") = 800kW of 1st carrier are used.



118

the optical-spring resonance, the optimal combination depends mostly on the second readout.
Noise curves with optimal filters are plotted for different powers of the second carrier (0kW,
1kW, 4kW and 16kW) in the bottom panel of Fig.5.3 where only quantum noise is taken into
account. This plot illustrates that the local readout scheme can directly improve the sensitivity only
below the optomechanical resonance frequency. It turns out that 4 kW in each arm of the local
meter already gives a remarkable increase in sensitivity. In the following studies we fix P(?) = 4 kW.
One could imagine that the combination of a signal recycled Michelson interferometer with a local
readout may indirectly help improving the sensitivity at high frequencies or increasing the detection
bandwidth once an overall optimization to a broadband source is performed. The underlying effect is
that the sensitivity of the large-scale interferometer can be shifted to higher frequencies by choosing
its detection angle to be closer to the phase quadrature while the local meter helps to maintain

sensitivity at low frequencies. This will be studied more carefully in Sec. 5.3.

5.2.3 Control

As it has been shown in Refs. [7, 8, 9] the optical spring introduces an instability, which must
be stabilized using a feedback control system. In single-readout systems, it is easy to show that
such a control system does not give rise to any fundamental change in our GW sensitivity [7, 8, 9],
intuitively because signal and noise are fed back with the same proportion onto the test masses.
Our double readout system is more complex, but the same intuition still applies. If we denote

# = (Zrrvs 2eTM, 28s) T and 7= (90, 9T the Egs. (5.1)-(5.5) can be written schematically as:

T = AQ)Z+BQ)7+C(Q)h+D(Q)7, (5.13)
7 = FQ)I+GO)7. (5.14)

Here matrix A describes mirror dyanmics, matrix B describes how the noise sources in 7/ are applied
as forces onto the mirrors, vector C' describes how GW signal h directly influences the mirrors, F
describes how the output channels g sense the various motions #, G describes sensing noise in ¥,

and finally D describes the feedback. Solving Egs. (5.13) and (5.14) jointly, we obtain
7=[1,—HD|"! [[HB + G]7 + Héh] , (5.15)

where we have defined H = F(1; — A)~!. In Eq. (5.15) the only dependence of ¢ on the control
system is through D, which only appears in the first factor on the right-hand side. The optimal
sensitivity, which is obtained by maximizing signal referred noise spectrum of (K; Kbs) ¢, is then

clearly invariant with respect to changes in D.
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Figure 5.4: Noise curves for the scheme with local readout (power of 2nd carrier fixed to P?) = 4 kW)
and without local readout both optimized for binary systems with total mass M = 2.8 Mg (upper
left), M = 40 Mg, (upper right) and M = 120 M, (lower). Special parameters used for optimizations
are given in tab.5.2 and all others in tab.5.1. Here classical noise (grey lines) is included. Single
contributions of the classical noise are labeled according to their appearance: suspension thermal
noise results from the fluctuations in the suspension system; seismic noise is due to motion of the
ground; thermal fluctuations in the coating dominates the one in the substrate; gravity gradient
noise accounts for time-changing Newtonian gravitational forces.
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5.3 Improvements in Advanced LIGO Sensitivity

5.3.1 Matched-Filtering Signal-to-Noise Ratio

To quantify the astrophysical merit of various configurations, we will calculate the improvement in
the matched-filtering signal to-noise ratio (SNR) or the detectable distance for a given threshold
SNR, respectively, for inspiral waves from compact binary systems. For a known waveform (in the

frequency domain) h(f), the optimal SNR achievable by correlating the data with a known template

B < ()2
p=2 /0 af G (5.16)

where S}, (f) is the single-sided noise spectral density. For compact binary objects, the lowest post-

is

Newtonian approximation gives (see, e.g., [19])

G5/6M1/2M1/3 .
— _ f=7/6 — 1
with
M1 M,
M= (M, + M), and p= -2 5.18
(Mi + M), and p AT (5.18)

where p, M, My and Ms are the reduced, total and single masses of the binary and D is the distance
from the source to the detector. Here the amplitude is the one where rms average over all directions
is already taken into account. There is an upper cutoff frequency, fiax, in Eq. (5.17) beyond which
the systems undergoes a transition from adiabatic inspiral into non-adiabatic merger, and Eq. (5.17)
is no longer a valid approximation. This frequency is usually taken to be the GW frequency at the

last stable circular orbit given, for a test mass in a Schwarzschild space time with mass M

M
Fmax A~ 4400 Hz (MQ) : (5.19)

A lower cutoff frequency fin should also be applied to the integration in Eq. (5.16), below which it
is no longer possible to treat the system as stationary. We take fui, = 7 Hz. Considering binaries

of averaged orientation the observable distance for a given SNR, py reaches

2 G5/6,,1/2p1/3 frmax —7/3
p— 2 G M / ar I (5.20)
15 72/3¢3/2pq Sn(f)

min

In this paper, we assume event rate to be proportional to the cube of detectable distance, i.e.,

R x D?. (5.21)
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Table 5.2: Parameters used when optimizing our proposed double readout scheme and the usual
Advanced LIGO like configuration each for different binary systems®.

M /Mg parameters w/ local meter parameters w/o local meter improvement

PO inkW [ ¢inrad | (Winrad | PD in kW | ¢inrad | (U in rad | in event rate
2.8 800 0.487m 0.7m 800 0.487 0.497 29 %
20 450 0471 0.5871 500 0.487 0.487 28 %
30 250 0.467 0.467 200 0.467 0.497 30 %
40 150 0.457m 0.437 150 0.457 0.46m 33 %
80 100 0.457m 0.387 100 0.457 0.467 44 %
120 100 0.467m 0.321 100 0477 0.417 42 %
160 110 0471 0.257 100 0.47m 0.307 45 %
200 110 0.487 0.257 100 0.487 0.277 48 %

5.3.2 Improvement in the Event Rate

The tools reviewed in the previous subsection enable us to optimize a specific interferometer con-
figuration for given binary inspirals by maximizing its SNR with respect to certain interferometer
parameters. Note that we now take also classical noise into account as it is indicated by the grey
lines in Fig. 5.4. In this paper we assume that Advanced LIGO refers to a signal recycled interferom-
eter without local readout and optimized for neutron star-neutron star (NS-NS) binary systems, i.e.,
binary system with M = (1.4 + 1.4) M. We then vary the optical power P!, detuning ¢(*) and
detection angle ¢(Y) in such a way that the SNR of the signal recycled interferometer without local
readout is maximized for the total mass of a given binary system in tab. 5.2. When we optimize our
scheme, we maximize the SNR varying the same set of parameters of the large-scale interferometer
(cf. tab. 5.2) but with imposing a fixed power for the second carrier (P(?) = 4kW), requiring
the second carrier to be resonant in the signal recycling cavity ()\(2) = 0), and fixing a detection
quadrature phase of ((2) =0 (i.e., detecting the phase quadrature). Such a prescription is justified
because a local meter with such a short arm length, low power and finesse (as we have chosen) is
mostly dominated simply by shot noise.

If we compare the two schemes with and without an added local meter at the binary mass they
are optimized for we find moderate improvement in event rates (cf. last column in tab.5.2). The
improvement increases for higher binary masses since our scheme helps to enhance sensitivity mainly
at low frequencies. Such a moderate improvement has been limited mainly due to low-frequency
classical noise.

The advantage of the local readout scheme can be appreciated better when we realize that there
are different populations of likely sources (e.g., binary total mass M can reside in a range, M),
whose signals extend to different frequency bands. We need to investigate how good a configuration
optimized for a particular system with total mass M would perform for other possible masses in M.
In this paper, we consider M = [Mg, 630 My] with maximum mass determined by the condition

fmax = fmin. In Fig. 5.5, we show the improvements in event rates (with respect to Advanced LIGO
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baseline, optimized for NS-NS binaries) obtainable by Advanced LIGO configurations (solid lines)
and double readout configurations (dashed lines) for binaries with M € M, when the configurations
are optimized specifically for M = 2.8 My, (black), 40 Mg (dark gray) and 120 My (light gray). In
Fig. 5.4, we show the corresponding noise spectral densities of these configurations together with
classical noise. Figures 5.5 and 5.4 provides us with at least two possible applications of the double
readout scheme.

Detector with broader frequency band. The sensitivity of the double readout configuration opti-
mized for 2.8 Mg systems (solid curve on the upper left panel of Fig.5.4) is broader in band and
globally better than the baseline design of Advanced LIGO (dashed curve in the same figure) partic-
ularly at higher frequencies; this demonstrates that when an overall optimization is performed, the
local readout can indirectly improve sensitivity at higher frequencies. Although Fig. 5.5 (solid curve)
does not show a significant increase in binary event rates, this configuration is potentially interesting
for detecting other sources above 300 Hz, for example pulsars and Low-Mass X-ray Binaries.

Detector for intermediate-mass black-hole binaries. The double readout configuration optimized
for 40 M systems (dark gray curve in Fig. 5.5) has the same sensitivity to low-mass binary systems
as Advanced LIGO baseline (up to M = 10 M), while improving event rates for 60 Mg to 300 Mg by
factors of 2 to 4.5. This allows us to build a detector sensitive to the more speculative (yet in some
sense astrophysically more interesting) intermediate-mass black-hole binaries, without sacrificing
sensitivity at low-mass systems which are more certain to exist. As we see from dashed curves
in Fig.5.5, such broad improvement simultaneously for systems with different total masses is not
achievable by single-readout Advanced LIGO-like configurations. It is also interesting to note that
this configuration only requires a circulating power of 150 kW in the arms.

The improvement in event rate increases significantly for higher binary masses (cf. gray curve in
Fig. 5.5 optimized for M = 120 M) since the local meter helps to enhance sensitivity mainly at low
frequencies. But if we optimize for such high masses the sensitivity for lower masses cannot keep up
with Advanced LIGO.

It turns out that our scheme even improves sensitivity in the low-frequency regime when sensi-
tivity is dominated by classical noise, as can be seen in Fig. 5.5, since for high binary masses the
dashed curves meet at a factor of (4/3)3/2 below the solid curves. We explain this factor in the

appendix.

5.4 Implementation Issues

In this section we discuss the possibility of implementing this technique explicitly in the Advanced
LIGO detector. In fact, the so-called central Michelson degree of freedom in the detector, already to

be measured to keep the signal extraction port of the interferometer in dark fringe, is exactly what
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Figure 5.5: Improvement in the event rate compared to Advanced LIGO versus total binary mass
with fixed optimization parameters for each curve. Signal-recycled interferometer with (solid lines)
and without (dashed lines) local readout are optimized for three different binary masses. Power of
2nd carrier is fixed to P(?) = 4 kW.

our local readout scheme proposes to measure. However, sensitivity of the current Michelson control
signal must be improved dramatically in order to be turned into our regime. We note that more
precise measurement of this Michelson degree of freedom also helps to decrease control-loop noise,
which is shot noise imposed on the control signal coupling to the main signal due to unavoidable
imbalances [20].

Optical power. In the baseline design, a pair of radio frequency (RF) sidebands created around the
main carrier frequency will be injected to probe the motion as it is already done in current detectors.
However, the power level of current RF sidebands is not high enough for our local readout. In the
baseline design, the input power is 125 W, which is amplified to ~ 1.0 kW at each ITM, due to
power recycling. Only about 1% of the power at the input port is pumped into the RF sidebands
that resonate in the power recycling cavity but not in the arms. Taking into account the fact that
the RF sidebands do not enter the arm cavities and thus suffer from less optical losses, the power
of the Michelson-control sidebands at the ITM is currently planned to be ~ 34 W. Thus, one needs
to raise the current power by ~ 120 times in order to achieve P(2) = 4kW. Another more realistic
way of realization is to use a phase-locked secondary laser with its frequency shifted by an odd
number of half free-spectral ranges from the primary laser to satisfy the off-resonant condition in
the arms. Furthermore, this subcarrier should almost be in dark fringe at the signal extraction port
and should be resonant in both recycling cavities. To achieve a circulating power of P(?) = 4kW for
the subcarrier we even need a little more input power than for the primary laser. But we can hope
to use the higher-power laser for the sub-carrier while the parametric instability [21, 22] in the arm
cavity may limit the power of the primary laser. Indeed, a circulating power of P(2) = 4kW is only
a few times more than the carrier power of the current GEO detector, which has a similar topology

compared to the local meter.
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Detection. Each signal at the dark port should be extracted with some reference field, which will
be another set of RF sidebands in the RF readout scheme, or DC offset light in the DC readout
scheme. The former one leaks through the dark port via macroscopic asymmetry in the central
Michelson interferometer, and the latter one leaks through the dark port via microscopic asymmetry
between two arm cavities. Either way, the reference fields for the carrier and the sub-carrier should
be isolated before the photo detection, otherwise the reference field which is not used for the signal
extraction will just impose extra shot noise. One way to solve the problem is to make use of
orthogonal polarizations. Before the photo detection, the carrier and the sub-carrier accompanied
with the reference fields can be separated by a polarized beam splitter, which is all-reflective to one
polarization and transmissive to the other. In addition, it is easy to combine the two beams before
injection into the interferometer without losing the power. An alternative way to the orthogonal
polarizations is to use a cavity that can separate the beams at different frequencies, where one
resonates in the cavity while the other does not. The cavity, a so-called output-mode-cleaner, is
already planned to be used at the detection port in Advanced LIGO. In the same way an input
mode cleaner cavity can be used to combine two beams before the injection into the interferometer.

Alternative configuration. One may also place the local meters around the ETMs. In this case,
a single laser beam, which can be different in frequency from the carrier light, should be split and
brought to each end of the arms so that laser noise can be cancelled out after taking a subtraction
of the two ETMs’ motion measurements. A cavity can be implemented as well as it is proposed for
a radiation-pressure-noise reduction method in [13, 14]. In this way the secondary laser for the local
readout does not need such high power and there is no concern of a heat problem at the BS and the
ITMs. However, in this case much more additional optical components are required to realize this

configuration.

5.5 Conclusion

Motivated by the optical-bar schemes [12] and quantum-locking schemes [13, 14], we have proposed
injecting a second laser beam into detuned signal recycled Michelson interferometers, sensing the
differential motion of the input mirrors, and improving low-frequency sensitivities of these interfer-
ometers, currently at low frequencies being limited by the rigidity of the optical spring. We derived
the optimal combined sensitivity of this double readout scheme, and demonstrated that this optimal
sensitivity is invariant with respect to the application of a feedback control scheme.

Taking into account the current classical noise budget of Advanced LIGO as well constraints on
optical power, we performed an optimization of our double readout schemes toward the detection
of compact binary inspirals. This scheme is shown either to be able to broaden the detection band

and (indirectly) significantly improving high-frequency sensitivities, or to allow the detection of
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intermediate-mass black-hole binaries with a broad frequency range without sacrificing sensitivity
to neutron-star binaries and stellar-mass black-hole binaries.

We also discussed briefly how the sensing of the Michelson degree of freedom in the currently
plan of Advanced LIGO can be made dramatically more sensitive and turned into our local readout
scheme.

Finally, we would like to point out that this scheme should be further investigated as a candidate
design for third-generation detectors, possible in conjunction with the injection of squeezed vacuum

states [23, 24] into the interferometer’s dark port [25, 26].

5.6 Appendix: Double-Readout Scheme Dominated by Clas-

sical Noise

Suppose at low frequencies, sensing noise is negligible, and noise is dominated by the classical force

noise acting on the mirrors. Then, the first carrier offers the following
g o €grm — &rrm + L, (5.22)

where {gTv and &y are classical noise on the ITM and the ETM, respectively. The output of the

second carrier is proportional to
§® o« &grm + Gim + 2v2ps + L, (5.23)

where {gg is the classical noise acting on the BS. Suppose again that &y, Egrvm, and Egs have
independent noise at the same level for ITM and ETM but half as high for the BS (cf. Egs. (5.6)).
We obtain that the optimal filter uses three fourths of the output of the large-scale interferometer
and one fourth of the small interferometer in the units as above. This is in contrast to the optimal
filter functions when only quantum noise is taken into account as in the left panel of Fig.5.3. Then
the combined output is given by

y o< & 15 + 15 + Lh (5.24)

x - = — . .

Y ETM — 58ITM /2 BS

Then the large-scale interferometer’s noise spectral density versus the optimal noise spectral density

reads 2/ % which gives the factor in Fig.5.5. In this way the double readout is able to cancel some

fraction of the classical noise.
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Chapter 6

Optimal Quantum Filtering in Advanced
LIGO Interferometers

With the continuous improvements of measurement sensitivities in gravitational-
wave interferometers, investigations of quantum mechanical behaviors of macro-
scopic test masses become feasible. Quantum mechanical experiments to double
optical spring device is studied, yet these tools will apply to Advanced LIGO in-
terferometer , which has arm lengths of a few kilometers and test masses weights
of a few kilograms. To observe these macroscopic effects, we must extract signals
from various environment noises, such as seismic noise, suspension thermal noise
and mirror thermal noise. We have found that the Wiener filter is a useful tool to
achieve this goal. In this chapter, we apply and extend the classical Wiener filter
to this type of experiments and demonstrate not only for practical use of noise
reduction, but also theoretical meaning of calculating the result of state collapse.
Furthermore, we also build a natural connection between classical Wiener filter

and quantum filter via the path integral approach.

Paper in preparation

6.1 Introduction

The continuous quantum measurement of macroscopic objects was first investigated in the context
of gravitational wave detection [1]. In laser interferometer gravitational wave detectors, incoming
gravitational waves induce very weak tidal forces on mirror-endowed test masses. These are approx-
imately free masses since they are hung from seismic isolation stacks as pendulums with eigenfre-
quency much below the detection band. The interferometer measures the change in the test-mass
mirror’s relative positions. The position observable, however, does not have commuting Heisenberg

operators at different times. This gives a standard quantum limit (SQL) for such interferometers
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SRl — mSZLQ’ (6.1)
for the dimensionless gravitational-wave signal h(t) = AL/L. Here m is the mass of each identical
test mass, L is the cavity length, AL is the displacement of the test mass under tidal forces, Q is
the frequency of the gravitational-wave and 7 is the Planck’s constant. Because gravitational-wave
sources are usually distant objects, in order to detect the signal, the design sensitivities of laser
interferometric gravitational-wave (GW) detectors ( LIGO/VIRGO/TAMA/GEO ) must reach or
surpass the SQL. Examples of methods that can beat SQL include (i) injecting squeezed vacuum
into an interferometer’s dark port [2], (ii) implementing frequency-dependent homodyne detection
[3], and (iii) speed-meter designs [4], (iv) modifying the test-mass dynamics with an optical spring
[22, 23, 24]. Meanwhile it is also necessary to reduce the classical noises such as the thermal noise.

As the design sensitivities approach the SQL, it becomes feasible that we use interferometers to
do macroscopic quantum mechanical experiments. By macroscopic we mean that the instruments
have arm lengths of a few kilometers and test mass weights of a few tens of kilograms, or somewhat
smaller in the case of the MIT experiment. For example, if the noise is below the SQL, nearly pure
quantum states can be prepared via measurement induced state collapse. After that we can do many
interesting quantum mechanical experiments such as quantum teleportation, quantum swapping and
so on. We can also investigate quantum mechanical entanglement between the optical field and the
test masses, as well as entanglement between test masses [6].

Because the motions of the test masses are way smaller than A\/F, where X is the wavelength
and F is the finesse of the cavity, the system can be well approximated by a linear system with
Gaussian white noise; classical theories of optimal filtering and stochastic control for linear systems
are applicable to the current problem. The key results from Wiener filtering and optimal stochastic
control will be very helpful when we analyze the data from these experiments. In this chapter we
apply and extend the theory of Wiener filtering to some typical macroscopic quantum mechanical

experiments.

6.2 Optimal Wiener Filtering and Its Relation to Ordinary
Linear Regression

6.2.1 Wiener Filter

In this subsection we present the Wiener filter which as the optimal least-mean-square estimate of

a linear system. After that we will show the analogy between Wiener filter and linear regression in



130

finite dimension. The results in this subsection will be used in Sec. 6.4 when we discuss the state
preparation problem in Advanced LIGO interferometers (AdvLIGO [5]).

