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Abstract

The theories of relativity and quantum mechanics, the two most important physics discoveries of
the 20th century, not only revolutionized our understanding of the nature of space-time and the
way matter exists and interacts, but also became the building blocks of what we currently know as
modern physics. My thesis studies both subjects in great depths — this intersection takes place in
gravitational-wave physics.

Gravitational waves are “ripples of space-time”, long predicted by general relativity. Although in-
direct evidence of gravitational waves has been discovered from observations of binary pulsars, direct
detection of these waves is still actively being pursued. An international array of laser interferometer
gravitational-wave detectors has been constructed in the past decade, and a first generation of these
detectors has taken several years of data without a discovery. At this moment, these detectors are
being upgraded into second-generation configurations, which will have ten times better sensitivity.
Kilogram-scale test masses of these detectors, highly isolated from the environment, are probed con-
tinuously by photons. The sensitivity of such a quantum measurement can often be limited by the
Heisenberg Uncertainty Principle, and during such a measurement, the test masses can be viewed
as evolving through a sequence of nearly pure quantum states.

The first part of this thesis (Chapter 2) concerns how to minimize the adverse effect of thermal
fluctuations on the sensitivity of advanced gravitational detectors, thereby making them closer to
being quantum-limited. My colleagues and I present a detailed analysis of coating thermal noise
in advanced gravitational-wave detectors, which is the dominant noise source of Advanced LIGO in
the middle of the detection frequency band. We identified the two elastic loss angles, clarified the
different components of the coating Brownian noise, and obtained their cross spectral densities.

The second part of this thesis (Chapters 3 — 7) concerns formulating experimental concepts and
analyzing experimental results that demonstrate the quantum mechanical behavior of macroscopic
objects — as well as developing theoretical tools for analyzing quantum measurement processes.
In Chapter 3, we study the open quantum dynamics of optomechanical experiments in which a
single photon strongly influences the quantum state of a mechanical object. We also explain how to
engineer the mechanical oscillator’s quantum state by modifying the single photon’s wave function.

In Chapters 4-5, we build theoretical tools for analyzing the so-called “non-Markovian” quantum
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measurement processes. Chapter 4 establishes a mathematical formalism that describes the evolution
of a quantum system (the plant), which is coupled to a non-Markovian bath (i.e., one with a
memory) while at the same time being under continuous quantum measurement (by the probe
field). This aims at providing a general framework for analyzing a large class of non-Markovian
measurement processes. Chapter 5 develops a way of characterizing the non-Markovianity of a bath
(i.e.,whether and to what extent the bath remembers information about the plant) by perturbing
the plant and watching for changes in the its subsequent evolution. Chapter 6 re-analyzes a recent
measurement, of a mechanical oscillator’s zero-point fluctuations, revealing nontrivial correlation
between the measurement device’s sensing noise and the quantum rack-action noise.

Chapter 7 describes a model in which gravity is classical and matter motions are quantized,
elaborating how the quantum motions of matter are affected by the fact that gravity is classical. It
offers an experimentally plausible way to test this model (hence the nature of gravity) by measuring
the center-of-mass motion of a macroscopic object.

The most promising gravitational waves for direct detection are those emitted from highly en-
ergetic astrophysical processes, sometimes involving black holes — a type of object predicted by
general relativity whose properties depend highly on the strong-field regime of the theory. Although
black holes have been inferred to exist at centers of galaxies and in certain so-called X-ray binary
objects, detecting gravitational waves emitted by systems containing black holes will offer a much
more direct way of observing black holes, providing unprecedented details of space-time geometry
in the black-holes’ strong-field region.

The third part of this thesis (Chapters 8 — 11) studies black-hole physics in connection with
gravitational-wave detection.

Chapter 8 applies black hole perturbation theory to model the dynamics of a light compact object
orbiting around a massive central Schwarzschild black hole. In this chapter, we present a Hamiltonian
formalism in which the low-mass object and the metric perturbations of the background spacetime
are jointly evolved. Chapter 9 uses WKB techniques to analyze oscillation modes (quasi-normal
modes or QNMs) of spinning black holes. We obtain analytical approximations to the spectrum of
the weakly-damped QNMs, with relative error O(1/L?), and connect these frequencies to geometrical
features of spherical photon orbits in Kerr spacetime. Chapter 11 focuses mainly on near-extremal
Kerr black holes, we discuss a bifurcation in their QNM spectra for certain ranges of (I, m) (the
angular quantum numbers) as a/M — 1. With tools prepared in Chapter 9 and 10, in Chapter 11

we obtain an analytical approximate for the scalar Green function in Kerr spacetime.
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Chapter 1

Introduction

This thesis is an assembly of ten research papers that span across several disciplines of physics, which
are all related to the on-going effort of gravitational-wave detection. According to the different
aspects of gravitational-wave science they involve, the following ten chapters of this thesis can
be naturally divided into three parts. In Part I (Chapter 2), we study the physics of advanced
gravitational-wave detectors, in particular how thermal fluctuations affect the detectors’ sensitivity.
In Part IT (Chapters 3 — 7), motivated by the fact that gravitational-wave detectors are continuously
monitoring kilogram-scale test masses near the quantum limit, we study Macroscopic Quantum
Mechanics. In Part IIT (Chapters 8 — 11), we study physics of gravitational-wave sources, in particular
black-hole perturbation theory. Correspondingly, this introductory chapter has also been divided
into three sections. In each section, we shall first provide background for the corresponding part of
the thesis, and then briefly discuss the motivation and summarize the main results of each chapter

in that part.