Suppose that we have a stable linear quantum mechanical system with a complete set of lin-
ear observables {X(t), —oo < t < oo}. We further assume that X (¢) does not depend on initial
conditions, but instead depends only on the states of the incoming fields, with dependence decays
exponentially to the distant past. In order to gain some information of this system we measure the
states of a probe, which are denoted by {Y (¢), —0o < t < co}. We further assume that our linear

quantum system satisfies causality and the quantum nondemolition (QND) condition, which means
[Y(t'), X)) =0Vt <t [Y(t),Y()] =0,Vtt. (6.2)

Our goal is to use {Y(¢'), —oo < t/ < t} to predict the value of X(t).
It turns out that the linear optimal estimate can be obtained by doing the following decomposi-

tion,

X(t) = /t dt'K(t — )Y (t') + R(t), (6.3)

— 00

where the first term on the right-hand side is our linear optimal estimate of X (t) given the mea-
surement history of {Y(¢'),—oo < t < t}. The second term, R(t), is the residual noise that is

uncorrelated to Y (¢'), i.e.,
(R()Y () =0,V < t. (6.4)

This is very similar to the ordinary linear regression where we decompose X (¢) into a vector in the
linear space spanned by {Y(¥') : —oo <t/ <t} and a noise term which is orthogonal to Y (¢'). The

orthogonality here is according to the inner product defined by taking covariance,
(A, B) = E[AB] — E[A]E|B]. (6.5)

We will use this correspondence between Wiener filter and ordinary linear regression later in this
section.

Once we have the decomposition, the optimal estimate of X (¢) is just the conditional mean

X(1) XY () =y('),vt' <1]

- / QK —)y(t') + B[ROV (¥) = y(#), v < 1]
- / AWK — )y, (6.6)
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The second equality holds because R(t) is independent of {Y(¢') : —oo < ¢’ < t} and E[R(t)] = 0.

It is also easy to show that the conditional variance of the estimate X is,

Var[X (t)|Y (t') = y(t'),Vt' <t] = E[R*(t)] = E

(X(t)— [ ; dt’K(t—t’)Y(t’))Q]. (6.7)

The kernel K (¢) that minimizes the conditional variance is called the Wiener filter, which filters the
measurement in Y (') and yields the best estimate of X (¢). To determine K (), we need to solve

the so-called Wiener-Hopf equation
t
Cxy(t—1t") —/ dUVK(t —tCyy (' —t") =0, V"< t, (6.8)

where C'xy is the covariance between X and Y and Cyy is the variance of Y. This equation is
straightforward to solve through the Wiener-Hopf method if the power spectra Sxy (2) and Syy (£2)
of the stationary process { X (¢), Y (¢)} are rational polynomials. We present the solution here; further
references can be found in [7, 8, 9].

First we can rewrite Eq. (6.8) as
ny(fﬂ) - / K(y)CYy(l‘ — y)dy =0,Vz > 0. (69)
0

We can extend the definition of the filter function by letting K (y) = 0,Vy < 0. This definition makes

K to be a causal function and allows us to rewrite Eq. (6.8) as
oo
Cxy(z) — / K(y)Cyy(xr —y)dy = 0,Yx > 0, K causal. (6.10)
After applying a Fourier transform to Eq. (6.10), we obtain a function in £2,
L(Q) = Sxv(Q) — K(Q)Syy(9) (6.11)

that must be analytic in the lower-half complex plane—so that Eq. (6.10) holds for > 0. Here K is
the Fourier transform of K(y), which must be analytic in the upper-half complex plane. Note that

our convention for Fourier transform is

F(Q):/jo f(t)eat, f(t):/oo F(Q)e’im@. (6.12)

o 2w

In order to obtain K, we first factor Syy(Q) = ¢1y (Q)dyy (Q), in such a way that ¢y ()
only has poles and zeros in the lower-half complex plane (i.e., ¢3y () and 1/¢7 (€2) both analytic
in the upper-half complex plane), and that ¢y (2) only has poles and zeros in the upper-half
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complex plane (i.e., ¢y () and 1/¢yy (£2) both analytic in the lower-half complex plane). The
condition that L(Q) is analytic in the lower-half complex plane is equivalent to the condition that

L(Q) /¢y () is analytic in the lower-half complex plane, i.e.,

L©) _ Sxr(®)
Oyy () dyy ()

— K(Q)¢f () (6.13)

must be analytic in the lower-half plane. We then need to break Sxy /¢y into a sum of two pieces,

each analytic in one of the half planes, and have

Sxy(Q) Sxy () -
E e () (6.14)
Dyy ()] dyy ()],
where [...]4+ means being analytic in the upper-half plane, and [...]- means being analytic in the

lower-half plane. We must then make the last two items cancel with each other and require

(6.15)

1 [Sxv(®)
K= @) [%ﬂﬂ)];

This gives the causal Wiener filter

4 > @ 1 SXY(Q) e—m(t—t/)
Ke-0=[ 5 () {asYY(ﬂ)L | (616)

which is clearly a causal function because each term involved here is analytic in the upper-half plane.
We can plug the causal filter K in Eq. (6.16) into Eq. (6.7) and obtain the conditional variance
> dQ

Var[X ()Y (') = y(t'),¥ — o0 <t/ < t] = / ®

Sxx(2) — [ . (6.17)

— 00

exuiNE=ol)

+

We note that the above Wiener filtering is causal because it only uses the information of
{Y(t'),—c0 < t' < t}. If we were allowed to use the whole information {Y(¢'), —oco < ¢t < oo},
we would construct a similar but non-causal Wiener filter K (¢), which would be given by

_ [T A Sxv (D) o
K(t) = /_ I (6.18)

The conditional variance based on the non-causal Wiener filtering is

Var[X ()Y (t') = y(t'), —c0 < t' < o0] = /OO @ [Sxx(Q)

oo 2T

_ Sxy()S%y (2)

Syy () (6.19)

However, because [X(t),Y(t')] # 0 for ¢ > ¢, quantum non-causal filters are subtle to define.

Variances defined in this way could violate the Heisenberg Uncertainty Principle.
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These results will be used in the following subsection.

6.2.2 Wiener Filtering Viewed as Linear Regression

In this subsection we will build the correspondence between the Wiener filter and ordinary linear
regression. There are two reasons to do so. On one hand, the Wiener filter is constructed in the
frequency domain so a time-domain method is desired for completeness. On the other hand, as we
will see shortly, macroscopic quantum mechanical experiments in LIGO interferometers will require
the technique of multivariate Wiener filtering. In the proposed MIT experiments [10, 11], the double
optical spring scheme has been shown to provide a stable optomechanical trap [11]. At the output
port of this device it is easy to separate the carrier field and its sidebands from the subcarrier field
and its sidebands. This can be accomplished by using laser lights with different polarizations. In
order to obtain information about the end mirror’s position and momentum we must detect both
the carrier and subcarrier lights. In this case we will have two readouts Y; 2(¢) and consequently we
need to do two-channel Wiener filtering. If we continue our approach in frequency domain we need

to do the following factorization

SY1Y1 (Q) SY1Y2 (Q)
SY2Y1 (Q) SY2Y2 (Q)

= B, (QP_(2), (6.20)

where © (Q)(®_(Q)) and its matrix inverse &' (Q)(®-'(Q)) are analytic in the upper-half (lower-
half) complex plane. This goal can be achieved by the so-called symmetric factors extraction method
[14] which is quite complicated. In this subsection, after building the correspondence between Wiener
filtering and ordinary finite-dimensional linear regression, we can obtain a simple numerical algorithm
for doing multivariate Wiener filtering in the time domain.

Ordinary linear regression applies to problems where there is a linear dependence between the

response X and n predictors Y7, ...,Y,. This dependence is subject to an error e such that
X=0/Y1+...+ 8. Y, +¢, (6.21)

where (3; are the corresponding coefficients. Without loss of generality we can assume X and
Y = (Y1,Ya,...,Y,)T are zero mean random variables with known covariances. Then it is quite
straightforward to show that if the error € is statistically uncorrelated with 5 = (61,52, 0n)7, ﬁ

must satisfy

4= [Var(?)} ' Cov(Y, X), (6.22)

so that X and its estimate X = BT .Y has the minimal difference in the mean square sense. We note
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the similarity between Eq. (6.3) and Eq. (6.21) where both equations try to project X into linear
spaces spanned by the measurement data and the errors are perpendicular to the linear spaces.
This similarity is most obvious when we derive the non-causal Wiener filter from the ordinary
least square. Let us discretize the measurement time ¢ to integers. After measuring Y (¢),t =
—00,...,—1,0,1,...,00, we can give a linear estimate of X by X = ET -Y where 5 is calculated

according to Eq. (6.22). Hence ﬁ satisfies the equation
711 5 -
[Var(y)] 3 = Cov(¥, X). (6.23)

If we consider Var(?), Cov(?, X) and 5 to be functions that are defined on integers, we can rewrite

Eq. (6.23) in a component form

> Cyy(i)B() = Cxy(i+j), j=-0,...,-1,0,1,...,00 (6.24)
where Cyy (i) and Cy x (i) are autocorrelation and cross correlation functions of the random processes

{Y(¢),X(¢)}. In the continuous limit, Eq. (6.24) reduces to

/:X’ By)Cyy(z —y)dy = Cxy (), (6.25)

which is the same equation that the non-causal Wiener filter satisfies [7, 8]. Therefore if we measure
{Y(¢),t = —o0,...,—1,0,1,...,00} and make an ordinary linear regression, the resulting coefficients
3 will approach the non-causal Wiener filter K (t) in the continuous limit.

To further explore this correspondence, we give a numerical example where the ordinary linear
regression of the history {Y (¢),t = —o0,...,—1,0} yields the causal Wiener filter. In Fig. 6.1 we
show the comparison between the causal Wiener filtering and the ordinary linear regression, for the

stochastic processes {X (t), Y (¢)} with power spectra

1
Sxx(@) =
1
S = e e X i)
1
Svv(@) = G (020

The solid line is the optimal Wiener filter and the dots are the ordinary linear regression coefficients.

We find a nice agreement between two methods.
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Figure 6.1: Comparison between the optimal Wiener filter and the ordinary linear regression for
stochastic processes {X (¢),Y (t)} with power spectra equation (6.26). The solid line is the optimal
Wiener filter and the dots are the ordinary linear regression coefficients.

6.3 Quantum Filtering via the Path Integral Approach

In this section, we show how to obtain the result of causal Wiener filtering via the path integral
approach. X (t) are Heisenberg operator of system observables and Y (¢) are measurement data. In
macroscopic quantum mechanical experiments, usually the object is the mirror and the the probe
is the optical field. We denote the object’s density matrix by p,(t) and consider its evolution under
a linear continuous measurement. Our goal is to describe the estimation of the object’s quantum
state when the measurement results are given. Different from the usual treatment of this problems
(such as [18, 19, 20]), we consider the case that not only backaction but also measurement noises
are non-Markovian. This section is largely based on discussions with Yasushi Mino.

In the Heisenberg picture, we assume the Hamiltonian of the entire system (i.e., the object and

the probe) is described by
ﬁ = I:Io + I;[p + I:Ie + ﬂmeasure + I;[inh (627)

where ﬁo, pr and H, consist of operators for the object, the probe and the environment respectively.
They describe the free-evolution of these operators and we do not need to consider their specific
forms in this subsection. flmeasurement and fIint describe the quantum measurement process of
the object by the probe and the interaction of the object with the environment respectively. We
next calculate the evolution of the object’s density matrix under continuous measurements and the
interaction with the environment. For this purpose, we adopt the interaction picture and assume

we have the free-evolution operators of the object, the probe and the environment, which we denote



136
by X (), dEO) (t) and IA);O)(t) respectively.
We denote the evolution operator by l?(t, to) which satisfies

d N ~ A ~ A
ih%U = (Hmeasurement + Hint)U,  U(to,t0) = 1, (6.28)

where I is the identity operator. The evolution of the entire system (the object, the probe and the

environment) is described by
p(t) = U(t, to)p(to)U (¢, to)", (6.29)

where p(t) is the density matrix of the entire system. For simplicity we assume that the initial
density matrix is described by p(to) = po(to) ® pp(to) @ pe(to), where po(to), pp(to) and pe(to) are
the initial density matrices for the object, the probe and the environment respectively. By taking
appropriate state reductions over the probe and the environment, one can derive the evolution of
the object’s density matrix.

The environment is an uncontrolled system which introduces a noise to the object’s quantum
state. We do not know the initial state or the final state of the environment. However, we may have
a statistical property of the environment such as its temperature; specifically, we know the spectrum
of IA)g-O). The typical way to deal with the environment is to take the thermal state as the initial
density matrix for the environment and to take the trace over the final state of the environment. By
taking the trace we consider all the possible final states of the environment with statistical weight.
On the other hand, we control the probe’s initial state in order to maximize the detection efficiency.
We also have a measurement record of the probe with which we can infer to which state the object
has been collapsed. By taking the state reduction of the probe to the specific state followed by the

measurement record, we can describe the conditioned evolution of the object’s density matrix.

6.3.1 Evaluating Conditional Expectations via the Generating Functional

Our full system is made up of the object, the probe and the environment. Because we are looking
at Gaussian states, the first and second moments contain the full information about the system’s
evolution. In this subsection, we present some formal expressions for the conditional expectations
and covariances of the object variable X given that we have continuously measured the probe variable
Y.

First let us consider a single measurement of the probe. Let H = H, ® H, ® H. be the full
Hilbert space of the system which consists of the object, the probe and the environment. p(t) is
the full density matrix for the system. Suppose we measure the probe variable Y at time ¢t = ¢;

and obtain the result y;. Then the reduced conditional density matrix for the object can be written
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as

po(t1) = Tre[(y1lp(t1)|y1)] = Tre p[0(Y — y1)p(t1)], (6.30)
where we have used the relation
(ilp(t)ly1) = Trplly)(yilp(t1)] = Trp[o(Y — y1)p(te)]- (6.31)

In order to calculate the conditional expectation of some observable X of the object, we need to

evaluate the following expression
EIX|Y = y1] = Tro[Xpo(t1)] = Tre p,o[X(Y — y1)p(t1)] = Trep,o[ X (¢1)0(Y (t1) —v1)p], (6.32)

where p is the initial density matrix for the object, the probe and the environment.

To continue our discussion, we consider continuous quantum non-demolition (QND) measure-
ments. Assume we make a series of measurements of the past history of the probe and obtain
{y(¥'), —co < ¢’ < t}. Generalizing the result for a single measurement, we obtain the conditional

expectation for the observable X as
EIX@)Y () =y(t')it <t] =Trepog Xt [ 0OV —y))p g - (6.33)
Using the identity that
§(x) = etk (6.34)

we have

EX@OY () =yt')t <1

Trepo X0 T [ B explikt)(¥ () ~ oty

2
—oco<t/ <t

ey {300 [ D000 i [ ; k() () = ()| o} (6.35)

where Dk(t') is the functional integral which is used frequently in the path integral approach [21].
In order to regularize the integral measure we require that the functional integral satisfy the nor-

malization condition

Trepo {L,/Dk(t’)exp [z /_too dt'k(t) (Y (t') — y(t’))] p} =1, (6.36)
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where I, is the identity operator in the Hilbert space of the object.

In practice when the system becomes stable via some mechanism such as damping or feedback
control, the conditional expectation will still depend on the measurement results. But the conditional
variance will not depend on the initial conditions or the measurement results. Therefore in the
following we will focus on evaluating the conditional variance.

The calculation of the path integral will be largely simplified after introducing the following

generating functional [21]
J(B) = log {Tr&p o [eﬁx(t) /Dk(t’)ei Il dt’k(t’)(y(t/)y(t’))] } . (6.37)

It is easy to show that

dJ o |
a5 . = EX®OYEH)=y{t);—oco <t <t

T = EXOPIYE) =) oo < A= EXOI ) =yt —oo < ¢ <o
B |50

Var[X (t)[Y (t') = y(t'); —o0 < t' < t]. (6.38)
These expressions will be used in the following subsection.

6.3.2 Application to High-Finesse Fabry-Perot Michelson Interferometer

In this section we apply the above formalism to a high sensitivity position measurement device, such
as Advanced LIGO. As we mentioned before the conditional mean of the observable will depend on
the specific measurement history but the conditional variance will not. Without loss of generality,

we can assume the measurement results of the probe are always zero, i.e.,
y(t') =0,—co < t' <t (6.39)

It is fairly straightforward to generalize the results in this subsection to non-zero measurement results
but the notations will be more complicated.

We first consider the effect of the environment. Because we do not have direct access to the
environment, the usual way of dealing with the environment is by taking an ensemble average.
Specifically, when we write out the quantum Langevin equation to obtain the frequency domain
expressions for the object and the probe, we describe the environment by its damping effect as well

as a noise term W (w) with the power spectrum [19]

(W(@)WH(w) + WH)W (@) _ Ym :
3 = 5 2rwi(w — w'), (6.40)
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and
(W (W), W(W)] = - 2rws(w — o), (6.41)

Wm

where 7, and w,, are the damping rate and resonant frequency of the mirror. In the following
calculation, we will use these relations to describe the environment.
We also need to specify the expressions for the object (the mirror) and the probe (the laser field).

We introduce the frequency domain decomposition of X (t),Y (¢) according to

X@:Ammw@ww+ﬂww%m

Y(t) = / dw[Y (w)e™! + YT(w)e ™1, (6.42)

0
where the frequency domain expressions X (w), Y (w) have been worked out for several interferometers
[17, 22, 23, 24]. When the whole system is stable the probe only depends on the input radiation field

while the mirror depends on both the input radiation field and the environment noise. In calculating

the input-output relation we use the so-called two-photon formalism [25, 26] where

X(w) = Ko1a1 + K, 209,

Y(w) = Kpaa1 + Kp2as, (6.43)

where the correlated two-photon modes field amplitudes are defined by [25, 26]

T T
ar +a’ a4 —a_
P 6.44
e (6.4
and
Ut = Qugtws; O— = Gup—w, (6.45)

are the usual annihilation operators of the input radiation fields.
Below we find it more convenient to do the calculation in a4 not aj 2 so we rewrite Eq. (6.43) as

X(w)=Koiay + K, _a',

Y(w)=Kpaq + pr,ai. (6.46)

The explicit forms of the susceptibility functions (K, +, K, +) depend on the specific optical topology
of the system and some of them have been worked out in Refs. [17, 22, 23, 24].

Because we assume the system to be stable and the input optical field to be in its vacuum state,
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following Ref. [17], the (single-sided) spectral densities can be calculated as

(0| XYT +YTX|0)

Sxy(u)) = o :KO7+K;,++KO)_K;,,,
0 XX+ XTX10
Sevw) = WXXLXXO e ek,
0YYT +YTY|0
Syvw) = O ke P 1 P (6.47)

2

Because the system is assumed to be stable and stationary, we only need to evaluate the condi-

tional variance at t = 0. Hence the generating functional can be rewritten as

J(B) = ("XOT] / dk(t)e’ %o AHOY 0 (6.48)

If we define a new function k(t) such that

S LN
(t) = (6.49)
0, t>0,

then Eq. (6.48) can be rewritten as

J(B) = <66X(0)H/Dk(t)ei,ff‘;dtl}(t)y(t)>

= (O] / Di(t)et I % #FOY©) (6.50)
In the frequency domain, we have

J(B) = (8] (X (@+X1 (@) I1 Dii(w)DE* (w)e Jo~ WFYTHE@Y]y (6 51)

V/z:(w),analytical in lower half plane

Note that we have introduced a constraint to the possible functions l;:(w) in the functional integration.
Below when we do Gaussian integration, we require that the integration transform preserves this

constraint. Specifically if we want to transform the integration variables as follows

E(w) — a(w)k(w) + b(w), (6.52)

we require that a(w), 1/a(w), b(w) all be analytical in the lower half plane. In order to simplify J(3)

we need to use the causality condition. From

0=[X(0),Y(t)] = /dw(Ko7+K;7+ — K, K} _)e"®t <0, (6.53)
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we know K, K, , — K, K _ is analytical in the lower half plane. Therefore,

/ dwl;(w)Ko7+K;,+ — K, K, =0, Vk(w) is analytical in the lower half plane.  (6.54)

Combing Eq. (6.46) and Eq. (6.54) and using the property that X (¢),Y (¢) are Hermitian operators

we have
/ dcul;:(w)(KOHrK;Hr - Ko7_K;7_) + / dw/}*(w)(K:,_Kp,_ — K;‘#Kp#) =0, (6.55)
0 0

where we require k(w) to be the Fourier transform of a real function k(t) and hence analytical in
the lower half plane. This useful identity allows us to simplify Eq. (6.51) as follows (we use R~ to

denote the set of functions that are analytic in the lower half plane).