1.1 Physics of advanced gravitational wave detectors

1.1.1 An overview of laser interferometer gravitational-wave detectors

The existence of gravitational wave (GW) is one of the most powerful predictions of general relativity
(GR); directly measuring GW is an important test of GR. GWs interact very weakly with matter,
but often carry a large amount of energy — for equal-mass binary black-hole mergers, up to 5% of
the binaries’ total mass energy is converted to and radiated away by GWs [1]. Because gravitational
radiation serves as an important component of many astrophysical and cosmological processes, and
because GWs are not easily damped by interacting with matter, GW detection will open a new
window for the human being to observe the universe. With experimental progress in the past
decade, it is getting clearer that we will soon enter a new era with a whole new branch of astronomy

— gravitational-wave astronomy.
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In the past five years, an international array of first-generation long-baseline laser-interferometer
GW detectors have operated at their design sensitivities. This array included: the LIGO detectors
(US, two 4km detectors H1 and L1, one 2km detector H2) [2], the VIRGO detector (France and
Italy, 3km) [3], the GEO 600 detector (UK and Germany, 600 m) [4] and the TAMA detector (Japan,
300m) [5]. Up till now, with most of the first-generation data analysis finished, no direct detection
of GW has been made, and this is consistent with astrophysical estimates. In order to achieve first
detection, and subsequently develop a fruitful observational program of GW astronomy, the GW
community must keep upgrading their detectors for better sensitivity. At this moment, while second-
generation detectors (for example the Advanced LIGO detectors in the US) are in construction,
experimental techniques aimed for third-generation detectors are being researched and prototyped.
These prototype experiments include: the 300-m CLIO cryogenic detector (Kamioka, Japan) [6], the
AET 10-m prototype (under construction in Hannover, Germany) [7], the Glasgow 10-m prototype
(Glasgow, UK) [8], the 80-m high-power facility (Gingin, Australia) [9], and table-top experiments
with small test masses (MIT/ANU/NAOJ) [10].

The typical configuration of a long-baseline laser interferometer GW detector is a Michelson
interferometer with km-scale arms and kg-scale suspended test masses serving as mirrors. The
suspension frequencies are usually around 1 Hz, therefore allowing the isolation of ground motion
at frequencies ~ 10 Hz and above — at these frequencies, the test masses act as free masses. Laser
light is incident from, and mostly returns to the “bright port” of the Michelson interferometer
— if the mirrors remain at their equilibrium positions — and in this case only a small amount
of light is allowed to emerge from the “dark port” of the interferometer. As arm lengths change
differentially (e.g., due to incoming GWs), additional signal light emerges from the dark port. At
the photodetector, the signal light beats with the static output light from the dark port to give a
linear signal proportional to the amplitude of the gravitational wave. Optical cavities are often used
in the arms (therefore there are two mirrors in each arm) in order to increase light power in the arms
and amplify the signal light. The interferometer’s performance is further amplified when “recycling
mirrors” are further placed at the bright and dark ports.

As we consider GWs with frequencies below the free spectral range of the arm cavity, i.e., ¢/(2L)
(with L the arm length, 10s of kHz) and above the resonant frequency of the test masses’ translational
motion, a gravitational wave with amplitude h can be viewed as causing relative displacements
~ Lh/2 between the mirrors (with a geometrical factor that depends on its polarization), while
causing no effect on the propagation of light. We can therefore regard GW detectors as displacement
measuring devices; their sensitivity for measuring the displacement is limited by force noises which
disturb the motion of test masses, and readout noises which add random output fluctuations to the
displacement signal. These noises may have both classical and quantum origins (see Fig. 1.1).

In Fig. 1.1, we show the noise budget of Advanced LIGO detectors (in terms of strain-referred
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Figure 1.1: (Color online.) Square root of strain noise spectrum for several of Advanced LIGO’s
major noise sources. In its detection band 10 Hz — several kHz, Advanced LIGQO’s sensitivity is
mainly constrained by quantum noise and coating Brownian noise (red curve).

noise spectral density). This figure shows several major types of noise that are of classical origin [11]:

o Suspension thermal noise (blue curve in Fig. 1.1), which arises from thermal fluctuations in

the wires that are used to suspend the test masses.

o Gravity gradient noise (dark green curve in Fig. 1.1), which arises from differential fluctua-
tions of the Newtonian gravitational field at the locations of the test masses. The dominant

component of this noise arises due to surface seismic waves [12].

e FExcess gas noise (light green curve in Fig. 1.1), which is mainly produced by gas molecules in
the beam tube. The high frequency component of this noise arises from molecules randomly
moving through the laser beam, causing phase noise, while at low frequencies the random

impacts of molecules on the mirror surfaces dominate [13].

e Seismic noise (brown curve in Fig. 1.1), which is the mirror position fluctuation induced by

ground vibrations. It is the main noise source below 10 Hz.

e Coating Thermo-optic noise(teal curve in Fig. 1.1), which is a combination of coating ther-
moelastic noise and coating thermorefractive noise. Temperature fluctuations in the dielectric

coating and the nearby area in the mirror substrate cause both geometric random deformations
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of the coating and random variations in the coating materials’ refractive index. The geometric
deformation affects the position of the mirror surface, causing thermoelastic noise, while the
refractive index change affects the phase probed by the light beam, which partially penetrates
into the coating layers, causing thermorefractive noise. Evans et al. proved that by careful
design of coating structure these two pieces of noise can almost cancel each other in Advanced

LIGO mirrors[15].

e Brownian noise (red curve in Fig. 1.1), which includes coating Brownian noise and substrate
Brownian noise. At constant temperature T', each elastic eigenmode of the mirror possesses
kT energy according to equal partition theorem. Because of the mechanical losses, the thermal
spectrum of these modes all have a tail to the low frequency end, and the sum of all these
contributions gives the Brownian noise. Because coatings (quality factor ~ 103) are much more
lossy than the substrate (quality factor ~ 107 — 10®), coating Brownian noise is much higher
than substrate Brownian noise, and turns out to be higher than all other classical noises in
the advanced LIGO detection band. This is the main motivation for us to carefully analyze

coating Brownian noise in Chapter 2.

In Fig. 1.1, quantum noise is shown in purple curve. This includes quantum radiation pressure
noise, photon shot noise and sensing noise due to optical loss and inefficient photo-detection. The
sensing noise due to optical or photo-detection loss is an important component of the quantum noise
budget, but it can be improved by using better optical systems. The shot noise and radiation pressure
noise together is often subject to a sensitivity bound for general quantum measurement, as will be
shown below (and in the Section 1.2 from a different perspective). Let us approximate LIGO mirrors
as free masses and, for simplicity, assume there are no arm cavities. The displacement-referred noise

spectrum due to radiation-pressure fluctuation for a free mass m is

I()woh
m2Q04c2 ’

SP(Q) = (1.1)
where wy is the angular frequency of the laser beam and I is the optical power. The stronger the
power of the laser, the higher the rate of random photons that will impinge on the mirror, hence
the higher the radiation-pressure noise. On the other hand, the displacement-referred spectrum of

shot noise is
2
gsh _ he
L
0wo

(1.2)

which is inversely-proportional to the number of sensing photons — increasing the rate of sensing
photons will improve the our accuracy of position measurement.
Because shot noise and radiation pressure noise depend oppositely on the intensity of light, the

sum of these two noises are limited by a bound regardless of light power, which is usually referred
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as Standard Quantum Limit (SQL) as first realized by Braginsky in the 1960s [17, 18]:
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Here m = M/4 is the reduced mass of the four test masses (each with a mass of M). As we will
show later in Sec. 1.2, once these GW detectors enter this quantum regime, in addition to detecting
gravitational waves with higher sensitivity, one can also use these interferometers to probe quantum
behaviors of macroscopic test masses. In this case, SQL serves as a benchmark for a successful

macroscopic quantum mechanics (MQM) experiment.

1.1.2 Brownian thermal noise of mirrors with multilayer coatings (Chap-

ter 2)

Chapter 2 is a research paper published as:

e T. Hong, H. Yang, E.K. Gustafson, R.X. Adhikari and Y. Chen, Brownian thermal noise in
multilayer coated mirrors, Physical Review D 87, 082001 (2013).

1.1.2.1 Motivation and significance

This was my first Ph.D. research project, in which I studied coating Brownian thermal noise (CBTN)
for optical systems. This piece of thermal noise is not only the dominant classical noise source in the
advanced LIGO detection band, but also a limiting factor for controlling laser stability and setting
laser frequency standard [38]. It is therefore important to understand different components of this
noise and their correlations, as well as to investigate possible ways to reduce the noise. Before our
work, many still believed that CBTN could be lowered by careful designs of the structure of the
multi-layer coating. In addition, the gravitational-wave community was not using the correct loss
angle to describe the mechanical losses that are associated with the coating Brownian noise. As
our work gives a solid description of the weak noise correlation, it is clear now that the bulk part
of CBTN can hardly be improved by the coating design — one will have to use low-loss coating
materials or high-Young’s-modulus substrate materials to reduce the CBTN. Our work also pointed
out the correct loss angles to characterize the coating materials’ mechanical losses — assuming that
they are isotropic and formulated experimental strategies that will allow the direct measurement of
both angles. Finally, our analysis also paved the way toward further calculations of thermal noises

with anisotropic coating materials.