J(B)
— 6%2.[006 dwSx x X
7. 7% > [ 1- 7. * Tk %
11 /Dk(w)Dk (w) exp {/ dw —§\k|2syy + BkK, K} + Bk KO’KP,} }
vkER~ 0 -
= @% Jo© dwSxx X
~ = o0 [ 1.~ 2 1 T 1 7% o
II [ Pk(w)Dk* (w)exp dw | =5 [k*Syy + 5ikSxy + Sifk"Sky | ¢ (6.56)
= 0
VkeR~ -

where the first equality comes from applying the Baker-Campbell-Hausdorff formula to Eq. (6.51)
and the second equality comes from Eq. (6.47) and Eq. (6.55).
Similar to the procedure in Sec. 6.2 we can decompose Syy = A;A_, where Ay (A_) and

1/A4 (1/A_) are analytical in the upper(lower) half plane. After that we can apply an integration

transformation
k—k=kA_, k*—k"=k"A,, (6.57)
and obtain
J(B) = eF J dwSxx /Dimk* exp {/dw [;IW + %wkif—_y + ;wksjﬂ } . (6.58)

If we decompose Sxy /A_ as

Sxy B, + B_, (6.59)
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where By (B_) are analytical in the upper (lower) half plane, we have
/ dwkB_ =0, (6.60)
and therefore

J(B)

2 A A 1 - 1. - 1. -
e /Dk‘Dk‘* exp {/dw {—2|k‘2 + Eiﬁk3+ + 2iﬁk‘*B_] }

2 S S "
e {ﬂ [ [SXX () () ] } | (6.61)
2 -+ - /4
Taking logarithm and doing two derivatives with respect to 3, we recover the standard results in

Sec. 6.2, Eq. (6.16). We also note that if we have nonzero measurements (y(t) # 0) by taking the

first derivative we will recover Eq. (6.5), which is the optimal linear estimate [15].

6.4 Application to the MIT Squeezer Experiment

6.4.1 Multivariate Wiener Filtering for a Double Optical Spring Inter-

ferometer

In this subsection, we apply the multivariate Wiener filter to the double optical spring experiment
at MIT [10, 11]. It is well known that a single optical spring connected to a free mass always makes
an unstable system [23]. By contrast, the double optical spring configuration can provide a stable
optomechanical trap [11]. At the output of the device it is easy to separate the carrier field and its
sidebands from the subcarrier field and its sidebands. This can be achieved by using optical fields
with orthogonal polarizations. Here we theoretically investigate whether it is possible to put the
gram-scale mirror oscillator close to its ground state by considering the conditioning produced by
continuous homodyne detections of both the carrier and the subcarrier’s output fields.

Let us consider a single detuned cavity with a movable end mirror where two fields, the carrier
and the subcarrier with orthogonal polarizations, are injected into the cavity. The output fields are
measured by homodyne detections. As shown in Ref. [23, 24], a detuned cavity makes the power
inside the interferometer depend on the motion of the mirror. This creates the so-called optical
spring, which is always unstable. To make the system stable, we realize that it is possible to create
damping which goes along with having an anti-restoring force. By adjusting the detuning of the
carrier and subcarrier, i.e., adding an optical spring and an anti-restoring force, one can generate
an effective optical spring with anti-damping (or anti-spring with damping) which is stable. We will
use the formalism in [22, 23, 24] to describe the equations of motion.

The suspended mirror is a harmonic oscillator with eigenfrequency w,, and velocity damping rate
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Ym = Wm/Q. The fluctuations associated to this dissipation are described by & which has a white

noise spectrum
EQENQ)) = 276(Q2 — Q' )my 2kpT. (6.62)

Then the frequency domain equations of motion for the positions of the mirror 2(€2) and the phase

quadratures y; 2(£2) are given by

2(Q) = Rpr () X
(F1(Q) + F2(Q)) — [(Kre,1(2) + Kre 2(2)) + 1Q(Kim,1(€2) + Kim,2(2))]z(2) +£(2)) ,
1 (Q) = Yl(Q) =+ RY1F1 (Q)JZ(Q)7

Y2() = Y2(Q) + Ry, 1, () 2(42), (6.63)

where K, ; and QKjp, ; are the real and imaginary parts of the ponderomotive rigidities generated

by carrier and subcarrier and are given by

Keei(Q) mb;0; (3] + 07 — ) ., mb;id;
- A1 +2(7; = 67) + (7 + 7)) 4(vF +03)
Kim ; Q) mb;0;7; ~ m0j5j7j (6.64)

201 +2(y7 — 62) + (V2 +02)?]  2(37 +62)?

where §; are the detunings of carrier and subcarrier, v; = 7;¢/(4L) are the cavity bandwidths and
0; = 8Pjw;/(mLc) are the coupling constants of the mirror and lights. Here the approximation in
Eq. (6.64) holds in the large bandwidth limit v; > Q. Note that the input laser power I; is related
to the intracavity power P; by

2IjTj

2 —17; —2,/1T—1;cos820;L/c|’

The quantities describing the “free” radiation pressure F;({) and the “free” shot noise Y;(2) for

P = (6.65)

carrier and subcarrier are given by [24]

F;(Q) = \/Wﬂj(iﬂ —7,)a? () + 8;a5(Q)
Do)+ 6 e

L) = Q=05 +iv)(Q+0; +iv;) (6.66)
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and the susceptibilities of the system are [24]

1
m(Q — (a—ib))(Q — (—a — b))’

mb;y, v; — 182
Ry, p = —y—LY LK — 6.67
Vil 2h (=6, +1iv;)(Q+ 0; + i) (6.67)

where the mechanical resonant frequency is 2, = a +ib with a = \/w2, —42,/4 and b = ~,,,/2. The

wa = -

numerical values of the parameters are shown in table 6.1.

Table 6.1: Parameters in double optical springs

Symbol Physical Meaning Numerical Value
m end mirror mass lg
Wi pendulum eigenfrequency 21 x 172 Hz
I carrier laser input power 4.76 W
cfun laser wavelength 1064 nm
Y1 carrier half-cavity bandwidth | 27 x 10,600 Hz
01 detuning of the carrier 371
I subcarrier laser input power 0.24W
¢/ws subcarrier laser wavelength 1064 nm
Y2 subcarrier half-cavity bandwidthl 27 x 10,600Hz
do detuning of subcarrier —0.57v2
T temperature 300K
Q suspension quality factor 104

The unconditional uncertainty is usually limited by thermal noise which cannot be suppressed

by the optical spring [11]

rp —
YosWos 4

T\?> _ h?
VoaVip — V2, > (%kB) > (6.68)

where V,,,V,, and V,, are the variances and covariances of x and p. However, the conditional
variances can be removed to a large extent. For a mirror with a high quality factor, it is possible
to approach the quantum mechanical ground state as we show below. In Fig.6.2, we show that
the measurement uncertainty (Vig, Vap, and V,, are calculated using the discrete linear regression
method) decreases as we increase the quality factor of the mirror. Alternatively we can also decrease
the temperature to achieve the quantum mechanical ground state of the mirror. Here Vi, Vy, — V2 >

h?/4 even for T = 0 because of the remaining entanglement between test mass and cavity mode.

6.5 Conclusion

In this chapter, we have extended classical optimal filtering methods to macroscopic quantum me-

chanical experiments in laser interferometers. We showed that multivariate Wiener filtering can be
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Figure 6.2: Uncertainty versus quality factor. Following [13], we measure test-mass uncertainty by
f/ 4(VipeVipp — V2,)/h2. The bottom line is the conditional uncertainty from multivariate Wiener

filtering. The top line is the measurement uncertainty for carrier light and the middle line for
subcarrier light. The temperature is T' = 300K.
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Figure 6.3: Uncertainty versus temperature. Following [13], we measure test-mass uncertainty by
{‘/ 4(ViaVpp — Vi2,)/I%. The bottom line is the conditional uncertainty from multivariate Wiener

filtering. The top line is the measurement uncertainty for carrier light and the middle line for
subcarrier light. The quality factor is @ = 108.
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used to suppress the thermal noise so that the suspended mirror can achieve its quantum mechan-
ical ground state when increasing the quality factor and/or reducing the temperature. With the
preparation of quantum ground states, one can do several interesting experiments such as quantum
swapping and quantum teleportation. In another related study, we found that the stochastic optimal
control method can help quantum swapping experiments of two interferometers.

In summary, we found that it is feasible to design some quantum mechanical experiments that
use the advanced LIGO interferometer, and we showed that in such experiments the theory of filter

and control is crucial to eliminating the impact of environment thermal noises.
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Analytical Solutions for Expanding

Fireballs

Many models of Gamma Ray Bursts (GRBs) as well as of Soft Gamma Ray
repeaters (SGRs) involve a fireball: an optically thick concentration of radiation
energy with a high ratio of energy density to rest mass. We study the asymptotic
behavior of an ultra-relativistic fireball consisting of electron-positron pairs and
photons. We show that in the ultra-relativistic limit, after photons decouple
from the pairs, the photon distribution function remains a blackbody spectrum
in some appropriate Lorentz frame, allowing us to define an effective Lorentz
factor and temperature for the photon gas. We also study the freezing out of
electron-positron pairs and their asymptotic Lorentz factor 7. The dependence
of these quantities on initial conditions can be described by simple scaling laws.
We apply our results to SGR 1806-20, and find that the energy carried by electron-
positron pairs is higher than calculated by former estimates, but is still an order
of magnitude short of the minimum energy required to produce the observed
afterglow. A viable solution of the energy budget is that the fireball is loaded by

baryons or electromagnetic flux.

Originally published as C. Li and R. Sari, Astrophys. J. 677 425 (2008).

7.1 Introduction

The release of a large amount of energy into a compact region can lead to an opaque electron-

positron-photon fireball. The formation and evolution of fireballs are of interest in astrophysics,

especially for the understanding of GRBs at cosmological distances [2, 3, 4, 5, 9] and SGRs [6, 7, §].

The evolution of an electron-positron-photon fireball consists of several phases [1, 4]. Initially, the

electrons, positrons and photons are in thermal equilibrium due to high temperature and large optical

depth. As the fireball expands, its temperature decreases, and the equilibrium number density of

electrons and positrons decreases. The optical depth for pair annihilation drops below unity, and
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their density deviates from thermal equilibrium below a temperature of about 20 keV. Around the
same time, the optical depth for photon scattering drops below unity so that photons decouple from
pairs and begin freestreaming. Further expansion causes the density of electron-positron pairs to
decrease, but their total number is now conserved. The Lorentz factor of electrons increases until the
optical depth for scattering off photons becomes small. Then the pairs decouple from the photons
and therefore no longer accelerate. If we consider the fireball as a steady state wind, there will be a
constant number of pairs per unit time Noo arriving at infinity with Lorentz factor vo.

In this paper we analytically study these fireball processes. We assume a steady-state wind and
focus on deriving exact solutions for Ny and ~... These quantities have only been estimated to
an order of magnitude previously [1, 11]. We prove in §7.2 that after photons decouple from the
pairs, the photons remain thermal in a Lorentz frame that is accelerating as 7, o< r. We define the
Lorentz factor of this frame, <y, as the Lorentz factor of the photons. When the fireball is optically
thick, the pairs Lorentz factor 7. is almost equal to that of the photons 7, since the photons are
dragging the pairs. As the fireball expands and becomes sufficiently optically thin, -, and 7. start
to deviate from each other, with v, < v,5. Finally . approaches its coasting value 7yoo.

In §7.3 we calculate the number of pairs per unit time that survive or freeze out once the
annihilation timescale becomes longer than the dynamical time. We arrive at an exact expression
under the assumption that the pairs Lorentz factor during freeze out is very similar to that of the
photons and that the temperature at freeze out, kT4, is significantly below the electron rest mass.
In §7.4 we derive an expression for the coasting Lorentz factor. We generalized our results in §7.5
for the case that the fireball is loaded with some amount of baryons and their associated electrons,

or with magnetic fields. We discuss the applications to SGRs in §7.6.

7.2 Freely Streaming Photons

The sudden release of a large amount of energy in a compact region produces an expanding fireball.
Relativistic dynamics in spherical geometry ensures that the matter expands such that its Lorentz
factor is proportional to the radius [4, 9]. Before the photons reach the photosphere, they are in
thermal equilibrium, and the distribution function is of blackbody form. If, at some radius the
photons begin to stream freely without scattering, then, as we will show below, photons remain
thermalized as long as we observe them in a Lorentz frame that continues to accelerate linearly with
distance, ypn, o< 7. As a side note, we mention that since this relation is true for no scattering, v,
continues to increase all the way to the observer. For example, in the giant flare of SGR 1806-20
the observed 200 keV photons, when they reach the observer, have a thermal distribution with a
temperature of 4 x 10712 eV if viewed in a frame that has a Lorentz factor ~y,;, = 5 x 1016.

In Fig. 7.1, photons emitted from point 1 on the photosphere arrive at point 2. 619 and 6
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©20

Figure 7.1: A photon emitted at point 1 is received at point 2. Point O is the origin of the fireball,
point 1 lies on the photosphere; point 2 is an arbitrary point outside the photosphere. All the angles
are exaggerated since 0, 619, 020 < 1.

are angles measured in the observer frame. Correspondingly, #; and 6; denote the same angles
measured in the comoving frames of the photon gas at point 1 and 2. When the fireball reaches
photosphere, ., > 1, which means that the transverse optical depth is of the order ’th > 1, thus
point 2 can only receive tiny amount of photons which are emitted from high-latitude regions on the

photosphere. Therefore it is reasonable to assume
0 <1, 010 < 1, 00 < 1. (7.1)

We note that although 619, 02 are very small, their counterparts 61,02 in the comoving frames can
be large. From Liouville’s theorem, the phase space distribution function is conserved along each

collisionless trajectory. Thus we get the relation for the photon distribution function:

f(v2,02) = f(va0,020) = f(v10,010) = f(v1,01). (7.2)

Here the second equality is from Liouville’s theorem and the first and third equalities are from the
Lorentz invariance of the phase space distribution function. Since we assume the photon distribution

at point 1 is that of a blackbody in its comoving frame, we obtain

Flw2,02) = f1,00) = (7.3)

In order to express the photon distribution function at point 2 in terms of photon frequency v and
angle 03, we need to do Lorentz transformations at points 1 and 2 and use the relation vg = vy for

collisionless photons. We obtain:

i V2%ph,2
Ty Tivph1

V27Yph,2
)
T17Yph,1

(1+ B2 cos 02)7;,%1(1 — B1cosbig) X (7.4)

where Ypn,1, Vph,2 denote corresponding photon Lorentz factors at points 1 and 2. In the above

argument, we use Eq. 7.1, ri/vpn,1 = ra2/7pn,2 and a geometrical relation r1619 = 72629. Therefore
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the photon distribution function at point 2 is

1 1
f(y2’92) = ehvi/keTi _ | = ehve/(kBT1vpn,1/Ypn2) — 1°

(7.5)

Therefore, by defining the photon Lorentz factor +y, to be proportional to r, the photon distribution
function remains a blackbody spectrum in this comoving frame, with the corresponding temperature
inversely proportional to r. As such, the distribution function is isotropic, f(ve,62) = f(v2). In
other words, if we observe the freely-streaming photons in a carefully chosen Lorentz frame, we will
always observe an isotropic blackbody spectrum. In deriving this conclusion, we have only used
the following properties of freestreaming photons: 7, o 7,810 < 1. The result is therefore quite
general.

Clearly, the free streaming of photons is a valid assumption only when the optical depth for
scattering is well below unity. It is therefore important to explain why those conclusions continue
to hold even when the optical depth is around unity. The collision effect vanishes as long as the
electron-positron pairs are thermal. It is the photons that keep the electrons thermal as the fireball
expands. However, at the photosphere, where the photons escape and the optical depth for scattering
of a photon off an electron is of order unity, the density of photons far exceeds that of pairs. An

order of magnitude estimate gives the photon-to-pair number ratio to be

p(mec®)/keT _, ,(511)/20 101, (7.6)

where we have substitute the temperature 7' ~ 20 keV at the photosphere, which will be explained
below in §7.3. Therefore, the last few collisions that a photon experiences are with electrons that
have already been scattered by many photons. Due to the rest mass of the pairs, the criterion for the
electrons to stay thermal is that the photon-to-pair number ratio exceeds m.c?/kpT ~ 20, which is
easily satisfied.

The observed flux per energy interval as seen by a stationary observer is

F Arh® 1
dF 7rh1// udp (7.7)

dv 2 ) expyhe(l—pBu)/kgT] —1°
Here, v and T are the Lorentz factor and temperature of the photon gas at the observer. Similar
expressions for this spectrum were obtained by Goodman [2] and Grimsrud & Wasserman [1]. In

the limit of large -y, this can be reduced to

(7.8)

dF _ AmPkpT | (29kpT
dv 2y hv ’
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at low energies and

F  4nvkgT -
dF  4wv’kp p( /11/)7 (7.9)

dv 2y 2vkgT

at high energies. Compared to a blackbody, the peak of the flux is broader, and the slope at low
energies is slightly shallower. Note that the product vT' appearing in the exponent and in the
logarithm is independent of distance, while the ratio 7'/ appearing in the prefactors is decreasing

as distance square as expected.

7.3 Freeze Out of Pairs

In this section we assume that the fireball has a constant luminosity (steady wind) and consider the
freeze out of electron-positron pairs. This assumption is valid if the variability timescale is longer
that the light crossing time at the source. Initially the fireball is hot. The electron-positron pairs and
photons are in thermal equilibrium with each other. Therefore, for a given temperature, the density
of pairs is completely determined. Near the photosphere, photons decouple from the pairs. But due
to the large ratio between the numbers of photons and pairs (Eq. 7.6), pairs are still accelerated
efficiently by photons. On the other hand, because the local expansion rate is larger than the pair
annihilation rate, the pair annihilation process gradually stops and the number of pairs emitted per
unit time freezes to some limiting value NOO. Therefore, in this section we assume ye = 7y, o< 7 when
calculating No. We define the effective initial radius of the fireball by r; = r /7ph- This definition
allows r; to be somewhat different from the actual radius where the energy is released (e.g., the
radius of a neutron star).

The equation describing the evolution of the number of pairs is [1]

8mwers

dN B 12{0ann?) (
hBT‘,’

__7(N2_N2 )7 Ne,eq:

—mec?
dr 4rrdc? &eq 2mmekpT)* e ket (7.10)

where N = 47r2neyec is the number of pairs emitted per unit time and (0annv) is the pair an-
nihilation cooling rate, which is almost constant for kgT < m.c? (Ref. [10]). Throughout the

2 and adopt the cgs unit. When the temperature is high enough,

paper, we assume kg1 < mec
electron-positron pairs are in thermal equilibrium with photons. With the expansion and cooling
of the fireball, the equilibrium is broken at some temperature T4, and the number of pairs freezes
afterwards.

We start with a rough estimate of the condition when the equilibrium breaks

dN N TZ‘2<0annU> ) TZ‘2<0annv> )
@ e VY T Neer (r11)
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Log.o[ri (cm]

Figure 7.2: The comparison between the numerically exact solution of Eq. (7.13) and our analytical
approximation Eq. (7.14). The horizontal axis is the logarithm of initial distance r; in unit of cen-
timeters. Dashed line: our first approximation 77 in Eq. (7.14), solid line: our second approximation
T in Eq. (7.14), thick solid line: numerical solution of Eq. (7.13)

As an order of magnitude estimation, the total number of pairs at the equilibrium-breaking point is

- 4rc? T3
Ny ~ —_—. 7.12
* 7'12 (Tannv) ( )
The corresponding temperature T is determined by (Nj: ~ N&eq)
< = 2 mmect haTs (7.13)

Ti<0annv>(2ﬂ'mekBTi)3/2 e

Eq. 7.13 serves as our definition of Ty, the temperature at which pair annihilation is no longer
effective. The right hand side has an exponential dependence which is highly sensitive to T, while
the left hand side depends only weakly on 7. Therefore, we can solve this equation iteratively.
We start with To = mec?/kp. Assume that at step n we have obtained an approximate solution
T. =~ T,; then at step n + 1 we can substitute 7,, to the left hand side of Eq. 7.13 and solve
for Ty, 4+1. This iterative method converges very fast. We have tried some typical values of initial
conditions and found that, after two iterations, 75 is already very close to the numerical values
of T'y. Elegant analytical expressions for 77 and T, can be written in terms of the dimensionless
quantity = = (27)/2a2(r;/\.) where a = 1/137 is the fine structure constant and ) is the Compton

wavelength of the electron.

T, - mec?/kp
Inz
2

Te~T, = mec”/kp (7.14)

Inz—(3/2)Inlnx

Fig. 7.2 shows T} and T5 as functions of r; as well as the exact solution to Eq. 7.13. For »; > 10*
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cm the analytical expression T is accurate to within 2 percent.

It is easy to relate Ty to the temperature at the photosphere. There are two differences here.
First, the average velocity times the cross section in Thomson scattering is larger than that in pair
annihilation since (04p,v) = 3o7c¢/8. Furthermore there are twice as many pairs that are involved
in Thomson scattering. These two reasons lead to a lower temperature than 7., which is also given
by Eq. 7.14 but with = = (16/3)(27)/2a2(r;/\.); typical values are around 20 keV, which we used
in §7.2.