1.1.2.2 Summary of main results

We start Chapter 2 by expressing the amplitude and phase of the reflected light in terms fluctuations
in all aspects of the coating structure, thereby identifying all components of coating thermal noise.
For example, we show that coating noise arise not only from layer thickness fluctuations (as one
might naively think at first sight), but also from fluctuations of the interface between the coating
and substrate, which can also be driven by internal fluctuating stresses of the coating. After applying
the fluctuation-dissipation theorem, we find that thickness fluctuations of different coating layers are
incoherent with each other, although they may correlate with fluctuations of the coating-substrate
interface (depending on the loss angles, which will be discussed later). This is because the fluctuating
stress in any coating layer does not affect thicknesses of the other layers, yet it may influence
the bending of coating-substrate interface. Based on the formulas we obtained for cross spectral
densities, roughly 70% of Advanced LIGO’s coating Brownian noise is due to coating-substrate
interface fluctuations, because Young’s modulus of the more lossy type of coating material (TazO5)
was assumed to be much higher than the Young’s modulus of the substrate. This piece of noise turns
out to be inversely proportional to the Young’s modulus of the substrate material, which means it
can be reduced by using stiffer substrate materials.

Previously [43], the vertical and horizontal loss angles ¢, ¢| of an isotropic material are defined

such that given a periodic driving force, the energy dissipated per radian is

Waiss = ¢10.UL + ¢y U), Uror = UL + U (1.4)

where the total elastic energy Uyt is separated into vertical component U, (perpendicular to the
surface) and horizontal component U (parallel to the surface). In Chapter 2, we show that for
materials with nonzero poisson ratios, U, and Uj could be negative for certain ways of applying
external forces. This means neither U, nor U is a reasonable candidate for energy. We instead
propose to use shear and bulk loss angles ¢y, g, associated with the bulk and shear elastic energy
such that

Wiaiss = ¢Us + ¢eUs, Uor = Us + Us. (1.5)

According to elasticity theory, the bulk and shear energies Us;, Ug are both positive definite (see
Chapter 2 for their definitions). In fact, for isotropic materials, this is the only well-defined way
to classify loss angles. Since most recent experiments for loss angles all measure quality factors of
bending modes for 2-D thin plates, they only give information about one particular combination of
shear and bulk loss angles. In order to break this degeneracy and obtain two loss angles separately,
we need another independent type of measurement. This can be achieved by measuring torsional

modes of a coated cylinder, which gives information only for the shear loss angle. Combining the
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proposed experiment with previous measurements, bulk and shear loss angles can be determined
separately.

In Chapter 2 we also point out a new contribution to coating Brownian noise that had not
been discussed before. As briefly explained earlier, this noise is due to refractive-index fluctuations
induced by strain fluctuations, via the photoelastic effect. The photoelastic noise not only imposes a
fluctuating phase shift to light propagating within the coating — the inhomogeneity caused by this
noise also back-scatters some of the propagating light. All the backscattered light add up together
to a new piece of phase noise, which we refer as “backscattered noise”. There is one subtlety we
encountered when computing this noise — mathematically the self correlation of Brownian strain
fluctuations is a ¢ function in position space, and so is the resulting refractive-index fluctuation.
This  function apparently causes a divergence problem during the calculation of the backscattered
noise. Fortunately, since the average of fluctuations over any small volume is finite, the total noise is
in fact regular. After a careful treatment, we successfully obtained a regular expression for the back-
scattered noise. For advanced LIGO coatings, the back-scattered noise is less than 5% of the total
coating Brownian noise, because light only penetrates into the first few coating layers, and because
the back-scattering is relatively weak in the first place. However, for other optics experiments using
mirrors with far fewer coating layers, this could be a more important part of total coating Brownian

noise.

1.1.2.3 My specific contributions

I derived the formulas for cross spectral density between strain fluctuations at different locations,
and I also did the calculation for back-scattered noise. I was in charge of revising the manuscript

and answering questions from the referees during the peer-review process and production stages.

1.2 Macroscopic Quantum Mechanics (MQM)

1.2.1 Background

The theory of continuous measurement, namely a single quantum system under continuous moni-
toring, was first considered for GW detectors in the 1960s. In recent years, the field of “quantum
optomechanics”, namely the study of interactions between light with mechanical systems — espe-
cially ones with macroscopic scales — in the quantum regime, has become very active. As Feynman
suggested in his Lectures on Gravitation: “It is possible that quantum mechanics fails at large dis-
tances and for larger objects”; it remains physically interesting and important to test quantum
mechanics at macroscopic scales. In recent years, rapid experimental progresses have been made

towards demonstrating the quantum-mechanical behavior of a macroscopic object, which include
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successfully preparing one degree of freedom of a macroscopic object into the quantum ground state
[19], as well as generating squeezed light though its interaction with a macroscopic oscillator [20].
There are several excellent review articles on this subject: one of them is written by Chen [21],
which emphasizes quantum measurement and testing quantum mechanics; the other one is written
by Aspelmeyer, Kippenberg and Marquart [22], which discusses cavity optomechanics from an ex-
perimental point view. In this section we will only discuss a few basics that are relevant for Part II

of this thesis.

1.2.1.1 The input-output formalism of linear quantum measurement theory

Let us illustrate the input-output formalism of linear quantum measurement theory using a simple
example. Suppose a laser beam with intensity Iy and frequency wy is targeting on a test object with
mass m and mechanical frequency w,,. With phase reference (the plane where the phase is set to
zero) chosen at the equilibrium position of the test object, the input electrical field can be written

as

Eun(t) = [\/ 21/ hwo + &1(t)} coswot + az(t) sinwot (1.6)
with a1, as being the amplitude and phase quadratures of the fluctuation, their cross spectral density
given by:

Sar () = Sa, () =1, Sa,a, () = 0. (1.7)

The reflected electric field E,y; (t) is just

Eow(t) = Bin(t — 23/c), (1.8)

where 23 /c is the extra delay time. Similar to the input field, the output field can also be decomposed

as:

Bos(t) = [\/QIO TR + Bl(t)} cos wot + by (t) sin wot . (1.9)

According Eq. (1.8), the output quadrature fields 131, b and input quadrature fields a1, as are related
to each other by

by(t) = as (t) (1.10)

ba(t) = n(t) +2,/22°c°;%. (1.11)

We have to measure the phase quadrature by to gain position information of the test object. On
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the other hand, the Heisenberg equations of motion of the test object are given by:

& =p/m
2,/%“:20]%1(1&) + foxt(t) — mw? i (1.12)

For simplicity, we have neglected the DC part of radiation pressure force, as it is expected to be

D

balanced by other DC forces. The first term in p is the fluctuating piece of radiation pressure
and the second term is the external force on the test object. Eq. (1.10) together with Eq. (1.12)
describe both the dynamics of this simple optomechanical system and the output signal channel.

This input-output formalism is generalized to describe more sophisticated systems in Chapter 4-7.

1.2.1.2 The standard quantum limit

We introduced the Standard Quantum Limit (SQL) for the position sensitivity of GW detectors
in Sec. 1.1. It was obtained by minimizing the sum of photon shot noise and radiation pressure
noise in the output light field. In fact, as originally showed by Braginsky and Khalili, the SQL can
be regarded as a benchmark for any quantum measurements performed on a test object, and it is
directly related to the Heisenberg uncertainty principle. Below we shall explain it from a generalized
linear quantum measurement point of view. A more detailed justification can be found in [21] or
[18].

According to the free mass’s Heisenberg equations of motion, momentum p is a conserved quantity

and the position operator at time t is given by
Z(t) = 2(0) + —=¢, (1.13)

which also means that

[2(t), 2(t")] = ih(t' —t)/m. (1.14)

From the above expression, it is clear that the Heisenberg operators of position do not commute at
different times. In fact , if we were to measure both positions in a continuous quantum measurement,

the Heisenberg uncertainty relation would suggest that
Az(t)Ax(t) > i|t — ] (1.15)
~ 2m ’ ’

Imagine we send a sequence of light pulses to measure the positions, with the time intervals

between neighboring pulses equal to 7. No matter how strong the pulses are, Eq. (1.15) tells us that
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the measurement uncertainty Az is at least

ht
Ax ~ ] —. 1.1
“ 2m (1.16)

The corresponding noise spectral density (at € ~ 1/7) is then given by

S.(Q) ~ Az?T ~ (1.17)

2m)2

which recovers the SQL we obtained in Sec. 1.1.

1.2.2 Open quantum dynamics of single-photon optomechanical devices

(Chapter 3)
Chapter 3 is based on the following preprint:

e Ting Hong, Huan Yang, Haixing Miao, Yanbei Chen, Open quantum dynamics of single-photon
optomechanical devices, arXiv:1110.3348 [quant-ph].