Based on these estimates, we introduce the following dimensionless quantities

. Ar;c? ( T; )3 Tir;
N=—"|(-—-]| N, r= R, 7.15
<0'annv> Ty T ( )

and Eq. 7.10 is converted into a dimensionless form:

d 21 _zmedRon)
%:_%Jrﬁe el (7.16)

We are ultimately interested in
Noo(Ti) = lim ./\/'(Ti,'R), (7.17)
R—o0

since this provides the flux of pairs arriving at infinity. The solution of Eq. 7.16 depends weakly on

Ty if kpTy < mec?. In the appendix, we have derived an approximate analytical expression

3
14+ (In8 —3ygy)Tx — 3T+ InTy ’

where vg, = 0.577216... is the Fuler constant. Numerical integration of Eq. 7.16 results in
Noo(T+ = 23 keV) = 1.95, while the approximate Eq. 7.18 gives N (Tx = 23 keV) = 2.09.
Here T+ = 23 keV corresponds to r; = 10% cm. From Eq. 7.15, we then obtain the number of pairs

per unit time arriving at infinity,

. dnric® (T, 3
Noo =~ 1.95——— [ — | . 7.19
<‘7annv> (Tﬂ:) ( )

For more general 7., we use Eq. 7.18 to obtain

. 3 drric® (Ti\°
Ny ~ — ] . 7.20
1+ (1H8 — 3’}’Eu)T:t — 3T InT4 (Ummv> (T:t ( )

In Fig 7.5, we plot the fractional error of the analytical expression to the numerical solution. From
this comparision, we see that the analytical expression Eq. 7.20 is an accurate expression for the

number of pairs arriving at infinity per unit time.



7.4 Coasting of Pairs

Even after the photons decouple from the pairs, the pairs are still accelerated by the free-streaming
photons due to the large ratio between the numbers of photons and pairs. The consequence is that
the Lorentz factor for pairs continues to grow. At large radii, the acceleration gradually stops, and
the pairs enter their coasting phase. In this section we calculate the coasting Lorentz factor ~y.

The equation governing the evolution of the electron Lorentz factor is [1]

d’}/e UtotFO
£ = 7.21
dr Mmec3 ’ ( )

where o1, = 04 + 05 is the total cross section for both absorption and scattering, and Fjy is the
energy flux of photons in the rest frame of pairs. Since we have already proven that the photon
distribution function is a blackbody in the local rest frame of free-streaming photons, we can do a
simple Lorentz transformation to get the energy flux in the rest frame of electrons. This is different
from the method of [1], who calculate a multipole expansion of the photon distribution function
and only retain up to quadrupole terms. The relative Lorentz factor of the photon rest frame with

respect to the pairs rest frame is

1 Vph Ve
= 7.22
2( Ve 'th) ( )

1%

So we get the energy flux Fyy and Eq. 7.21 is converted into

2 2
Vph Ye Otot
(% > - <vph) 1 mec?’ (729

where T, = T;r;/r and vy, = r/r; are the photon temperature and Lorentz factor, and the radiation

d')/e o aT;z;lh
dr 3

constant a = 875k} /15h3c3. Using the transformation

2 1/4 2 1/4
r—-, (3mc> ’ R,,<?W> , (7.20)

4 4
r;aT Otor 101 Otor

the equation governing the acceleration of electrons can be written in dimensionless form as

(¥) - (&)

Numerical integration of this dimensionless equation shows that the asymptotical limit is T'(R —

ar 1

00) &2 1.46. Thus the coasting Lorentz factor is

5y A LA 1/4
81, T; k‘BO'tot> (7.26)

o ~ 1.46
7 ( 45meh3cd
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The kinetic energy flux arriving at infinity is given by Ly o = 27seMe®Noo, or since the photons

luminosity is given by L = (167/3)cr2aT},

Lio = 116 <k4BmSC7) o L g me e
| R A T e
_ k4B 1/4 O'tlo/t4L O'TL 1/4
Yoo = Yoopure = 0.237 (meh%ga4> T = 0549 (7o) . (120)

where in the last equalities we have substitute oot ~ o and (oannv) ~ 3o7c/8. We introduce the

subscript “pure” here to stress that this result is for a pure radiation fireball.

7.5 Baryonic Loading

The generalization of our current results to a loaded fireball is straightforward. For simplicity, let
us consider a fireball loaded with some protons and their associated electrons. As discussed in [11],
the electrons that accompany the protons contribute to the opacity while the protons contribute to

the inertia. Therefore, we can replace m. in Eq. 7.27 by the average mass per electron

. 2Nime + Npmp

T = 2EMe £ Ny 7.28
mn 2N: + N, (7.28)

and obtain accurate results for a baryonic loaded fireball. Let us denote the mass loading rate to be
M, and define = L/M,c? to characterize a loaded fireball. There are three critical values of this

ratio:

= 2N o2 B 16N (Ty) \ Amrimec3T?

corresponds to a loaded fireball with equal mass for protons and pairs,

L 3 LO’TTE’:
= — 7.30
2 IN o2 16N (T1) (47rrimpc3Ti3 ’ ( )

marks equal number densities of pairs and protons and

N2 Lo 1/4
== =103 ———— 7.31
s (mp> oospure drm,c3r; ’ (7.:31)

is defined by the condition that the photons have effectively transferred all their energy to the
protons (Eq. 7.27). Here we have improved the results of [11] by adding accurate factors before the

expressions in the parentheses. The scaling relations in Eq. 7.27 have already been obtained by [11],
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Figure 7.3: The number of pairs per unit time in SGRs, the values of parameters are r; = 10% cm,
L =107 erg/s. We have taken the logarithm (to base 10) of the horizontal and vertical axes.

so we can modify their Egs. (17,18) to include our numerical accurate factors here and obtain

’Yoo,purea m < mn,
(/m)" Voo pures 12 <1 <M,
Yoo,load = copure . (732)
3 UERSSURSSY/P2
, n << n3.

The energy that remains in the ejecta is

Loo,purea m <<,
T4 Lo pures M2 << <,
Loo,load = (77/"71) . G K n . (733)
ns/nL, N3 <K 1 <L 1z,
L, n < 3,

where Lo pure = 2mec2Noo,pure%o,pwe and L is the photons luminosity. Here we note that we
can use m, defined in Eq. 7.28 to obtain accurate results near the transition point n ~ n;. When
7 < 12, the number of electrons that are associated with baryons exceeds the number of pairs, our
calculation of the surviving number of pairs is no longer valid since the excess amount of electrons
will more easily annihilate positrons. The number of surviving positrons will be smaller than our
estimate for N (Eq. 7.19). However, this has no energetic consequence since in this case the energy

is carried by the baryons instead of the pairs.

7.6 Application to SGRs

We have numerically solved Eq. 7.16 and 7.21 for typical values of parameters for SGRs. In Fig. 7.3,

we plot the number of pairs per unit time in SGRs. Clearly the electron-positron pairs freeze out.
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R

Figure 7.4: The normalized electron Lorentz factor I' defined in Eq. (7.24). Here we plot the
numerical solution to the dimensionless equation Eq. (7.25).

In Fig. 7.4 we plot the evolution of the electron Lorentz factor. This figure shows that the Lorentz
factor of electron-positron pairs increases and reaches its asymptotic value.

Let us compare these numerical results with their former estimates [1, 11]. Consider the situation
of a typical SGR where an energy FE is deposited in the vicinity of a neutron star within the duration

time ¢. In this case, the number of electrons emitted per unit time is

. drric? (T \° _
Nao = 4772 nevyee ~ 1.95% <T> ~ 1.8 x 10° L3 3/, (7.34)
ann +

where the luminosity L = 167r?acT}!/3 is measured in units of 10?7 erg/s and r; in units of 10°
cm. For comparison, Eq. (61) of Grimsrud & Wasserman [1] gives the emission rate of the pairs as
Ny ~ 47r;AT3 /(T annv) T3, which is about half of our estimate.

Based on the photon luminosity L = (167/3)cr2aT;}, we obtain the initial temperature to be
= 195keV Lyl v /2. (7.35)

This estimate agrees very well with the observation [12]. In addition, the giant flare from SGR 1806-
20 has an optically thin thermal spectrum [12]. From this evidence it is reasonable to conjecture that
we have directly observed the photons from the fireball. This is different from the usual GRBs, where
we observe the non-thermal photons from the shocks between the fireball and the environment.
From Eq. 7.26, we find that the coasting Lorentz factor is (assuming osy; &~ op, the Thomson

cross section)

Yoo 2 7.0 x 102 L)L r /%, (7.36)

INote the small differences between the definitions of T+ of our Eq. 7.13 and Eq. (54) of Grimsrud & Wasserman
[1]. We have also defined our initial radius 7; such that the initial Lorentz factor ; = 1. We have taken these small
differences into account when comparing with their results.
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In Eq.(71) of Grimsrud & Wasserman [1], oo & 5.3 X 102L41144r761/4, which is smaller than our value.

This is because they only expanded the flux of photons to quadrupole terms (Egs.(36) and (66) of
Grimsrud & Wasserman [1] ).
Finally, after combining Eqgs. 7.34 and 7.36, the total kinetic energy of electron positron pairs is

Foo = 2me®Nityeo ~ 2.1 X 1041ergE467~;g’/4. (7.37)

This result is slightly larger than previous estimates [1, 11]. It is shown in Nakar et al. [11] that
the amount of kinetic energy in the pair outflow is too small to produce the observed radio flux.
Our numerical results that arrive at a slightly higher pair energy can not solve the energy budget
problem either. It is still two orders of magnitude short of producing the observed radio afterglow.
Thus a pure electron-positron-photon fireball can not explain SGR 1806-20. A viable explanation
is that the fireball is loaded with baryons or an electromagnetic field. As we have shown above,
the ejecta of a heavy baryonic loaded fireball can carry enough energy and explain the observations.
Electromagnetic loading is also quite natural since the magnetar model of SGR assume the central
engine to be a neutron star with strong magnetic field [7]. The radio afterglow produced by this

loaded fireball is further discussed in Taylor & Granot [14] and Wang et al. [16].

7.7 Appendix: The Analytical Solution of Equation (7.16)

Here we consider the limiting solution of Eq. 7.16. To simplify our expressions, we measure tem-
perature by the electron mass, i.e., we convert the temperature by T — kT /m.c?. Therefore the
three constants kg, m., c will not appear in this section.

As T decreases, the dimensionless radius where equilibrium is effectively broken gets closer and
closer to unity. Therefore we can divide the solution of Eq. 7.16 into two intervals, R € [Rg, 1] and
R € [1,00), here Ry is some fiducial radius where we set the initial condition to be N(T4,Ro) =

R3/2e~(Ro=1)/Tx  When R € [Ro, 1], we can approximate Eq. 7.16 by

_2(R-1)
%:—NQ-FG = | (7.38)

The solution to this equation has an analytical form

e~ (R-D/Ts[of¢ (Tye~R-D/Ts) _ Gy I (Tie~ R-1D/Ts)]
2Ko(Tee (R-1/T=) 4 Cylo(Tee (R-1/T=) ’

N(T,R) = (7.39)

here Iy, I1, Ko, K1 are the modified Bessel functions of the first and second kinds and Cj is the

integration constant to be determined by the initial condition. When = <« 1, we can use the
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Figure 7.5: The relative error of our analytical solution compared to the numerical solution. As
the equilibrium temperature T decreases, our analytical formula Eq. 7.44 becomes closer to the
numerical exact solution.

following asymptotic forms of those modified Bessel functions [15]

1
Kio(z) > ho(z), Ki(z)= . +0(2?), Ko(z) = —vpy +In2 —Inz + O(2?), (7.40)

where yg,, = 0.577216... is the Euler constant. Plugging these relations into Eq. (A2), we obtain

the analytical solution at R = 1 according to

1

Ty,1) = .
N(Te, 1) Te(—ypy +In2 —1InTy)

(7.41)

Given this as the initial condition, we can solve Eq. 7.16 in the interval R € [1,00). This time we

approximate Eq. 7.16 as

aN N?
— = - 42
T e (7.42)
which has the analytical solution
lim N(T%,R) -1 (7.43)
im R = ———, .
remo” S v + O

where (' is another integration constant determined by the initial condition Eq. 7.41. Substituting
the initial condition Eq. 7.41, we obtain the analytical expression for the number of freeze-out pairs

according to

3

Nana = 7 T (In8 = 3vpu)Ty — 3T InTy

(7.44)
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In Fig. 7.5 we plot the relative error

Nana - Nnum

A=
Nnum ’

(7.45)

where N ,q is the number of freeze-out pairs obtained via direct numerical integration and Ng,q
is the number of freeze-out pairs obtained by the analytical method here. From Fig. 7.5 we see
that as T decreases, our analytical formula becomes closer to the numerical solution. For example,
when Ty < 0.1m,, our analytical formula Eq. 7.44 only introduces an error which is smaller than

17 percent.

7.8 Bibliography

[1] O. M. Grimsrud & I. Wasserman, 1998, MNRAS, 300, 1158.
[2] J. Goodman, 1986, ApJ, 308, L47.

[3] B. Paczynski, 1986, ApJ, 308, 1.43.

[4] A. Shemi & T. Piran, 1990, ApJ, 365, L55.

[5] P. Mészdros, P. Laguna & M. J. Rees, 1993, ApJ, 415, 181.
[6] C. Kouveliotou, et al. 1998 Nature 393 235.

[7] C. Thompson & R. Duncan, 1995 MNRAS 275 255.

[8] C. Thompson & R. Duncan, 1996 ApJ 473 322.

[9] T. Piran, A. Shemi & R. Narayan, 1993, MNRAS, 263, 861.
[10] R. Svensson, 1982, ApJ, 258, 321.

[11] E. Nakar, T. Piran & R. Sari, 2005, ApJ, 635, 516.

[12] K. Hurley, et.al., 2005 Nature, 434, 1098.

[13] G. B. Taylor & J. Granot, 2006, Mod. Phys. Lett. A 21, 2171.
[14] X. Wang et. al., 2005, ApJ, 623, L29.

[15] Arfken G. B., 2005, Mathematical Methods for Physicists, Elsevier Academic Press, Burlington

Massachusetts.



162

Chapter 8

Direct Reconstruction of the Dark Energy
Scalar-Field Potential

While the accelerated expansion of the Universe is by now well established, an
underlying scalar field potential possibly responsible for this acceleration remains
unconstrained. We present an attempt to reconstruct this potential using recent
SN data, under the assumption that the acceleration is driven by a single scalar
field. Current approaches to such reconstructions are based on simple paramet-
ric descriptions of either the luminosity distance or the dark energy equation of
state (EOS). We find that these various approximations lead to a range of de-
rived evolutionary histories of the dark energy equation of state (although there is
considerable overlap between the different potential shapes allowed by the data).
Instead of these indirect reconstruction schemes, we discuss a technique to deter-
mine the potential directly from the data by expressing it in terms of a binned
scalar field. We apply this technique to a recent SN dataset, and compare the re-
sults with model-dependent approaches. In a similar fashion to direct estimates
of the dark energy equation of state, we advocate direct reconstruction of the
scalar field potential as a way to minimize prior assumptions on the shape, and

thus minimize the introduction of bias in the derived potential.

Originally published as C. Li, D. E. Holz and A. Cooray, Phys.Rev.D 75, 103503
(2007).

8.1 Introduction

Distance estimates to Type Ia supernovae (SNe) are currently a preferred probe of the expansion
history of the Universe [1], and have led to the discovery that the expansion is accelerating [2]. It is
now believed that a mysterious dark energy component, with an energy density ~70% of the total
energy density of the universe, is responsible for the accelerated expansion [3]. While the presence of

acceleration is now well established by various cosmological probes, the underlying physics remains a
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complete mystery. As the precise nature of the dark energy has profound implications, understanding
its properties is one of the biggest challenges today.

With the advent of large surveys for Type Ia supernovae, such as the Supernova Legacy Survey
(SNLS)! and Essence?, among others, it is hoped that we will study details of the expansion,
and thereby elucidate the physics responsible for the acceleration. Under the assumption that the
dark energy is due to a single scalar field rolling down a potential, several studies have considered
how future data might be used to reconstruct the potential, either based on various analytical
descriptions of the luminosity distance [4], or through specific assumptions about the potential, such
as a polynomial function in the scalar field [5]. It is already well established that certain parametric
descriptions of the distance lead to biased estimates for the dark energy equation-of-state (EOS)
and the potential [7]. While improved parametric forms of fitting functions have been suggested
[8, 10], it is unclear how to select an optimal approach for reconstructing the dark energy scalar field
potential from SN distances (for a review of various possibilities, see Ref. [11]).

In this paper we discuss issues related to potential and dark energy EOS reconstruction by
making use of a recent set of SN data from the SNLS survey [12]. The sample includes 73 high
redshift SNe complemented with a sample of 44 nearby supernovae [12]. We compare and contrast a
variety of methods to reconstruct the potential and the dark energy EOS. We write the luminosity
distance either as a simple polynomial expansion in redshift, or as a Padé approximation [13] (which
avoids some of the known problems in the polynomial expansion when taking derivatives [14, 7, 8]).
In addition to approximating the luminosity distance, we also explore two approximations to the
EOS: w(z) = wo + we(1l — a) [15, 16] and w(z) = wo — aln(1 + 2) [8].

Based on our model reconstruction of the potential, we find that while there is significant overlap
of the allowed V' (¢) region favored by each of the four reconstruction methods, the models give rise to
different histories for the EOS, especially within the two parameter plane, w—w’ (the EOS parameter,
w, and its time derivative, w’ = dw/dIna, as functions of redshift [17]). We argue that existing
parametric fitting functions for either distance or the EOS lead to biased reconstructions of the
potential. In the literature, however, there exist model-independent approaches to the reconstruction
of the dark energy density [18] and the EOS [19], which bin the parameters directly as a function
of redshift, with the number and width of the bins determined by the statistical quality of data.
These estimates can also be arranged to be uncorrelated [19], allowing unique insights into the
evolution without being subject to prior assumed redshift dependencies. Here we suggest a similar
model-independent approach to the reconstruction of the scalar potential from SN data. Instead of
utilizing a polynomial expansion for the potential [5], which assumes a limited range of models (once

the expansion is truncated at a certain order), we propose a binning scheme for the potential that

Thttp://www.cfht.hawaii.edu/SNLS/
2http:/ /www.ctio.noao.edu/wsne/
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can be applied to data with a minimal, and easily controlled and understood, number of assumptions
for the potential shape.

The paper is organized as follows: In the next section we review techniques for reconstructing
the scalar-field potential from SN distances. We also reconstruct the EOS as a function of the
redshift, and use this to study the w—w’ plane (which has been advocated as a way to characterize
the underlying potential responsible for the dark energy component by separating the regime into
“freezing” and “thawing” potentials [17]; see, also [20] for a Monte-Carlo exploration). In section 8.3
we explore the impact of different parameterizations on the derived evolutionary histories. While we
observe these differences with ~ 115 SN data points, future large SN datasets may lead to apparently
inconsistent results. In section 8.4, following the approach to model-free estimates of the dark energy
EOS [19], we present a model-independent estimate of the scalar field potential. We conclude with

a summary of our main results in section 8.5.

8.2 Potential via Parametric Forms

For this study we make use of SN data from SNLS [12]. Due to complications related to independent
data sets (e.g., differing calibration, color correction, extinction correction), we do not attempt to
increase the sample size by combining other SN datasets. The measurements from Ref. [12] present
the quantity pup = mp— M for 117 SNe, with 73 of these at redshifts greater than 0.23. This distance
modulus is related to the luminosity distance through pp = 5log;, dr, while the luminosity distance
is related to the comoving radial distance via dy, = ¢(1+ 2)r(z)/Ho, where r(z) = [ d2//H(z') with
H(z) the expansion rate of the Universe. When model fitting the data, we fix M = 19.3 £ 0.03 to
the value determined by SNLS. We take the central value; further uncertainty will be incorporated
into ojng, as discussed below.

In our reconstruction of the potential, we describe r(z) through two parametric forms widely

used in the literature. First, we expand r(z) as a simple power law [4] such that
r(2) = 2 + agz? + azz® + agz*. (8.1)

Note that the coefficient of the first order term is exactly one. Since this polynomial expansion has
known problems when estimating the derivatives of 7(z) (e.g., Figure 3 of Ref. [8], and also Ref. [9]),
we also consider a Padé form for r(z) with Ref. [13]:
1-+v1
2) =2 2+l +2) : (8.2)
co(l+2)+cesvVl+z4+2—c1—ca—cs

3The distance estimates for two high-redshift SNe lie more than 30 away from the best-fit relation in the Hubble
diagram. As in Ref. [12], we exclude these two data points and only make use of 115 data points to model fit the
data.
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Figure 8.1: Hubble diagram for 115 Type Ia SNe used in the present analysis. The error bars are on
up only. We also include an additional constant error, oj,; = 0.13, to account for the SN intrinsic
dispersion. For reference we also plot 300 curves drawn uniformly from the 2o consistent likelihood

fits to the data using the Taylor expansion with 7(z) = z + a22? + azz® + ayz*.

such that as z — 0, 7(2) — 2. In this form, using 7(z — o0), one can additionally constrain the

parameters with:

4CQ+203701
30 < =
M= 2—c1
1< L <1/0o do . (8.3)
o 2 -2 1 \/179M+QM‘T3

In addition to the two fitting forms for r(z), we also determine r(z) through model parameterizations
for w(z), including w(z) = wo + (1 — a)w, [15, 16] and w(z) = wp + aln(1 + z) [8]. Since from w it
is possible to determine the distance, these approximations allow us to once again reconstruct the
dark energy potential.