1.2.2.1 Motivation and signficance

This work was inspired by Marshall et al. [40], where the authors proposed to measure the effect
of the (speculated) gravity-induced-decoherence using a Michelson interferometer with Fabry-Perot
cavity arms (one with a movable end mirror, the other with fixed mirrors), and driven by a single
photon. Based on the time evolution of the interference pattern’s visibility on the dark port, Marshall
et al. claimed that they could determine the decoherence rate of the total system — yet in their
calculations they had assumed that the single photon starts off already as a coherent superposition
in either of the Fabry-Perot cavities, instead of having to enter them from the outside. Therefore,
they did not have to consider the spatial mode of the incoming photon, either. Such single-photon
driven devices have also been studied by Rabl [41] and Nunnenkamp et al. [42]. Unlike Rabl and
Nunnenkamp et al., who studied systematically the statistics of the out-going photons and the
steady state reached by the mechanical oscillator, we focused instead on the fringe visibility of a
single-photon interferometer, and the conditional quantum state of the mechanical oscillator upon
the detection of an outgoing photon —- explicitly accounting for the spatial mode of the incoming
photon. We obtained an exact analytical solution for the system’s quantum mechanical equations
of motion, including details about the exchange of the single photon between the cavity mode
and the external continuum. This result is one of the few known exact solutions for nonlinear
quantum open systems. Using our exact solution, we found Marshall et al.’s calculation result only
approximately correct when the incoming photon has a much broader frequency width than the

cavity’s linewidth, in which case the photon has a small chance of entering the cavity in the first
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place, thereby lowering the efficiency of the experiment, and making it potentially more susceptible
to imperfections. Furthermore, we presented a method to construct the non-classical quantum state
of the mechanical oscillator by modulating the single photon’s profile, which sheds light on future

technologies of quantum-state engineering.

1.2.2.2 Summary of main results

In Chapter 3, we start with a total system with the Hamiltonian:

52

N ) o 1
H= %/ (8pehé, — el 0,e,) da + woala + iv/A (ot — acl) + f—y + §mw72n332 + katag.  (1.18)
0o m

The first term is the Hamiltonian for a freely propagating single photon: the field with « < 0 is
propagating toward the cavity, while the field with « > 0 is the propagating away from the cavity.
The second term in Eq. (1.18) is Hamiltonian for the optical mode of the cavity (one that is closest
to being excited by the single photon). The third term indicates that the cavity’s front mirror is
located at z = 0; the reflection of the electromagnetic field on the front mirror, i.e the transition from
co— to co+ is naturally captured by this term. The next two terms are the mechanical oscillator’s
kinetic and potential energies, while the last term describes the interaction between the cavity’s
optical mode and the mechanical oscillator.

This Hamiltonian can be used to model the optomechanical device previously studied by Marshall
et al. [40], which is a Michelson interferometer with an Fabry-Perot cavity in each arm, one of them
with a movable end mirror. The system is driven by a single photon injected from one of the
input ports of the Michelson interferometer. However, Marshall et al. neglected the free-propagation
Hamiltonian for their single photon. They instead assumed that the photon was initially prepared
in a “Schrodinger-cat state”, namely a coherent superposition of either being in one of the cavities
or being in the other, with equal probability, which was experimentally unrealistic.

Without coupling to the outside, the photon-mirror Hamiltonian is known to be analytically solv-
able. This is no-trivial, because we have a cubic term in the Hamiltonian. The analytic solution is
only possible because this nonlinearity is very special. Now, adding the coupling to the outside field,
the system is more complex. However, we have been able to explicitly solve the single-photon case.
We then applied this analytical solution to the experimental setup in [40], which has a Michelson
interferometer. The resulting time evolution of the interferometer’s fringe visibility displays inter-
esting new features when the incoming photon’s frequency uncertainty is narrower or comparable
to the cavity’s line width — only in the limiting case of a much broader-band input photon does
the result return to that of Marshall et al.. In this case the photon is not very likely to enter the
cavity and interact with the mirror, making the experiment less efficient and more susceptible to

imperfections.



12

Given the exact solution of the total system’s joint wave function, we show that after the detec-
tion of the single photon at the interferometer’s dark port, the mechanical oscillator’s conditional
quantum state can be obtained and (for the same photon arrival time) it depends linearly on the
initial profile of the single photon (it also depends on the arrival time of the photon, but not linearly).
We then discover a family of initial wavefunctions of the single photon for which the resulting me-
chanical oscillator’s asymptotic-conditional-states are displaced number states. Since the set of all
number states forms a complete basis, it is natural to see that ideally we can prepare the mechanical
oscillator’s quantum state by engineering the single photon’s wavefunction. In reality, there are a lot
of restrictions on quantum state preparation. First, the optomechanical coupling has to be strong.

We define a constant ( as

g= F[Qum) _ {m"o} hi [zwmi]_l , (1.19)

hmwy, /2 c MW

which is the momentum kick of the photon (to the oscillator during one radian of mechanical os-
cillation) divided by the ground state momentum uncertainty \/W (L is the cavity length).
The first requirement is 8 > 1, which means the momentum kick from the photon needs to be big
enough to substantially change the mirror state. The second requirement is that the cavity band-
width be smaller than the mechanical frequency v < w,,. This is to ensure the photon stays inside
the cavity long enough to affect the mirror motion. The third requirement is that the thermal deco-
herence effect has to be small within one mechanical oscillation period, which is a generic condition
for all MQM experiments. With all requirements satisfied, we show that preparing a mechanical
quantum state with high occupation number generally has a low probability of success — in other
words, a large number of experimental trials are needed. For example, with G ~ 1, the probability
of successfully preparing a state with occupation number less than 8 and fidelity > 90% is about
0.1%. Although the requirements are stringent, we do show that in the strong-coupling regime, by
engineering the incoming photon’s wave function, it is possible to prepare a movable mirror into an

arbitrary quantum state of a multi-dimensional Hilbert space.

1.2.2.3 My specific contributions

I worked out the quantum evolution of the total system given the total Hamiltonian in Eq. (1.18)
and initial wave function of the single photon. I also discovered and analyzed the possibility of
preparing quantum states by modifying the input photon wave function. The initial draft of the

paper was written by me, and it was later significantly revised by Chen.
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1.2.3 Theory of non-Markovian quantum measurement processes (Chap-

ters 4 and 5)
Chapters 4 and 5 are based on one paper and one preprint:

e Huan Yang, Haixing Miao, and Yanbei Chen, Nonadiabatic elimination of auziliary modes in

continuous quantum measurements, Physical Review A 85 , 040101 (2012).

e Huan Yang, Haixing Miao, Yanbei Chen, Reveal non-Markovianity of open quantum systems

via local operations, arXiv:1111.6079 [quantum-ph] (2011).

1.2.3.1 Motivation and significance

In many cases, scientists are interested in studying the interaction between a quantum object and its
surrounding bath. This interaction correlates the system and its bath, so that the bath also carries
quantum information about the system. For Markovian interactions, when we trace out the bath, the
evolution of system’s density matrix at any time ¢ is independent of its previous history, because the
bath never feeds back its past information about the system (only instantaneous information is fed
back); for non-Markovian interactions, because the bath continuously feeds back its past information
to the system, knowing the system’s quantum state at one time ¢ is not enough to determine its
later evolution. Although the mathematical definition for non-Markovianity was given in a rigorous
manner, there is still a great deal of effort, in the field, going into trying to identify and characterize
physical properties of non-Markovian dynamics. In Chapter 4, we construct two very general types
of continuous measurement models that exhibit non-Markovianity; for each scenario, we provide
theoretical tools that help obtain the system’s evolution equations. In Chapter 5, we propose a
new way to physically characterize non-Markovianity, by perturbing the system and watching how
its subsequent evolution differs from the unperturbed case; we show that this method is capable of
revealing some of the previously “hidden” non-Markovianity. Work in this chapter partly answers
the question of how to describe a measurement process involving non-Markovianity, which has been
argued back and forth for years, and in certain scenarios can lead to efficient algorithms for simulating

quantum evolutions.

1.2.3.2 Summary of main results

Non-Markovianity naturally arises in many interesting quantum systems, e.g., cavity QED [46],
photosynthesis [47] and cold atoms [48]. A common theoretical tool for investigating non-Markovian
open quantum systems is the non-Markovian stochastic Schroedinger equation (also called the state-
diffusion equation) or equivalently the master equation [52-54]. The underlying assumption usually

made is that no information concerning the environment (i.e., the bath) is collected; however, in
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most experimental setups, a measurement device is an indispensable part, especially when we want
to control the dynamics of the system via feedback [55]. While it is clear the Markovian quantum
measurement processes can be described by stochastic master equations, the physical meaning of
non-Markovian stochastic master equations had been controversial. Recent discussions between Didsi
and Wiseman et. al. [56, 57] highlight this issue: initially Didsi tried to give a quantum trajectory
interpretation of the non-Markovian Stochastic Schrédinger Equation (SSE), i.e., claiming that it
describes a pure state evolution under a continuous measurement of a particular operator of the
system that is non-local in time. It is now clear that this interpretation is incorrect, as was shown
explicitly by Wiseman et. al. [57] and later by Didsi himself [56].

In Chapter 4, instead of trying to find scenarios that can be described by non-Markovian SSEs, we
start with a quantum system under the continuous quantum measurement, and study two important
scenarios in which non-Markovianity can arise: the first one is an indirect measurement of the system
via a measurement of its bath, which has a finite memory; the second one is a direct measurement
of the system, but the measurement device has non-trivial quantum correlations in time.