In each of two parametric descriptions of r(z) we have three free parameters. We parameterize
w(z) with two parameters, and include §2,,, as a third free parameter (under the assumption of a flat
universe; weakening this assumption significantly degrades our ability to measure anything about
the potential with existing data). When showing results related to potentials or EOS as a function
of redshift, we take a prior on €, such that the probability is Gaussian with a mean of 0.25 and a
standard deviation given by o = 0.05 [3]. In each case, to obtain the join likelihood distribution of

the parameters given the data, we perform a likelihood analysis:

e =y bl 84
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where, following Ref. [12], in addition to statistical uncertainty in pp we include an additional
Gaussian uncertainty, o,y = 0.13, representing the intrinsic dispersion of SN absolute magnitudes,
M. We ignore complications related to covariances in the Hubble diagram, either due to effects
related to calibration [21] or fundamental limitations such as gravitational lensing correlation of SN
flux [22] or peculiar velocities [23]. The posterior probability distribution is taken to be P(p;|u)
e*%f(”i), and we marginalize the likelihood over the uncertainty in €2,,, assuming a Gaussian prior
distribution.

Once the joint probability distribution for parameters is determined, we sample the 1o and
20 range allowed by these parameters to draw a fixed (> 600) number of independent r(z) curves
consistent with the data. For each of these distance curves, r;(z), we obtain the scalar-field potential,
in dimensionless units such that V(¢) = V(¢)/peris = V/(3HZ/87G), through Ref. [4]

~ 1 1+ 2z d?*7/dz? 1

V@) = \Grae T s @rdE] v’

(8.5)

where 7 = Hyr. For each of the r;(z) estimates, we also randomly draw 2, from a Gaussian prior

distribution as described above. The mapping between z and ¢, the scalar field value, is obtained

through
o dijdz
dz (1+2)
L (a2 3 14y 12 56)
ir (dFjdz) g MU ’ '

where ¢~> = ¢/mp). Furthermore, for models where we parameterize r(z), we can also extract the
dark energy EOS as

_1+z 30 (1 + 2)% + 2(d%r; /d2?) [ (dr; /dz)?

w(z) = Qu(l T 2P — (rfdz) 2

(8.7)

When selecting models associated with scalar fields, we require that quS/dz > 0, such that w > —1.
Even in the case of w(z) parameterizations where model fits allow w < —1, we ignore w(z) below

this value as single scalar-field models do not naturally give rise to such EOS.

8.3 Biases in Model-Dependent Estimates

In Fig. 8.1 we show the Hubble diagram for the 115 data points from Ref. [12] used in this analysis.

For reference, we also plot ~ 300 distance curves which are 20 consistent curves drawn from the
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Figure 8.2: The normalized quintessence potential V(qﬁ) versus ¢/mp;. The shaded region is allowed
at the 20 confidence level when using the Taylor expansion for 7(z). The red lines mark the same
when using a Padé approximation to the distance. The orange and blue lines are for the cases where
w(z) is parameterized by w(z) = wo + aln(1 + z) and w(z) = wo + we(1 — a), respectively. Here
¢ = 0 corresponds to z = 0, while ¢ > 0.1 generally corresponds to z > 1 (depending on d¢/dz).
The points with error bars show the 1o (solid) and 20 (dashed) model-independent estimates of the
potential described in section 8.4 (see equation (8.8)). While there is considerable overlap in the
allowed region, there are also significant differences in terms of the redshift evolution of the EOS.

likelihood distribution for parameters under the Taylor expansion for r(z). The best fit model with
this parameterizations has a chi-square value of 113.1 with 112 degrees of freedom. Note that in
Ref. [12], oiy¢ is tuned so that x? = 1 for the best fit model under standard-ACDM cosmological fits
to the data. We use their best-fit value, oj,y = 0.13, and do not take this intrinsic uncertainty as
an additional free parameter in our modelling. The exact value of the intrinsic dispersion does not
impact our comparison of different approaches to the reconstruction of the quintessence potential. It
is to be emphasized that all of our parameterizations of either distance or the EOS yield comparable
x? values for the best-fit model. This suggests that all four of the reconstruction methods outlined
above are indistinguishable within the redshift range considered.

As discussed in the previous section, for each of the four parameterizations we determine a best-fit
r(z) to the SN data. We then use Monte-Carlo method to generate models within 20 of this best-fit,
generating over 600 instances of w(z) and V(¢), all of which are consistent with the underlying
SN dataset at the 20 level. In Fig. 8.2 we show the potentials reconstructed from each of the four
methods, with the bands encapsulating 95% of the distribution of the individual models. Due to the
behavior of the Taylor expansion at high z, and the fact that we do not restrict the coefficients of
the polynomial expansion to follow a flat universe, this parametrization gives rise to a large range
of acceptable potentials which satisfy the data. The Padé parametrization of r(z), as well as the

w(z) models, significantly improve the constraints on allowed potential shapes. This is because the
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w(z)

Figure 8.3: The dark energy EOS, w(z), as a function of redshift. The curves show the 20 allowed
values and correspond to the potentials shown in Fig. 8.2. Note that if we impose d¢/dz > 0,
then w > —1, as single scalar-field models do not lead to w < —1. However, as shown, most of
the parameterizations allow the region below w < —1. When constructing the potentials shown in
Fig. 2, we apply the condition that d¢/dz > 0. Note that the w(z) parameterizations, with two free
parameters, are the most restrictive parametrization in the regime z < 0.3. Over the redshift range
probed, the different parameterizations generally agree with each other. The plotted error bars show
the 1o and 20 errors of w;(z) when the EOS is subdivided into three bins in redshift, with w;(z)
directly measured from data and no restrictions on its values. A Gaussian prior has been taken on
Q,,, with a 1o uncertainty of 0.05 with w(z) parameterizations.

parameters in the Padé approximation are additionally constrained to satisfy criteria related to the
behavior of 7(z) as z — 00, as well as by the assumption of a flat universe [13]. When fitting the w(z)
parameterizations to the data, we were able to impose a prior on 2, based on existing cosmological
information (this was not possible when using 7(z) fitting functions). While we find some overlap
in the 20 allowed region in the -V (¢) plane between the four approaches, there are also noticeable
inconsistencies. Analysis of an identical dataset with different approximations to V or w lead to
differing resulting best-fit potentials.

The differences related to potential shapes between the four methods are best captured in terms
of evolutionary histories for the dark-energy EOS. In Fig. 8.3 we summarize the best-fit w(z) results
for each of the four reconstruction techniques. Note that some of our parameterizations allow
w(z) < —1, but due to our assumption that the dark energy arises from a scalar-field potential
where w(z) is always expected to be greater than —1, we restrict the allowed parameter space to be
the region where w(z) > —1. Similarly to Fig. 8.2, we find considerable overlap between different
reconstruction schemes in the w(z) versus redshift plane, with most models indicating that as the
redshift is decreased, w(z) tends to values between —0.8 and —1.0 at z = 0. In terms of our direct
w(z) parameterizations, with w(z) = wg + (1 — a)w, we find wy = —1.12+0.14 and w, = 0.38+0.49
at the 68% confidence level. In the case of w(z) = wo + aln(1 + z) we find wy = —1.08 £ 0.11 and
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a =0.35+0.75. As shown in prior studies [14], w(z) parameterizations allow for a minimum w(z)
region at a certain pivot redshift. For the dataset used here, this pivot redshift is at z ~ 0.12, and
at the 20 confidence level we find that the pivot point satisfies —1.23 < w, = w(z = 0.12) < —0.74,
using w(z) = wo + (1 — a)w,. It is important to note that all the parameterizations are consistent
with a cosmological constant.

In Figs. 8.2 and 8.3 we show the 20 bands of best-fit models to the data, under different pa-
rameterizations of the distance or dark energy EOS. In addition to this outer envelope, we are also
interested in the distribution of the individual w(z) models within the 20 bands. We thus study the
behavior of the models in the w—w’ plane, which has been suggested as a natural venue in which to
distinguish models [17]. We Monte-Carlo 600 scalar potentials, V' (¢), and evolution histories, w(z),
within the 20 regime of the best-fit parameters for each of the four fitting functions. In Fig. 8.4 we
plot w and w’ at z = 0.1 and z = 0.5 for each Monte-Carlo model, with the scatter of points being
20 consistent with our underlying SN data set.

Based on the evolutionary behavior of simple scalar-field models in the w—w’ plane, it has been
suggested that one can separate potentials into “thawing” and “freezing” regions, based on their
shapes [17]. These regions are delineated in Fig. 8.4, for comparison with our individual Monte-
Carlo models. It is apparent that the different parametrization approaches yield separate, though
often overlapping, regions within the w—w’ plane. In addition, the models are not necessarily well
contained within the thawing or freezing regions, with a freezing model in one parametrization ending
up as a thawing model in another, or with models ending up in between thawing or freezing, or well
outside of either regime. Using generic numerical models for the potential shape, this behavior has
also recently been highlighted in Ref. [20]. By applying additional constraints on allowable potentials
(especially at high z), Ref. [17] find much tighter confinement in the w—w’ plane.

Any statement regarding the shape of the scalar potential, as determined from data, is thus
crucially dependent upon the underlying parameterizations. For example, for the Taylor expansion
approach w’ is largely negative at z = 0.5, while it is positive at z = 0.1. Under the Padé approxi-
mation, w’ is negative at both z = 0.1 and z = 0.5, with w tightly clustered (—0.9 < w < —0.8) at
z = 0.1 and relatively unconstrained at z = 0.5. Although the reconstructed potentials show signif-
icant overlap (see Fig. 8.2), the distributions in the w—w’ plane are less consistent among different
parameterizations. Thus, while there is motivation from theoretical arguments for using the w-w’
plane for potential recognition, there is no obvious, parametrization independent way to convert
distance data to constraints in this plane.

The differences seen in Fig. 8.4 are attributable to the different parametric forms used to ap-
proximate the distance or the dark energy EOS. To paraphrase our results: you get out what you
put in. Furthermore, the fitting forms to both the distance and the EOS are motivated by their

ability to fit data, and possess no clear physical motivation. Fig. 8.4 thus emphasizes the need for
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dw/dina

Figure 8.4: w versus dw/dIna. The data points show the EOS and its time derivative for 600
model potentials uniformly drawn at the 20 confidence level at redshift of 0.1 (filled symbols) and
0.5 (open symbols). The cyan, red, orange, and blue data points show potentials selected under
the Taylor expansion, Padé approximation, w(z) = wg + aln(1 + 2) and w(z) = wo + we(1 — a)
model fits to the data, respectively. For comparison, we also plot the thawing (dashed) and freezing
(solid) potential regions, following Ref. [17]. There are considerable differences in w and dw/dIna
values, and the evolution captured by two redshifts, between the four approaches. These values do
not satisfy the expectations under simple model criteria for the dark energy potentials, though all
of these potentials, and the w(z) curves, are consistent with the data at the 20 confidence level.

an approach which makes minimal assumptions about the underlying potential, thereby maximizing
the measurement of a completely unknown scalar field. The less we assume about the potential, the
more powerful the ensuing measurement of its shape. Such an approach is presented in the following

section.

8.4 Model-Free Estimates

Thus far we have discussed results based on assumed parameterizations for either distance or dark
energy EOS. These parameterizations lead to conclusions that are subject to the assumed parameter-
izations. It is desirable to make model independent estimates of dark energy. In the case of the EOS
w(z), one could approach this by binning w(z) in redshift [19]. Applying this to our SNLS dataset,
we evaluate w(z) over three bins in redshift, 0 < z; < 0.25, 0.25 < 23 < 0.6, and 0.6 < z3 < 1.0,
assuming w(z;) constant in each bin.

The resulting best-fit to the SN data is shown by the data points with 1o and 2¢ error bars in
Fig. 8.3. We find w(z;) = —0.88 4+ 0.28 and w(zg) = —1.0279:3% with no useful constraint for w(z)
in the 23 bin. Although these bins are correlated at the 10% level, it is possible to decorrelate the
binned w;(z) estimates following the approach of Ref. [19]. While only three bins are attempted
here, as SN sample sizes increase, one can consider larger numbers of bins, each narrower in redshift.

The estimates shown in Fig. 8.3 are consistent with estimates based on both fitting functions to the
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EOS, w(z) = wy + we(1 — a) and w(z) = wp + aln(1 + 2z). As discussed in Ref. [19], the binned
estimates capture the dark energy EOS with minimal prior assumptions on the parameterization.
This is expected to maximize the information one can extract from the data, while minimizing the
introduction of biases.

As discussed and noted elsewhere [7, 8], the scalar-field potential reconstruction is also subject to
prior assumptions on the fitting form. To avoid biases and to make statements that are not subject
to assumed parametrization, it is useful to directly construct the potential from data. Recent
approaches in the literature consider fitting distance data to a potential expanded as a polynomial
in the scalar field with V(¢) = Y72, V;¢" [5, 6, 20]. Since we are forced to truncate the expansion
at low order (for example, at cubic order with existing data [5]), the potential is no longer arbitrary,
but rather has a very limited range of possible shapes.

Instead of assuming a specific family of shapes for V(¢), we propose a “model-free” extraction
of the potential directly from the data. We make two assumptions about the scalar field potential:
(1) that it is a piecewise continuous function, and (2) that its structure is “uniform” in the ¢ range
explored by the data. For (N — 1)A¢ < ¢ < NAg¢, we describe the potential as a function of the
field with constant gradients, dV/d¢, over binned intervals, Ag:

N-1

V(9) = Vo + Y (dV/dg)il + (& — (N — 1)AG)(dV/do) . (8.8)
i=1

Assumption (1) above ensures continuity of V(¢), which is necessary since one evolves the potential
through the dynamic equation for the field as ¢5+ 3H¢+ dV/d¢ = 0, and discontinuities would lead
to infinite derivatives. This requirement is unnecessary when considering parameter-free estimates
of the dark energy EOS, which is allowed discontinuous jumps in redshift. Both the constant-
value and the constant-slope approaches to parameterizing the dark energy EOS lead to similar
conclusions [19]. Assumption (2) states that our bins in ¢ are fixed width: A¢ is a constant,
independent of ¢. This assumption could be relaxed (e.g., finer bins near ¢ = 0), but this would
lead to additional parameters, in addition to introducing model-dependent assumptions into the
analysis. The expansion of V(¢) in Eq. 8.8 appears to make the least offensive assumptions possible,
and thereby offers the basis with which to maximally constrain the full range of possible underlying
potentials.

We apply the above potential description to SNLS data following the same approach as Ref. [5],
with three free parameters: Vg, (dV/d¢); for 0 < ¢ < 0.03, and (dV/d¢)s for ¢ > 0.03. The sizes of
the bins are chosen by the range of ¢ we are able to constrain, which is in turn related to both the
redshift range of the SN dataset and the shape of the potential. Note that we take ¢ = 0 to coincide
with z = 0. Instead of (dV/d¢)2, we convert the gradient to a data point at ¢ = 0.06, although we

find only an upper limit, as this gradient is not strongly constrained by existing data. In Fig. 8.2
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we show the estimated potential and error bars at the 1o and 20 level. The potential values allowed
by the data are generally consistent with other indirect reconstructions based on fitting forms for
the distance or the EOS. While fitting forms lead to largely positive V(¢) at ¢ > 0.05, our binned
approach finds only an upper limit in this range.

While we have described the potential with only three parameters, this can be straightforwardly
generalized to additional bins as the statistics and quality of the SN samples improve. In addition,
we make a minimal number of assumptions regarding the potential, and thus are not biased for or
against any particular shapes for the scalar field potential. The proposed approach is similar to the
case where the EOS is binned and directly measured from the data without specifying a model for
the evolution. As SN data samples increase in size, we believe such a model independent approach

will become a powerful tool in extracting information about underlying scalar field potentials.

8.5 Summary

We have presented a reconstruction of a single scalar-field potential using recent SN data from the
SNLS survey [12]. We have shown that reconstructions based on various approximations to the
distance and the EOS lead to differing evolution histories of the dark energy EOS, particularly
when the models are examined in the w—w’ plane. In this plane the same data can lead to large
movements in best-fit models, depending on the specific approximations to distance or EOS which
are being utilized. Thus the underlying model assumptions lead to biases, compromising our ability
to distinguish evolutionary behaviors of the dark energy. At present the models are only weakly
constrained by the data, and thus this model dependence, although apparent, is not a critical failure.
As the data improves, however, a model-independent approach will be essential to determining an
otherwise completely unknown scalar-field potential.

As an alternative to existing indirect reconstruction schemes, we have thus proposed a technique
which establishes the potential directly from the data with only minimal assumptions about the
underlying shape of the potential. We take the potential to be a binned scalar field, piecewise linear
and continuous, but otherwise completely arbitrary. Given the simplicity of these assumptions, this
potential is unlikely to introduce biases in the determination of a completely unconstrained, under-
lying potential. We have demonstrated this approach with current SN data, comparing the results
to parameterized analysis. The ensuing constraints, although weaker, are expected to be robust
and unbiased. It has been found that direct binning approaches to the dark energy EOS hold great
promise for establishing model-independent measurements [19]. We propose a similar approach to
reconstructing the underlying dark energy scalar field potential, allowing us to make assumption-free
statements about the nature of the completely unknown and mysterious field potentially responsible

for the accelerating expansion of the Universe.



173

8.6 Bibliography

[1] A. G. Riess et al., B. J. Barris et al., arXiv:astro-ph/0310843; R. A. Knop et al., arXiv:astro-

ph/0309368; J. L. Tonry et al., Astrophys. J. 594, 1 (2003).

[2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999); A. Riess et al., Astron. J. 116, 1009 (1998).

3]
[4]

[5]

[6]

D. N. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 175 (2003);
D. Huterer and M. S. Turner, Phys. Rev. D60 081301 (1999).

M. Sahlen, A. R. Liddle and D. Parkinson, Phys. Rev. D 72, 083511 (2005) [arXiv:astro-
ph/0506696].

M. Sahlen, A. R. Liddle and D. Parkinson, Phys. Rev. D 75, 023502 (2007) [arXiv:astro-
ph/0610812].

J. Weller and A. Albrecht, Phys. Rev. D 65, 103512 (2002) [arXiv:astro-ph/0106079].

B. F. Gerke and G. Efstathiou, “Probing quintessence: Reconstruction and parameter estima-

tion from supernovae”, Mon. Not. Roy. Astron. Soc. 335, 33 (2002) [arXiv:astro-ph/0201336].
J. Jonsson, A. Goobar, R. Amanullah, and L. Bergstrom, JCAP 09, 007 (2004)

Z. K. Guo, N. Ohta and Y. Z. Zhang, Phys. Rev. D 72, 023504 (2005) [arXiv:astro-ph/0505253].
V. Sahni and A. Starobinsky, Int.J.Mod.Phys. D 15 (2006) 2105-2132 [arXiv:astro-ph/0610026].
P. Astier et al., Astron. Astrophys. 447 31 (2006), astro-ph/0510447.

T. D. Saini, S. Raychaudhury, V. Sahni and A. A. Starobinsky, Phys. Rev. Lett. 85, 1162 (2000)
[arXiv:astro-ph/9910231].

D. Huterer and M. S. Turner, Phys. Rev. D 71, 123527 (2001).

M. Chevallier, D. Polarski Int. J. Mod. Phys. D 10, 213 (2001) [arXiv:gr-qc/0009008]

E. V. Linder, Phys. Rev. Lett. 90 091301 (2003)

R. R. Caldwell and E. V. Linder, Phys. Rev. Lett. 95, 141301 (2005) [arXiv:astro-ph/0505494].
Y. Wang and M. Tegmark, Phys. Rev. D 71, 103513 (2005) [arXiv:astro-ph/0501351].

D. Huterer and A. Cooray, Phys. Rev. D 71, 023506 (2005) [arXiv:astro-ph/0404062].

D. Huterer and H. V. Peiris, Phys. Rev. D 75, 083503 (2007) [arXiv:astro-ph/0610427].

A. G. Kim and R. Miquel, Astropart. Phys. 24, 451 (2006) [arXiv:astro-ph/0508252].



174

[22] A. Cooray, D. Huterer and D. Holz, Phys. Rev. Lett. 96, 021301 (2006) [arXiv:astro-
ph/0509581].

[23] L. Hui and P. B. Greene, Phys. Rev. D 73, 123526 (2006) [arXiv:astro-ph/0512159]; A. Cooray
and R. R. Caldwell, Phys. Rev. D 73, 103002 (2006) [arXiv:astro-ph/0601377].



Chapter 9

Weak Lensing of the Cosmic Microwave
Background by Foreground Gravitational

Waves

Weak lensing distortion of the background cosmic microwave background (CMB)
temperature and polarization patterns by the foreground density fluctuations is
well studied in the literature. We discuss the gravitational lensing modification
to CMB anisotropies and polarization by a stochastic background of primordial
gravitational waves between us and the last scattering surface. While density
fluctuations perturb CMB photons via gradient-type deflections only, foreground
gravitational waves distort CMB anisotropies via both gradient- and curl-type
displacements. The latter is a rotation of background images, while the former is
related to the lensing convergence. For a primordial background of inflationary
gravitational waves, with an amplitude corresponding to a tensor-to-scalar ratio
below the current upper limit of ~0.3, the resulting modifications to the angular
power spectra of CMB temperature anisotropy and polarization are below the
cosmic variance limit. At tens of arcminute angular scales and below, these
corrections, however, are above the level at which systematics must be controlled
in all-sky anisotropy and polarization maps with no instrumental noise and other

secondary and foreground signals.

Originally published as C. Li and A. Cooray, Phys. Rev. D 74, 023521 (2006).

9.1 Introduction

The weak lensing of cosmic microwave background (CMB) anisotropies and polarization by inter-

vening mass fluctuations, or scalar perturbations, is now well studied in the literature [1, 2], with

a significant effort spent on improving the accuracy of analytical and numerical calculations (see,

recent review in [3]). The non-Gaussian pattern of CMB anisotropies and polarization created by
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non-linear mapping associated with lensing angular deflections aids the extraction of certain statisti-
cal properties of the foreground mass distribution [4]. Weak lensing deflections by intervening mass
also leak CMB polarization power in the E-mode to the B-mode [5]. This lensing B-mode signal
presents a significant confusion when searching for primordial gravitational wave signatures in the
CMB polarization [6]. The lensing reconstruction techniques discussed in the literature, however, al-
low the possibility to “clean” CMB polarization maps and to search for a background of inflationary
gravitational waves with an energy scale as low as 10!5 GeV [7].

Similar to gravitational lensing by density perturbations, if there is a background of gravitational
waves in the foreground, then one would expect metric perturbations associated with these waves to
distort and gravitationally lens background images [8]. While the lensing deflections by the density
field can be written as the gradient of the projected gravitational potential, lensing displacements due
to gravitational waves can be decomposed to both a gradient and a curl-like component [9, 10, 11].
In these two components, gradient-type displacements are related to the lensing convergence, while
curl-type displacements are related to the image rotation, though both types of displacements lead to
image shear. While linear density perturbations do not produce rotations, second-order corrections
to weak lensing by scalar perturbations, such as due to the coupling of two lenses along the line of
sight, can produce rotational modes [12].

While the study of CMB lensing by foreground density fluctuations is now well developed [3], the
discussion of CMB lensing by foreground gravitational waves is limited. In the context of large-scale
structure weak lensing surveys with galaxy shapes [13], the rotational power spectrum of background
galaxy images when lensed by primordial gravitational waves in the foreground is discussed in
Ref. [10]. In the context of lensing reconstruction with CMB temperature and polarization maps,
the curl component of the displacement field can be used to monitor systematics [11], though lensing
by gravitational waves will leave a non-zero contribution to the curl component.

Here, we extend the calculation in Ref. [10] and study both the curl and the gradient modes of
the deflection field from primordial gravitational waves that intervene CMB photons propagating
from the last scattering surface. Our calculations are both useful and important given the increasing
interest on, and plans for, high-sensitivity CMB anisotropy and polarization measurements, includ-
ing a potential space-based mission after Planck, called CMBpol in the future. Such an experiment
is expected to study polarization B-modes in exquisite detail and it is important to understand
potentially interesting secondary signals beyond those that are routinely mentioned in the litera-
ture. Based on the calculations presented here, we find that gravitational lensing of CMB by a
background of primordial gravitational waves from inflation, with an amplitude below the current
tensor-to-scalar ratio upper limit of 0.3, will produce an undetectable modification to anisotropy and
polarization power spectra. Moreover, since the corrections are below the cosmic variance level, it is

unlikely that one needs to account for these secondary corrections when making precise cosmological
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Figure 9.1: Lensing-deflection power spectra. Here, we show the gradient component from density
perturbations (top curve), the curl (dot-dashed line) and gradient (dashed line) components from
foreground inflationary gravitational waves. We have taken a background of gravitational waves
with an amplitude for the power spectrum corresponding to roughly a tensor-to-scalar ratio of 0.3
or a Hubble parameter during inflation of 2 x 10" GeV.

measurements.

This paper is organized as follows. In Section 9.2, we discuss lensing by foreground gravitational
waves by discussing both the gradient and curl components of the displacement field. Section 9.3
presents expressions for the weak lensing correction to the CMB anisotropy and polarization power

spectra. We conclude with a discussion of our results in Section 9.4.

9.2 The Spectrum of Expansion and Rotation

To establish the lensing correction to CMB anisotropy and polarization maps by foreground gravita-
tional waves, we first need to calculate the photon displacement on the spherical sky by gravitational
waves in the foreground. We make use of synchronous coordinates and take the metric of a Friedman-

Robertson-Walker cosmological model as

o [ —1 0
Juv = a ) (9.1)
0 I+H

where the scale factor is a(n), and the conformal time is denoted by 7 with the value today of 7.
Here, H is the transverse (V- H = 0), symmetric (H = HT), and traceless (Tr H = 0) tensor
metric perturbation associated with gravitational waves, while I is the identity matrix. The photon

propagation is governed by the geodesic equation
d?xH u dz® dz?
+ [
dx2 TP dX dA

= 0. (9.2)
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By changing variables to the conformal time 7 from the affine parameter A, the geodesic equation

in the presence of foreground gravitational waves is [10]

(r‘-~H-i-)1'~—(I+H)_1~ f-d%H—%vH(f-H-f) , (9.3)

r =

N |

where, to simplify the notation, we have not written out the explicit dependence of 1 in each of these
terms. In here, the overdot represents the derivative with respect to the conformal time. The full
derivative d/dn can be separated to 9/9n + t - V. Here, and throughout, Vg denotes the gradient
that applies only to the metric perturbation H; when not subscripted with H, the gradient should
be interpreted as the one that applies to all terms, including the line-of-sight directional vector n.
As gravitational fluctuation is very weak today, hereafter we neglect H(7y), and choose the initial

conditions of the trajectory to be

r(no) =0, ¥(no)=—n. (9.4)

We find that the general displacement on the celestial sphere induced by primordial gravitational

waves is

) =~ )~ [ (Heat 500 -l Homa - VG Ho)) L (09
n (n’,x")
where x' = (19 — ). Similar to Ref. [10], we have evaluated the trajectory on the unperturbed
path following the so-called Born approximation. One could potentially evaluate corrections to this
approximation in terms of a perturbative correction to the path length, but these would be at the
second order in metric perturbations and will be ignored.

The total displacement can be separated to a part along the line of sight and a part perpendicular
to it. The radial displacement leads to a time-delay effect, similar to the lensing timedelay asso-
ciated with foreground potentials [14]. This timedelay couples to the radial gradient of the CMB,
due to finite extent of the last scattering surface, while the angular displacement couples to the
angular gradient. As discussed in Ref. [15], the overall correction to CMB anisotropy spectra from
the timedelay effect is subdominant since the spatial gradient of the CMB is, at least, two orders
of magnitude smaller compared to the angular gradient. There are also geometrical cancelations
that make the time-delay effect smaller relative to angular deflections. Thus, we ignore the radial
displacement and only consider the transverse component related to gravitational lensing angular
deflections.

Using the transverse displacement, the angular deflection projected on the spherical sky is A=

[r(n) — (- r)n]/(no —n). These two-dimensional displacements can be related to usual quantities
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in gravitational lensing with the convergence and the rotation defined as [9]

Aaab_
2', and w 7( ;)'b,

(9.6)

respectively.
Similarly, we note that the general displacement on the celestial sphere can be decomposed to

two components,

Aa = — Z(hle?n}/lm:a + hﬁn}/—lm:beba)ﬂ (97)
im
where
h@ o #/dﬁY*A :a__i/dﬁy*fi
m = l(l‘l‘l) Im=a = l(l+1) Im*™
1 2
he = [ dayy, ALt = daY;,
O ) R
(9.8)

where & and ® denote the gradient- and curl-type deflections, respectively. For simplicity, we have
dropped the dependence on the directional vector parameterized by n. The lensing by foreground
density perturbations to the firstorder only leads to a gradient-like displacement, while both compo-
nents are generated when lensed by gravitational waves. We now calculate both the convergence and

the rotational spectrum of the displacement field due to foreground stochastic gravitational waves.

9.2.1 Gradient Spectrum

Gradient deflections are associated with the expansion and, as defined above, can be described in
terms of the convergence: k(n) = —A%,/2. In general the transverse divergence of a vector A can

be rewritten as

(sineA9)+18‘4"5—r<v-j_(ﬁ.V)(ﬁ.A)_2ﬁ"‘T), (9.9)

where r = 19 — 1’. When substituting the form of r(n) from equation (9.5), the gradient terms here
lead to terms that are due to V-1 and V - H. We first consider the former and making use of the

fact that 0;7; = (8;; — ;) /(o —n'), we separate contributions to convergence to two components
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and write k(D) = K1 + K2 as

o o/
a = 5 [ (226 va e
s

S Mo — Ms
3 o /( )
2 [ a/-H-R),
2(770_775) Ns
L[ 770—77/> . .
Ky = —— d'( " —n)V%4(h-H-n
o= i) (B ) VhG R
1 10 770_77/> R R R
+- d'( '—n)(h-Vg)?(h-H-n
4ASn B f — )6 V) )
1 no
+ / dn/(1f —n2)(h - Vi)(h - H - f), (9.10)
7707778 Ns

where we have explicitly simplified the calculation by including terms associated with V - i.
Note that we have also replaced 7 — 1, corresponding to the conformal time at the last scattering

surface of CMB. To simplify, we decompose the metric perturbation into the Fourier component,

H(x,n) = W / d3keik'xT(k,n)Z;Hj(k)ej(k), (9.11)

where we have introduced the gravitational wave transfer function that describes the time evolution
of the metric perturbation with H;(k,n) = T'(k,n)H;(k)e; (k).

The terms in equation (9.10) can be simplified as

Ky = 1 / " dn/ ! / Pke™ ¥ T(k, )
2 /. (27)3/2 ’
o — IO
H )n-e n|(ik - n
(=)~ 2 )l es(k) - k-

3 3 k-
e k K3 X
2m—mxﬂ 3ﬂ/d

ZH ) -e;(k)-nl,

n —ns 1 31, ik-x’ ’
= dn’ d°ke™* T(k
K2 /ns Ui 4 (271_)3/2 / & ( 777)

(’70_ ) ZH n-k)%|[h - e;(k) 0

o — 7s

R PR /
——— nm —ns (27)3/2

xT(k,n') Y H;(k)[h-e;(k) - n(ik - ). (9.12)

J

Here, x’ = (1o — n')h and e; represents the symmetric, traceless polarization tensor that obeys

Tr [e;(k) - ex(k)] = 20 and k - e;(k) = 0 with j in equation (9.12) summing over the two linear
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polarization states.

Since gravitational waves trace the wave equation with
H- V?H + 2%H = 167Ga>P, (9.13)
a

where P is the tensor part of the anisotropic stress, say from neutrinos (see, Ref. [16] for details);
The term in the right-hand side acts as a damping term for the evolution of gravitational waves
and is important for modes that enter the horizon before matter-radiation equality, with a smaller
correction for modes enter horizon after matter-radiation equality. Since these corrections are not
more than 30%, while the amplitude of the gravitational wave background is uncertain to more than
orders of magnitude, we ignore such subtleties here assuming no anisotropic stress; for a cosmological
model dominated by matter, in Fourier space, one can write the evolution of H in terms of the transfer
function as T'(k,n) = 3j1(kn)/(kn).

We define the power spectrum of metric perturbations as
(Hi(K)H (K)) = (27)* Pr ()66 (k — K'), (9.14)

where we assume isotropy and equal density of gravitational waves in the two polarization states
i and j. Following Ref. [10], we normalize the power spectrum to the Hubble parameter during

inflation and take

PT(k) B (287:-33 <M§:nck) kig' (915)

Using this three-dimensional power spectrum for metric perturbations, the angular power spec-
trum of gradient-type deflections is

m=l

h® o 1 D |2

m=—1

4 m=l L )
= Grveare L ([ e

T (1+2)! 3
= kP T, + Ty + TO?
z%z+1ﬁ(w—m!/d r(R)\T + T2 + Tl
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where the terms are again

o= / (770 - ns>T(k’ 7)
< [0n(
3

x jl |$ k(no— 77)}

o
_ / AT (8, 1) (2251 (2)) ooy

k2 Mo — 1M ) T
T — d /( f— s k7 '
2 2 Ns g No — Ns (77 7 ) ( 77)
X [(1 + 83)(l‘_le(x))lz:k(no*ﬂ’)]

2k / " o = n) Tk, )
770 - 778 Ns ? ’

X [aw<x_2jl(w))lz:k(nofn’)] : (9'17)

Note that the convergence power spectrum due to gravitational wave deflections is C** = [2(I +
1)2Ch° /4.

In Eq. (9.16) we have also introduced an additional correction to the gradient-type deflection
spectrum with the term 7). As discussed in [10], this is associated with the gradient-type deflection
pattern or convergence related to shearing of the last scattering surface by gravitational waves
present at that surface. To calculate this correction, we first evaluate the displacement vector at the

last scattering surface

vy = —— -0 —ns), (9.18)

and then project this displacement vector to obtain the transverse displacement vector of

A, = tm = (Em BB (9.19)
Mo —Ms
This vector can be decomposed to the gradient- and curl-types deflections. Making use of the fact

that the convergence is k(n) = —A%,.,/2 and taking the Fourier transforms, we write the required

term in the Eq. (9.16) as

TS = 2o )Tk ma) [9 (0@ om0
AN IEs) N (9:20)

This completes the calculation of gradient-type deflection power spectrum by taking into account
the lensing by intervening gravitational waves between the last scattering surface and the observer
and the metric-shear correction related to gravitational waves present at the last scattering surface

from which photons propagate.
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9.2.2 Curl Spectrum

Rotation is defined to be w(f) = 1(A4e™),;, which leads to

w(n)

—%ﬁ- (V xr(n,n)). (9.21)
Equation (9.5) gives
dn'[a-(V xH)-q], (9.22)

2/
—
n

since V x i =0. Here we define the curl of the second rank tensor H by (V x H);y; = €;;1,0; Hy.

70
The curl-type deflection spectrum from this term is [10],
m=l

h® o 1 ® |2

m=-—I

4 m=l o A
= e 2 ([ e

7T (1+2)! 3
= kP Ty + T2 2
T (g | FRPrIT + TP (9.23)
where
o 5
T, — ok / dn' T (k1) (@250 () Lot - (9.24)
MNs

Again, one can write the power spectrum of rotation as C{* = [?(1 + 1)2C’lh® /4.
Here also we include the correction to the rotational spectrum due to metric perturbations at
the last scattering surface. Similar to convergence, by following the same procedure as before but

taking 1/2([A,].€%?).5 of Equation (9.19), we get

T2 = k(o — 1) T (k. 1) (& 20@) Loy (9.25)

For comparison, we note that density fluctuations along the line of sight lead to gradient-type
deflections only. The resulting contributions are described in terms of the angular power spectrum of
projected potential Cl(p % that is well studied in the literature [2]. We do not repeat those derivations
here, but will provide a comparison of lensing under gravitational waves and lensing by mass in the

discussion later.
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Figure 9.2: The lensing modification to CMB power spectra for density perturbations and for grav-
itational waves. Top: Temperature fluctuations. The top curve is the primordial power spectrum.
The middle curve is the secondary anisotropy contribution, |C~'l — ()], to the temperature power
spectrum from lensing by density perturbations, and the lower curve is for lensing by gravitational
waves, assuming the maximum IGW background consistent with current data with the deflection
power spectra shown in Figure 9.1. Bottom: Temperature-E polarization cross correlation, with
curves following the left panel. In both panels, thin long-dashed line is C;/I at each multipole with
C related to the intrinsic anisotropy spectrum; while the cosmic variance is C;/ Vi, C /1 denotes
the level at which one must control the systematics, if the effects resulting systematics apply to a
wide range of multipoles. The lensing by density fluctuations cannot be ignored as the corrections
are well above the cosmic variance limit and will be detectable in upcoming anisotropy data. The
lensing by foreground gravitational waves, however, are below the cosmic variance limit, suggesting
that they will remain undetectable, but above the systematic level when [ > 103.
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9.3 Lensing of CMB by Gravitational Waves

In this section, we will discuss the analytical calculation related to how foreground gravitational
waves modify the background CMB temperature anisotropy and polarization patterns. Here, we will
concentrate on the angular power spectra of CMB observables. The lensing of CMB by foreground
density fluctuations is formulated in Ref. [2] and we follow the same procedure here. Since deflection
field power spectra peak at large angular scales, we present an analytical formulation as appropriate
for the spherical sky. The calculation we consider here, however, is perturbative, and one expects
important corrections beyond the first order in the deflection angle. For foreground gravitational
waves, such issues can be ignored as the overall modification to the anisotropy and polarization

spectra is small.

9.3.1 Temperature Anisotropies

Following Ref. [2], the lensed temperature field 6 can be expressed as

- 1
f(n) = O(h+ A) = 0(n) + V- A, + 5vbvaa WAWAVSS
(9.26)
where 0(1) is the unlensed temperature fluctuation in the direction fi. The temperature field can be

expanded to multipole moments such that #(n) = 3",  65,,, Y (01). Taking the spherical harmonic

moment of equation (9.26) and using equation (9.7), we find

N R 1
O = Opm + / dny;’, [V“G-Aa + §vaae Ay
— D S
= O — Z (Ilmllmllzmzellmlhlzmz
llmllgmg
® ®
+ Ilmllmllgmzellmlhl2m2>
1
52 5] D
+ 5 (Jlmllmllgmglg,mgell"nl hlzmzhl3m3
l1m1l2m2l3m3
® ® ®
+ Jlml1m112m2l3m3911m1hl2m2hl3:ng)7 (927)

where the integrals are

I@

lmllmllgmg =

[ ARYE Y% Yigmaia, Iy = / A0Y7 Y70 Vipmaoear  (9.25)

_ Ay * Vab * & _ Ak yoiab * c .d
Imlymilomalsms — fdnyvlmyvllmlebmziayigmg:b’Jlml1m1l2m2l3m3 - /dn}flm}/llm1%2m2ici/l3mgid6 a€b-
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The lensed temperature anisotropy power spectrum spectrum is

ol =cf+ 3l (s v ol se) vap S (Clsg + ol sg), (9.29)
lila "
where
SiB = Z |Il€3nl1m1l2mz‘2’ (9.30)
mimo
® _ ® 2
Sl - Z |Ilml1m1l2m2‘ )
mima
1
SSB = 3 Z Jl%lmllmlllml + c.c.,
mi
s — 1yye
2 T 5 Z Jimimiymatym, + €€
mi

and c.c. is the complex conjugate. The terms SP and S are similar to those involving lensing

by foreground density perturbations [2]. First, the integral I, l?n 1y lams

can be simplified through
integration by parts and noting V2Y;,,, = —I(1+1)Y},,, and the general integral of three spin-spherical

harmonics over the sky:

/ 002, Y7 0 ) Yigma) (s Yigms) =

(_1ymiten \/ (24 + 1)(2124 7—: (2l + 1)

Lol 3 Lol 3

X , (9.31)

§1 —82 —83 —mip M2 M3

when s; = so + s3. We note that under parity inversion, ;Y;,,, — (—1)l,5Ylm7 which is a useful
property when we discuss lensing modifications to the CMB polarization field.
With s; = 0 and noting that Y}, = Yim,

1
Lty tzms = Sl + 1)+ 102 +1) =1+ D] (=)™

X\/(21 +1)(20 + 1)(202 + 1)
4
Il L
x b I (9.32)
0 0 O —m mi Mg

Using the orthonormality relation of Wigner-3j symbols

lh o I3 i o I3 1

= 9.33
203+1° (9.33)

mimo \T1 M2 M3 myp Mm2 Mms3
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Figure 9.3: The lensing modification to CMB polarization spectra for density perturbations and
for gravitational waves. From top to bottom, these curves are for primordial power spectrum in
the E-mode (solid line), lensing correction to E-mode from density fluctuations (long -dashed line),
lensing correction to B-mode from density fluctuations (short-dashed line labeled “Scalars”), lensing
correction to B-mode from gravitational waves (short-dashed line labeled “Tensors”), and the lensing
correction to E-mode from gravitational waves (long-dashed line). For reference, the thin dot-dashed
line is the systematic level of the B-mode lensing power spectrum, C; /I, from the density field. While
the corrections from lensing by foreground gravitational waves is below the cosmic variance limit of
the lensing B-mode power spectrum and, again, undetectable in anisotropy maps, they may become
a source of systematic in all-sky maps with no instrumental noise and other secondary signals and
foregrounds.
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we can write

® _— D 2
Sl - 21+1(Fll112) ? (934)

with

1
Fz?izz = 5 [ll(ll =+ 1) + lg(lg + 1) — l(l + 1)}

y \/(21+1)(211+1)(212+1) I Loy

(9.35)
4m 0 0 0

Though tedious, the calculation related to S{ can be simplified using the gradient relation for

spherical harmonics by raising and lowering of the spin [17]:

11+1)

VYim = 2 [IYlmm+ - —lmmm—]7 (936)
where
f— 1 y
my = E(eé F Zqu) . (9.37)

Combining these derivatives with the general integral in equation (9.31) leads to

Il?;lllmllng = _%\/Zl(ll + 1)l2(l2 + 1)(_1)7”
\/(21 +1)(20 + 1)(202 + 1)

47
l l l [ 1 l
x b PO = (yiete] (9.38)
-m mi Mo 0o -1 1

Again using the orthonormality relation in equation (9.33),

1 2
® __ ®
ST = 01 (Fllllz) ) (9.39)
with
1 L L s
Fipy, = 5Vh(0 4 Dia(l +1) .o (9.40)

\/(21 +1)(20 +1)(22 + 1) [1 = (—1ye]
47 .
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To calculate S5 and S5, we first note that

N IL(ly + )20 +1
Z}/llmliayrllml:b: 1(1 8)75 L )gaba (941)

ma

where g, is the usual metric of unit sphere,

Jab = O .9 9 . (942)
Sin

These allow us to show that

1
Sy = 5 > itmiymatym, T C-C
my
2l +1
= I+ D)L+ 1) (9.43)
8w
Also S5 = S$. Finally, combining all expressions, we can write
¢! = ¢/ —1(+1)RC?
C[ol ® ®
DI i (SN SRR MRS (9.44)
l1lo
where F, lelallz and Fffl 1, are given in equations (9.35) and (40), respectively, and
201 +1 ® ®
R=Y L+ )= [0{3 e ] . (9.45)

Iy

This expression is similar to that of equation (62) of Ref. [2] when C’ﬁ® =0 and C’ﬁ® is identified as
the power spectrum of projected lensing potentials due to intervening density perturbations between

us and the CMB.

9.3.2 Polarization

The lensing effect on CMB polarization can be described similar to temperature anisotropies by
making use of the remapping + X (d) = +X(0) + V;¢(2)ViL X () + ...+, where + X = Q + iU,
where we have simplified the notation by replacing the spin-dependent gradients with a covariant
derivative that acts on the spin components of the symmetric tensors that are traceless. Here, we
have also ignored the rotation needed to align the polarization basis vectors between the lensed and
unlensed fields, but this rotation is unimportant when considering displacements along the lines of
constant azimuthal angles [18]. We refer the reader to Refs. [18, 19] for details of our shorthand

notation and why it can be used for the lensing of the polarization pattern on the spherical sky.
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While our notation here is simple and follows that of Ref. [2], the final result is the same as what
one gets by using the standard notation of differential geometry. This is due to the fact that the
overlapping integrals involving spin harmonics that we will perform remain consistent with our
simplified notation.

As is well known, the CMB polarization components form a spin-2 field and are expanded in
terms of the spin-weighted spherical harmonics such that £ X(0) =", =+ Xim+2Yim(01). Instead of

Stokes parameters, the more popular, E and B modes are are given by
+Xim = By £ 1By, (9.46)

. We will discuss lensing modifications to angular power spectra of E and B modes as well as the
cross correlation between E and 0, while cross-correlation between E and B, and between B and 0 are
ignored as these are zero through parity arguments. Furthermore, the modifications to polarization
by lensing do not violate parity conservation.

Taking the spherical harmonic moment of the polarization field under lensing, we write

i Xim = +Xim (9.47)

§ S D
- |:in17711 (iZIlml1m1l27n2 thﬂ’LQ

limilama

® Y
+ i2]lml1m1l2m2hlzm2>:|

1
5] ©® Dx*
+ 5 Z [:I:len (iZJlmllmllzmﬂsmshl2m2hl3m3

l1m1l2m2l3m3

® ® ®*
+ i2‘]lml1m1l2m2l3m3 hlzmz hleﬂ“s)} ’

where

ol = [ B2V (2 Vi
e ity = | A2V (52YE Vi i
ol = ] (Y (2 Vi
i2Jl§nl1m1l2m2l3m3 = /dﬁ(:‘:QYZtn)(:HYlﬂZl)YZngth}:mydfcaEdb-

After straightforward but tedious algebra, the lensed power spectra of E-modes, B-modes, and
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the cross correlation between E-modes and 6 are

CF = OF + 33 [Cha87 +CI"a55] [(F + ) + (~1)H(CE — CB)]
11l2
+ CZEZ (CF7 558 + CP°558),
R ®
CF = O + 53 [P + Cl%a8P] [(CE + CB) + (~1)M(CE - CF)
lllz
+ CFf Z(ql 2S¢ + O 559,
ci¥ = CfF+; Z 1+ (=1)E)(CP7 0258 + CP° 0252)CPF
l1l2
1 ® ®
+ L0y (0{1 (559 + S2) + C° (259 + 558)) , (9.48)
1
where L =1+ 1; + 15 and
25? = Z |:|:2Il€3nl1m1l2m2‘27 (9.49)
mimso
QS? = Z |i2Il§allm1l27n2‘2’
mimsa
1
2559 = 5 Ziz‘]%lmllmlllml + c.c.,
1
25y = §Zi2<]l%lmllmlzlml+c-c-a
m
OQS? = Z (Ileﬁﬂllmllzmz +21l€79nl1m1l2m2)’
mimsa
O2Si® = Z (Il(?inllmllzmg +2Il§nl1m1l2m2)'

mimsa

To simplify terms in Eq. (9.49), we again make use of the integral relations outlined earlier when

describing lensing of temperature anisotropies. In the case of polarization, these relations need to

be generalized for integrals over spin-weighted spherical harmonics. First, the integral related to the

gradient spectra is straightforward. Making use of the fact that V219V, = [~I(l + 1) + 4]42Yim

and using equation (9.31), we find

257 = 5 + 1|2 Finl*
2Fpy, = 5[11(l1 F 1)+l + 1) — 11+ 1))

<

(2l + 1)(2l1 + 1)(2[2 + 1) I L s

47

2 0 =2

(9.50)

This is exactly the relation that one encounters when lensing the polarization field by foreground
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density fluctuations [2].
The integral related to the curl-type displacement is tedious, but can be simplified using relations

involving raising and lowering of the spin and gradient of the spin-weighted spherical harmonic. To

calculate
Wtz = [ B3V 25V Vi (0.51)
we note
m_-V.Y,, = \/(l — S)(l;_ i 1)s+1Ylm,
my V.Y — —\/ R ™ (9.52)
and the relation
(m)i(m_); + (m_);(my); = g, (9.53)

to write V Y}, = (mom_ + m_my) - V.Y, as

l—s)(l+s+1 Il+s)(l—s+1
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such that
1
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Furthermore, with s = +2, equation (9.43) can be generalized to

1 20 +1
P=—= 1) —4 1 .
255 U+ 1) = 4L (b + 1) = —, (9.56)
and as in the case of lensed temperature anisotropies,
+295 = 4255 . (9.57)
For the cross-correlation between E-modes and the temperature, we find
1
Sy = m(ﬂ%zg)(wﬂﬁb),
1
0257 = m(ﬂ%zz)(ﬂﬂﬁbf (9.58)
Putting the terms together, we can write the lensed power spectra in polarization as
CE = CF—(*+1-4)RCF
1
R Y e Z |:C ( ll1lz) + C ( ll1lz) :| [(CZE + Cl}f) + (_1)L(C£ - Cg)] ’
221 +1) &
cB = CP—(®2+1-4)RCE
1
s O[O (F5,)? + G FS,)? | [(CE + CE) = (—1)H(CE - CE)],
221 +1) &
C/F = COPF — (2 +1-2)RCPE
1
+T+1 Z [C (Fi 1) (2 ) + cp “( 11112)(+2le112)} CrF, (9.59)
l1lo

with R from equation (9.45).

The case of CMB lensing by foreground density fluctuations is simply the replacement of Cﬁ@
with the power spectrum of projected potentials and with Cﬁ® = 0. The lensing contribution to
the B-mode from the foreground density field [5] act as the main contaminant in detecting the
primary gravitational wave signal in B-modes of polarization. To see the extent to which lensing
by gravitational waves themselves may become important in B-mode polarization studies, we will
assume C’lB to be zero and present a comparison between C’lB from density fluctuations and C’IB from
gravitational waves. As we find, the secondary lensing from gravitational waves is smaller than the
cosmic variance level of lensing B-modes from density perturbations and will remain undetectable
in anisotropy maps. While below the cosmic variance limit, C;/ V1, for anisotropy measurements,
systematics must generally be controlled to a level far below this; if systematics apply to a wide range
of multipoles, then one must control their effects to C;/l. For lensing by foreground gravitational

waves at the maximum amplitude, we find that the corrections are above this level when [ > 103
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suggesting that one only needs to be concerned of these signals in all sky maps with no instrumental

noise and other secondary signals.

9.4 Results and Discussion

In Figure 9.1, we show a comparison of Clh® , ClhGB and the angular power spectrum of deflection angle
from projected density perturbations along the line of sight to 7, at a redshift of 1100 corresponding
to the CMB last scattering surface. In calculating the power spectra of lensing from foreground
gravitational waves, we have assumed an amplitude for the tensor modes with a value for H; in
equation (9.15) of 2 x 1014 GeV. This corresponds to a tensor-to-scalar ratio of 0.3, which is roughly
the upper limit allowed by current CMB and large-scale structure observations [20].

The curl spectrum of deflections from gravitational waves has been previously discussed in the
literature in the context of weak lensing surveys with galaxy shapes [10]. The gradient-type dis-
placement spectrum from gravitational waves discussed here is also important and cannot be ig-
nored when calculating modifications to CMB temperature and polarization anisotropies. Note
that Clh® and ClheB peak at large angular scales corresponding to £ = 2 to £ = 10. To compare
lensing by gravitational waves and lensing by mass, we calculate the rms deflection angle through
02 = D21+ 1)(20 + 1)/47T(C'lh® + Clh@)]. For gravitational waves related spectra shown in Fig-
ure 1, O, is 3.62 x 107° radians or roughly 7 arcsecs, which is a factor of 20 smaller than the rms
deflection angle for CMB photons under density fluctuations, where ,,5 ~ 7 x 10~%. The coherence
scale, where the rms drops to half of its peak value, is about ~ 60 degrees for lensing by gravitational
waves, while for density perturbations the coherence scale is about a degree. With such a large co-
herence scale and a small rms deflection angle, foreground gravitational waves deflect large patches
of the CMB sky by the same angle of about 6 arcsecs, resulting in an overall small modification to
the CMB anisotropy and polarization spectra, when compared to the case with density fluctuations
alone.

The differences between lensing by density perturbations and lensing by gravitational waves is
clear in Figure 9.2, where we show modifications to the temperature power spectrum and the cross
power spectrum between temperature and E-modes of polarization. The secondary lensing correction
from the foreground gravitational waves is smaller than the cosmic variance level of intrinsic CMB
anisotropies. Even with perfect CMB observations devoid of instrumental noise, it is unlikely that the
lensing modification by primordial gravitational waves in the foreground of CMB will be detectable.
As shown in Figure 9.2, however, the corrections are above the systematic level of C; /I for primordial
anisotropy measurements when [ > 103. Thus, in the extreme case where one is dealing with perfect
all-sky maps cleaned of foregrounds and other secondary signals, one could be concerned that these

effects act as a source of systematic error for primordial anisotropy measurements. As is clear from
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Figure 9.2, while lensing by gravitational waves is not significant, lensing of the CMB by foreground
density perturbations will be detectable as the modifications are well above the cosmic variance
limit.

In Figure 9.3, we summarize our results related to lensing of polarization anisotropies in terms of
the power spectra or E- and B-modes. Again, the lensing effect by foreground gravitational waves is
below the cosmic variance level of the dominant signal in the E- and B-mode maps, but above the
systematic level. In the case of B-modes, lensing by density perturbations will remain the main con-
taminant in searching for gravitational wave signatures from the primary B-mode power spectrum.
Lensing signals by foreground gravitational waves are unlikely to affect reconstruction techniques
that attempt to remove the lensed B-modes when searching for a low amplitude gravitational wave
background [4].

While we have only considered angular displacements on the sky, gravitational waves also con-
tribute to a variation along the line of sight that can be described as a time-delay effect. Just as
angular displacement couples to the angular gradient of the CMB, the radial displacement couples
to the radial gradient of the CMB. These effects, however, are smaller due to lack of radial struc-
ture in the perturbations that form the primordial anisotropy spectrum in the CMB, such as the
acoustic peaks. There are also geometric cancellations associated with the projection of line-of-sight
time-delay modulations to an anisotropy pattern on the CMB sky [15]. Thus, it is unlikely that
our conclusions related to lensing by foreground gravitational waves are affected by including the
time-delay effect.

In general, our results are consistent with those of Ref. [10] who studied the possibility of mea-
suring the gravitational wave background amplitude using weak lensing surveys of galaxy shapes
and using the curl mode of the shear. Even with an optimistic survey with a large surface density of
galaxies to measure shapes, the gravitational wave signal in the shear remains undetectable below
the noise.

To summarize our calculation, while weak lensing distortion of the cosmic microwave background
(CMB) temperature and polarization patterns by foreground density fluctuations is well studied in
the literature, we noted the lack of a detailed description related to lensing modifications by fore-
ground gravitational waves or tensor perturbations. Here, we have presented an analytical formula-
tion on how CMB anisotropies and polarization patterns are distorted by a stochastic background
of primordial gravitational waves between us and the last scattering surface. Our analytical formu-
lation is useful when studying general lensing of any background source by foreground gravitational
waves.

While density fluctuations perturb CMB photons via gradient-type displacements only, gravita-
tional waves distort CMB anisotropies via both the gradient- and the curl-type displacements. The

latter can be described as a rotation of background images in the presence of foreground gravita-
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tional waves while the former is related to the lensing convergence. For a primordial background

of gravitational waves from inflation with an amplitude corresponding to a tensor-to-scalar ratio

below the current upper limit of ~ 0.3, the resulting modifications to the angular power spectra of

CMB temperature anisotropy and polarization are below the cosmic variance limit, but above the

systematic level. Thus, it is unlikely that planned high sensitivity CMB observations warrant an

accounting of the secondary contributions discussed here as they are not expected to affect precise

parameter measurements; if observations are all-sky measurements with no instrumental noise, then

these effects may be present in the form of systematic corrections to the primary anisotropy and

polarization measurements.
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Non-Gaussian Covariance of CMB
B-modes of Polarization and Parameter
Degradation

The B-mode polarization lensing signal is a useful probe of the neutrino mass and
to a lesser extent the dark energy equation of state as the signal depends on the
integrated mass power spectrum between us and the last scattering surface. This
lensing B-mode signal, however, is non-Gaussian and the resulting non-Gaussian
covariance to the power spectrum cannot be ignored as correlations between B-
mode bins are at a level of 0.1. For temperature and E-mode polarization power
spectra, the non-Gasussian covariance is not significant, where we find correlations
at the 107° level even for adjacent bins. The resulting degradation on neutrino
mass and dark energy equation of state is about a factor of 2 to 3 when compared
to the case where statistics are simply considered to be Gaussian. We also discuss
parameter uncertainties achievable in upcoming experiments and show that at a
given angular resolution for polarization observations, increasing the sensitivity
beyond a certain noise value does not lead to an improved measurement of the
neutrino mass and dark energy equation of state with B-mode power spectrum.
For Planck, the resulting constraints on the sum of the neutrino masses is osm, ~

0.2 eV and on the dark energy equation of state parameter we find, o,, ~ 0.5.

Originally published as C. Li, T. L. Smith and A. Cooray, Phys. Rev. D 75,
083501 (2007).

10.1 Introduction

The applications of cosmic microwave background (CMB) anisotropy measurements are well known

[1]; its ability to constrain most, or certain combinations of, parameters that define the currently

favorable cold dark matter cosmologies with a cosmological constant is well demonstrated with
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anisotropy data from Wilkinson Microwave Anisotropy Probe [2]. Furthermore the advent of high
sensitivity CMB polarization experiments with increasing sensitivity [3] suggests that we will soon
detect the small amplitude B-mode polarization signal. While at degree scales one expects a unique
B-mode polarization signal due to primordial gravitational waves [4], at arcminute angular scales the
dominant signal will be related to cosmic shear conversion of E-modes to B-modes by the large-scale
structure during the photon propagation from the last scattering surface to the observer today [5].

This weak lensing of cosmic microwave background (CMB) polarization by intervening mass
fluctuations is now well studied in the literature [6, 7], with a significant effort spent on improving
the accuracy of analytical and numerical calculations (see, recent review in Ref. [8]). As discussed
in recent literature [9], the lensing B-mode signal carries important cosmological information on
the neutrino mass and possibly the dark energy, such as its equation of state [9], as the lensing
signal depends on the integrated mass power spectrum between us and the last scattering surface,
weighted by the lensing kernel. The dark energy dependence involves the angular diameter distance
projections while the effects related to a non-zero neutrino mass come from suppression of small
scale power below the free-streaming scale.

Since the CMB lensing effect is inherently a non-linear process, the lensing corrections to CMB
temperature and polarization are expected to be highly non-Gaussian. This non-Gaussianity at
the four-point and higher levels are exploited when reconstructing the integrated mass field via a
lensing analysis of CMB temperature and polarization [10]. The four-point correlations are of special
interest since they also quantify the sample variance and covariance of two-point correlation or power
spectrum measurements [11]. A discussion of lensing covariance of the temperature anisotropy
power spectrum is available in Ref. [12]. In the case of CMB polarization, the existence of a large
sample variance for B-modes of polarization is already known [13], though the effect on cosmological
parameter measurements is yet to be quantified. Various estimates on parameter measurements in
the literature ignore the effect of non-Gaussianities and could have overestimated the use of CMB
B-modes to tightly constrain parameters such as a neutrino mass or the dark energy equation of
state. To properly understand the extent to which future polarization measurements can constrain
these parameters, a proper understanding of non-Gaussian covariance is needed.

Here, we discuss the temperature and polarization covariances due to gravitational lensing. Initial
calculations on this topic are available in Refs. [13, 14], while detailed calculations on the CMB
lensing trispectra are in Ref. [15]. Here, we focus mainly on the covariance and calculate them
under the exact all-sky formulation; for flat-sky expressions of the trispectrum, we refer the reader
to Ref. [10]. We extend those calculations and also discuss the impact on cosmological parameter
estimates. This paper is organized as follows: In §10.2, we introduce the basic ingredients for the
present calculation and present covariances of temperature and polarization spectra. We discuss our

results in §10.3 and conclude with a summary in §10.4.
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10.2 Calculational Method

The lensing of the CMB is a remapping of temperature and polarization anisotropies by gravitational
angular deflections during the propagation. Since lensing leads to a redistribution of photons, the
resulting effect appears only at second order [8]. In weak gravitational lensing, the deflection angle
on the sky is given by the angular gradient of the lensing potential, §(n1) = V¢(i1), which is itself a

projection of the gravitational potential ®:

$(m / dr dA (ro = )fb(r,ﬁlr), (10.1)

r)da(ro)

where 7(z) is the comoving distance along the line of sight, rg is the comoving distance to the surface
of last scattering, and d(r) is the angular diameter distance. Taking the multipole moments, the

power spectrum of lensing potentials is now given through

(Gl im) = O Ormms CF (10.2)

as

cP = % / k2 dkP (k)™ (k) I (k) , (10.3)

where

70
(k) = / AW (e, )i (k)

W) = —30,, (Hko) F(T)W, (10.4)

where F(r) = G(r)/a(r) and G(r) is the growth factor, which describes the growth of large-scale
density perturbations. In our calculations we will generate C’f5 % based on a non-linear description
of the matter power spectrum P(k). In the next three subsections we briefly outline the power
spectrum covariances under gravitational lensing for temperature and polarization E- and B-modes.
In the numerical calculations described later, we take a fiducial flat-ACDM cosmological model with
Q = 0.0418, Q,, = 0.24, h = 0.73, 7 = 0.092, n, = 0.958, A(ky = 0.05 Mpc™') = 2.3 x 1079,

m,, = 0.05 eV, and w = —1. This model is consistent with recent measurements from WMAP [2].
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10.2.1 Temperature Anisotropy Covariance

The trispectrum for the unlensed temperature can be written in terms of the multipole moments of

the temperature 6, as [15]

_ 0 0O mi+my $M1—msg $Mo—my 0 0O mi+ms $M1—mso $M3—my
<9l1m19l2m29l3m39l4m4> = Cl10l4(_ ) ! 45l1l3 6[2[4 +Cllcl3(_ ) ! 3§l1l2 6l3l4
0 ~0 mi+meo £M1—Myg $M2—M3
+ O (—1)ymtmag g s (10.5)

It is straightforward to derive the following expression for the multipole moment of lensed 0 field as

a perturbative equation related to the deflection angle [7]:

n mmim 1 * mmimam
elm = elm + Z ¢l1m19l2m21”1121 * 4+ 5 Z ¢l1m19l2m2¢l3m3‘]ll1l2%3 2 ; (106)

llmllzmg llmll2m2l37ng

where the mode-coupling integrals between the temperature field and the deflection field, ;"™

and Jj71 7™ are defined in [15, 16].

As for the covariance of the temperature anisotropy powerspectrum, we write

1 1 ~ . ~ . ~0 A0
COV@Q 2[1 + 1 2l2 + 1 <9l1mlellmlel2m2€l2m2> Cllclg O + + (Q + )6l1l27 ( O 7)

mimse
where the individual terms are

2

o = (20 +1)(2l2 + 1) %:Cf [(FusCo)” + (Frazan O],

P = any 1)4(212 +1) Zcicﬁciﬁ“z&““

e = ﬁ ;O¢CJ'CZI(F11L11) ,

R - 21; ilzl++11 204’ (CO2L(L+ 1)L + 1), (10.8)

and the last two terms, which are related to the Gaussian variance, can be written in terms of the

lensed temperature anisotropy power spectrum as

2
2 +1

Q+R= (CPH2, (10.9)
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Figure 10.1: The correlation matrix [Eq. (10.24)] for temerature (left), E-mode (middle), and B-
mode (right) power spectra between different [ values. The color axis is on a log scale and each scale
is different for each panel. As is clear from this figure, the off-diagonal correlation is weak for both 6
and E-mode power spectra, but is more than 0.1 for most entries for the B-mode power spectrum.
This clearly shows that the non-Gaussianities are most pronounced for the B-mode signal and will
impact the information extraction from the angular power spectrum of B-modes than under the
Gaussian variance alone. The B-mode covariance shown in the left panel agrees with Figure 5 of
Ref. [14].

where
. o (F
0 _ 2 11112
¢! = - +DR Cl+l§; T cb, (10.10)
1
R = S—Wle(le)(zle)Cﬁ,
5
1 24+ 120 +1)(2l+1) (1 11 2
Fui = Sl + 1)+ 1) g+ 1y 2 DE LD 4D
u 00 0

We note that Eqgs. (10.10) are readily derivable when considering the lensing effect on the temperature

anistropy spectrum as in Ref. [7].

10.2.2 E-Mode Polarization Covariance

Similar to the case with temperature, the trispectrum for an unlensed FE-field can be written in
terms of the multipole moments of the E-mode Ej,,:

<El1m1El2m2El3m3El4m4> _ Cfcg(_1>m1+m45m1 mg §Mm2—my4

U113 laly

ENE/ _1\ymi+m3 {mi—ma $mz—my
+ G CL (1) oo

+ CPCP(—1ymtmagm—magmams (10.11)

I1ly lal3

To complete the calculation, besides the trispectrum of the unlensed E-field in Eq. (10.11), we also

require the expression for the trispectrum of the lensing potentials. Under the Gaussian hypoth-
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esis for the primordial EF-modes and ignoring non-Gaussian corrections to the ¢ field, the lensing
trispectra is given by

<¢l1m1¢l2m2¢l3m3¢l4m4> = Olqici(_l)m1+m45m1 ey

l1l3 laly

+ Cﬁclﬁ(_l)ml-i-mgéml m25m3 my

l1la l3la

+ CPC) (—1ymitmagy mmagme s, (10.12)

l1ly lals

For simplicity, we assume that there is no primordial B field such as due to a gravitational wave

background and find the following expression for the lensed E-field:

n 1 mmim
B =B+ 5 Y S Brama 2L ™ (14 (1))

l1m1l2m2
1 .
7 D S B G2 il (L (21, (10.13)
l1m1l2m2l3m3
where the expressions for the mode coupling integrals 21);""'""* and 42J);"}"]™*™* are described in
Refs. [15, 16].
As for the covariance of E-mode power spectrum, we write
_ 1 1 i P e AE AE
Covge = U+ 1241 Z (Evyma By Bioms Elymy) — CLCly = H+ T+ (T + K)dius,, (10.14)
mimao
where
e 1)(212 1 Z CL [FunCE)? + (0P CF )] (1+ (=1)Heth),
2
to= (2[1 + 1)(212 + 1) Z Cfcfcf(l + (_1)l1+L+l2)2E1Ll22Fllel’
L
2 /
J = WZC¢C;’ECI1<1+( )l1+L+l )(zFllLl’)27
Ll
(ll (lh+1)
K = 2n ) ZWQ +1)2L +1). (10.15)

The last two terms can be written in terms of the lensed power spectrum of E-mode anisotropies as

_ 2 ~NEN2
TH+K = (@, (10.16)
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Figure 10.2: Here we show the cumulative signal-to-noise ratio for a detection of the power spec-
trum (Eq. (10.30)) for temperature (left), F-mode (middle), and B-mode (right) polarization power
spectra. The solid line is the case with a Gaussian covariance whereas the dashed line is with a
non-Gaussian covariance. We can see that for the case of the temperature and F-mode polarization
there is little difference between the Gaussian and non-Gaussian covariance, but for the B-mode
polarization there is a difference of a factor of ~ 10 at large [ values.

where
- (2 F)
E _ 2 ¢ \2 llllz I+11+1o
CE = - +1-4RCF + = lZch T clg(1+( 1) ), (10.17)
R = 7211 h+1)(2h +1)C,
1 204+ 120 + D)2+ 1) (L L 2
ity = Sl 1)+ b+ 1) — 1 1))y DR EDER D
m 2 0 -2

Note that C~'ZE is the power spectrum of the lensed F-modes.

10.2.3 B-Mode Polarization Covariance

The calculation related to B-mode power spectrum polarization is similar to the case of the E-
modes except that we assume that the B-mode polarization is generated solely the lensing of the
E-mode polarization. Based on previous work (Ref. [7]), we write the multipole moments of the

lensed B-modes as

=~ 1
ZBlm _ 5 Z ¢l1m1El2m2+2Ill’m;7;1m2(1 _ (_1)l+l1+l2)
117YL1127’I’L2
1 * mmimams I+l +12+13
+ 7 Z Ptym Eloms Olyms+2 111ty - (L= (—1) *)- (10.18)
l1m112m2l3mg

Here, we will only calculate the B-mode trispectrum with terms involving Cl‘z’ since we will make the

assumption that corrections to B-modes from the bispectrum and higher-order non-Gaussianities of



20_I T IIIIII| T T T TTTTT T T T TTTTT T _I
L —— dIn[CY 1/d(Q,h?) i
[ — — dIn[CF ]/d(Q,h?) ]
10 - - dln[CP ]/d(Q,h?) N —
0L -
-10 | -
—-20 :_ e e, _,\\—:
C_1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 T

10 100 1000

l

0.4 _I T IIIIII| T T IIIIII| T T IIIIII| T _I
- —— din[C/ ]/dw . n

- — — din[CF )/aw " / |
-

l

02 - - din[C? VVaw A
|
|

_0-4 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1

10 100 1000
l

Figure 10.3: The derivatives of the temperature (0), E-mode, and B-mode power spectra with
respect to the sum of the neutrino masses (o< ,h?, top panel) and the dark energy equation of
state, w (bottom panel). It is clear that in the case of the sum of the neutrino masses the addition of
the B-mode polarization greatly increases sensitivity. In both cases we find that large [ information
also increases sensitivity. We note that the derivative of the temperature power spectrum with
respect to neutrino mass agrees with that shown in Fig. 3 of Ref. [18].
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the lensing ¢ field are subdominant. Thus, using the first term of the expansion, we write

DD DD DD S
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+211ml1m1l2m2 = 2E1112<_1)m . (10'19)
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The covariance of the B-mode angular power spectrum can be now defined as

1 1

mm Z <Bl1m1B;1mlél2m2B;2m2> - éfég . (1020)

mimz

COVBB =

After some straightforward but tedious algebra, we obtain

Covgg = A+ B+C+d,,D, (10.21)
where the terms are given by
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Unlike the calculation for the covariances of the lensed temperature and polarization E-mode,
the numerical calculation related to covariance of the B-modes is complicated due to the term C,
which involves a Wigner-6j symbol. These symbols can be generated using the recursion relation
outlines in appendix of Ref. [15], though we found that such recursions are subject to numerical
instabilities when one of the [ values is largely different from the others and the [ values are large.
In these cases, we found that values accurate to better than a ten percent of the exact result can
be obtained through semiclassical formulae [17]. In any case, we found that C is no more than 1%
of A, B, and these terms are in turn no more than 10% of D. The same situation happens to those

expressions in flat-sky approach [20].

10.3 Results and Discussion

We begin our discussion on the parameter uncertainties in the presence of non-Gaussian covariance
by first establishing that one cannot ignore them for the B-mode power sptectrum. In Figure 10.1

we show the correlation matrix, which is defined as

Covxy (i, ])
V/Covxy (i,7)Covxy (4, j)

Tij = (10.24)
This correlation normalizes the diagonal to unity and displays the off-diagonal terms as a value
between 0 and 1. This facilitates an easy comparison on the importance of non-Gaussianities between
temperature, F-, and B-modes of polarization. As shown in Figure 10.1, the off-diagonal entries of
temperature and E-modes are roughly at the level of 107° suggesting that non-Gaussian covariance is
not a concern for these observations out to multipoles of 2000 [12], while for B-modes the correlations

are at the level above 0.1 and are significant.
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Figure 10.4: The expected error on the sum of the neutrino masses (top three panels) and the dark
energy equation of state, w (bottom three panels) as a function of experimental noise for three
different values of the beam width, Opwmn. The solid line considers Gaussian covariance with just
temperature information, the dotted line considers non-Gaussian covariance with just temperature
information, the dashed line considers Gaussian covariance with both temperature and polarization
(E- and B-mode), and the dot-dashed line considers non-Gaussian covariance with both temperature
and polarization. It is clear that as the beam width is decreased the estimated error on the sum
of the neutrino masses and w is increasingly overly optimistic when just the Gaussian covariance
is used in the Fisher matrix calculation. We choose 5 bins uniformly spacing between [ = 5 and
I = 100, while we choose 13 bins logarithmic uniformly spacing between [ = 100 and [ = 2000. This
choice of bins are sparser compared to [20]. From the expressions of covariance matrix [Egs.(10.7,
10.14, 10.22)], we know the Gaussian parts are diagonal and therefore the larger the bin is, the more
important the non-Gaussian effect is. So the non-Gaussian effects in our bandpower statistics are
more obvious than those in [20].
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Figure 10.5: The error ellipses from our Fisher matrix calculation. We have varied eight parameters,
and show the error ellipses for each parameter with ¥m,. The dot-dashed ellipse is the expected
error from Planck with just a Gaussian covariance, the solid ellipse is same but with a non-Gaussian
covariance. The short-dashed ellipse is for an experiment with the same beam width as Planck
(f ~ 5") but with decreased noise (1 uKy/sec as opposed to 25 puKy/sec) with a Gaussian covariance
and the long-dashed ellipse is the same but with a non-Gaussian covariance.
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Below when we calculate the signal-to-noise ratio and Fisher matrices, we use the band powers as
observables with logrithmic bins in the multipole space. Our band power estimator for two quantities

of X- and Y-fields involving temperature and polarization maps is
Ay, = Z Z g leYlm, (10.25)
U=l m=—1

where «; = l;5 — l;1 is an overall normalization factor given by the bin width. The angular power

spectra are

> @+ 1)cP (10.26)

while the full covariance matrix is

A2 N 23\ _ oG N
(A7 = AY)(AT = AY)) = Siidij + Sij (10.27)
with the Gaussian part
l1=l;2
SG = 4 T > @h+DBCPP N, )2,
Oéz li=li1
A, >
N, = TC;B> l(l+1)9FWHI\I/81n2’ (1028)
and the non-Gaussian part is
1
SN = ———— (25 + 1) (22 + 1)l112(Cov g o) - (10.29)
Y (Am) a4 ZZ: B,

1l2

To further quantify the importance of non-Gaussianities for B-modes, in Figure 10.2, we plot
the cumulative signal-to-noise ratio for the detection of the power spectra as a function of the band

powers. These are calculated as

(SN)xy = Y CXYCovyi (A, Aj)CRY, (10.30)

AA;
by ignoring the instrumental noise contribution to the covariance. As shown, there is no difference
in the signal-to-noise ratio for the temperature and E-mode power spectra measurement due to
non-Gaussian covariances, while there is a sharp reduction in the cumulative signal-to-noise ratio
for a detection of the B-modes. This reduction is significant and can be explained through the
effective reduction in the number of independent modes at each multipole from which clustering

measurements can be made. In the case of Gaussian statistics, at each multipole [, there are 2 + 1



211

modes to make the power spectrum measurements. In the case of non-Gaussian statistics with a
covariance, this number is reduced further by the correlations between different modes. If N is the
number of independent modes available under Gaussian statistics, a simple calculation shows that
the effective number of modes are reduced by [1 + (N — 1)7?] when the modes are correlated by an
equally distributed correlation coefficient » among all modes. With NV = 2] 4+ 1 and substituting a
typical correlation coefficient r of 0.15, we find that the cumulative signal-to-noise ratio should be
reduced by a factor of 7 to 8 when compared to the case where only Gaussian statistics are assumed.
This is consistent with the signal-to-noise ratio estimates shown in Figure 10.2 based on an exact
calculation using the full covariance matrix that suggests a slightly larger reduction due to the fact
that some of the modes are more strongly correlated than the assumed average value.

To calculate the overall impact on cosmological parameter measurements using temperature and
polarization spectra, we make use of the Fisher information matrix given for tow parameters p and

UV as

X\2 ;
Fo= 3 A8 o) 2800

X=B,E.0 ij

: (10.31)

where the summation is over all bins. While this is the full Fisher information matrix, we will divide
our results to with and without non-Gaussian covariance as well as to information on parameters
present within temperature, and E- and B-modes of polarization.

Since B-modes have been generally described as a probe of neutrino mass and the dark energy
equation of state, in Figure 10.3, we show 9C;/0m, and 9C;/0w to show the extent to which
information on these two quantities are present in the spectra. It is clear that B-modes are a strong
probe of neutrino mass given that the sensitivity of temperature and EF-modes are smaller compared
to the fractional difference in the B-modes. Furthermore, B-modes also have some senitivity to the
dark energy equation of state, but fractionally, this sensitivity is smaller compared to the information
related to the neutrino mass.

In Figure 10.4, we summarize parameter constraints on these two parameters as a function of
the instrumental noise for different values of resolution with and without non-Gaussian covariance.
While for low resolution experiments the difference between Gaussian and non-Gaussian extraction
is marginal, non-Gaussianities become more important for high resolution experiments where one
probes B-modes down to large multipoles. In this case, the parameters extraction is degraded by up
to a factor of more than 2.5 for both the neutrino mass and the dark energy equation of state. We
have not attempted to calculate the parameter errors for experiments with resolution better than 5
arcminutes. This is due to the fact that such experiments will probe multipoles higher than 2000
and we are concerned that we do not have a full description of the non-Gaussian covariance at such

small scales due to uncertainties in the description of the matter power spectrum at non-linear scales.



212

As described in Ref. [8], the CMB lensing calculation must account for non-linearities and their
importance only become significant for small angular scale anisotropy experiments. Furthermore,
we also do not think any of the upcoming B-mode polarization experiments with high sensitivity,
which will be either spacebased or balloonborne, will have large apertures to probe multipoles above
2000.

The value of 2000 where we stop our calculations is also consistent with Planck. Since Planck
HFI experiment will have a total focal plane polarization noise of about 25 uK +/sec, based on
Figure 10.4, we find that it will constrain the neutrino mass to be below 0.22 eV and the dark
energy equation of state will be determined to an accuracy of 0.5. Note that the combination of
Planck noise and resolution is such that one does not find a large difference between Gaussian and
non-Gaussian statistics, but on the other hand, experiments that improve the polarization noise
well beyond Planck must account for non-Gaussian noise properly. In future, there are plans for
a Inflation Probe or a CMBpol mission that will make high sensitive observations in search for a
gravitational wave background. If such an experiment reach an effective noise level of 1 K /sec and
has the same resolution as Planck, the combined polarization observations can constrain the neutrino
mass to be about 0.18, while the dark energy equation of state will be known to an accuracy of 0.44.
This is well above the suggested constraint from Gaussian noise level. This suggests that while
highly sensitive B-mode measurements are desirable for studies involving the gravitational wave
background, they are unlikely to be helpful for increasingly better constraints on the cosmological
parameters.

The non-Gaussianities in the B-modes, while providing information on gravitational lensing,
limit accurate parameter estimates from the power spectrum alone. This is contrary to some of the
suggestions in the literarture that have indicated high precision of measurements on parameters such
as the neutrino mass and the dark energy equation of state with CMB B-mode power spectrum by
ignoring issues related to non-Gaussian correlations. Furthermore, while atmospheric oscillations
suggest a mass-squared difference of Am?2 ~ 1073 for two of the neutrino species, it is unlikely
that one will be able to distinguish between mass hierarchies with CMB polarization observations
alone if one of the two masses related to the atmospheric oscillation result is close to zero ([19]).
This is discouraging, but understanding the information present in CMB polarization beyond pow-
erspectra, such as direct measurements of non-Gaussianities themselves, could potentially allow an
improvement.

From Figure 10.4 we see that as we decrease A, the measurement errors on the parameters
asymptote to a constant value. We can understand this in the following way. As we see from
Eq. (10.28), the noise blows up exponentially at large ! and therefore sets an effective cutoff l.
Only the band powers which are smaller than [, contribute to parameter estimates. Therefore, if

we decrease A,, we increase the number of band powers we can observe and hence obtain better



213

sensitivity with negligible instrumental noise for [ < ly. Therefore, the curves in Figure 10.4 become
flatter as we decrease A,. The same situation applies to Figure 10.5. Figure 10.4 also shows that
as we decrease the beam width, pwnn, we see the Gaussian covariance becomes more significant.
This is a result of the fact that the Gaussian covariance grows in significance with increasing I.

In Figure 10.5, to highlight the impact on cosmological parameters beyond the neutrino mass
and dark energy equation of state, we also show constraints from the Fisher matrix calculation. We
show error ellipses calculated with and without the non-Gaussian lensing covariance for two different
experiments: Planck, with Opwum = 5 and A, = 25 pKy/sec and “super-Planck” with Opwam = 5’
and A, =1 puK,/sec. This comparison shows that while parameters such as m, and w are affected,
parameters such as 7, ,,,h? are not affected by non-Gaussian information. This is due to the fact
that the cosmological information on these parameters come from temperature and E-modes rather
than B-modes. This highlights the fact that the issues discussed here are primarily a concern for
the B-mode measurements and extraction of parameters, especially the parameters that have been
recognized to be mostly constrained by the B-mode measurements, and not for temperature and

FE-modes.

10.4 Summary

The B-mode polarization lensing signal is a useful probe of certain cosmological parameters such as
the neutrino mass and the dark energy equation of state as the signal depends on the integrated mass
power spectrum between us and the last scattering surface. This lensing B-mode signal, however, is
non-Gaussian and the resulting non-Gaussian covariance to the power spectrum cannot be ignored
when compared to the case of temperature and polarization E-mode anisotropy covariances. The
resulting degradation on neutrino mass and dark energy equation of state is about a factor of 2 when
compared to the case where statistics are simply considered to be Gaussian. We discuss parameter

uncertainties achievable in upcoming experiments.
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