In the first scenario, the total system is composed of a plant plus auxiliary degrees of freedom
(DOFs) plus Markovian probe field, and the dynamics of the auxiliary DOFs are linear. The
interaction between the plant and the auxiliary DOF's is non-Markovian, which means these auxiliary
DOFs store information about the plant, in other words, they are entangled with the plant. As a
result, if we trace out the auxiliary DOF's, the plant would be in a mixed state. In fact, in many
cases people are only interested in the quantum evolution of the plant, and it is often too expensive
to keep track of the whole systems’s evolution. The question is then whether one can trace out
the auxiliary DOFs and directly obtain a self-contained equation for the plant’s quantum evolution
under quantum measurement. The answer has been known to be affirmative in the case when
measurement result was discarded. The density matrix of the plant can be shown to satisfy its own
master equation, which can be deduced using a quantum trajectory technique developed by Strunz
and Diosi. In Chapter 4 we prove that with some modifications, this technique can be generalized
to incorporate continuous quantum measurement. In particular, with some tedious but nevertheless
straightforward calculations, we obtain explicit stochastic master equations for the plant in the limit
of weak coupling or linear coupling between the plant and the auxiliary DOFs. For more general
cases, the stochastic master equation can be written in the form of perturbative expansion, which
closes itself when the system has a finite-dimension Hilbert space. In short, this model not only
describes a general class of non-Markovian measurement scenarios, but also offers an efficient way
of simulating those systems numerically.

In the second scenario, we study systems composed by only a plant and a probe field, with probe-
field components that interact with the system at different times correlated with each other. In this

case, the non-Markovianity of the measurement process does not come from the interaction between
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the plant and the probe field, but rather arise from the statistical correlation between entangled probe
fields that interact with the plant at different times. There is no known master equation description
for this scenario, and we have to apply a path integral technique to describe the plant’s quantum
evolution. We deduce the evolution equation for the plant’s Wigner function (which has a one-to-
one correspondence with the density matrix) in two examples that are of particular experimental
relevance: (i) a linear continuous measurement, and (ii) a nonlinear energy measurement, both
with correlated input probe field. Other interesting cases in this category are subject to future
investigation.

The above two scenarios characterize two important aspects of non-Markovian quantum measure-
ment. By developing techniques that obtain evolution equations for the plant in these two scenarios,
we manage to develop a general understanding of non-Markovian quantum measurement.

Chapter 5 concerns how to characterize the non-Markovianity of plant-bath interaction. The
basic idea is to have two identical copies of the same plant-bath system. In copy (A), at a particular
moment in time, we instantaneously perturb the plant’s Hamiltonian and return it back afterwards,
and then watch the difference between the subsequent evolution of this copy’s density matrix p4
and that of the other copy (B), pg. In order to measure the difference between these two quantum

states or density matrices, we use the trace distance, which is defined as

d(pa,ps) =Trlpa — ppl. (1.20)

For Markovian systems, this trace distance always decreases in time, as the plant gradually loses
information about its initial state to the bath. For non-Markovian systems, information can slosh
back and forth between the plant and the bath. In certain cases, the trace distance may temporarily
increase in time, as the plant recovers part of its information from the bath. As we perturb the plant’s
Hamiltonian at one time, its non-Markovian bath responds to the perturbation and feed backs some
of the information it stores at later times. The time retardation depends on the plant-bath coupling
strength, as well as the bath’s memory timescale. Using this “perturbation+observation” approach,
we are effectively investigating the “Green function” of the bath with respect to small perturbations.
In general, for any non-Markovian scenario, in which the bath stores a non-trivial amount of plant
information, by choosing an appropriate instantaneous perturbation in its Hamiltonian, the plant
can always restore part of its information from the bath — we refer to this effect as “dynamical
recovering” [58]. Dynamical recovering can be contrasted with “dynamical decoupling”, where a
series of instantaneous perturbative Hamiltonians are applied onto the plant to prevent it from losing
information to the bath. As “dynamical decoupling” has already been experimentally demonstrated
in the past [59, 60], we hope this “dynamical recovering” phenomenon will attract attention from

experimentalists in the near future.
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1.2.3.3 My specific contributions

For Chapter 4, I gave the initial formulation of non-Markovian measurement model and applied it
to the simple two-level-atom-in-cavity system. For Chapter 5, I found an example in which two
identical systems interact with two baths separately — one bath is clear Markovian while the other
has a memory, and hence non-Markovian. I also found a way to break the degeneracy between the

above two systems, by perturbing the system’s Hamiltonian and monitoring the response.

1.2.4 Probing mechanical oscillators near their zero points (Chapter 6)
Chapter 6 is based on a research paper published as:

e Farid Ya. Khalili, Haixing Miao, Huan Yang, Amir H. Safavi-Naeini, Oskar Painter, and Yanbei
Chen, Quantum back-action in measurements of zero-point mechanical oscillations, Physical

Review A 86, 033840 (2010).

1.2.4.1 Motivation and signficance

In this work, we analyzed an experiment done by Oskar Painter’s research group [62], which raised
a controversy at the time about whether experiment did reveal the “quantumness” of a mechanical
oscillator. By applying linear quantum measurement theory, we were able to establish firmly that:
(i) the oscillator in the experiment was indeed prepared at a level of displacement fluctuations that
was very close to being at the zero point, and that (ii) the quantum back-action noise of the light
used to probe the mechanical oscillator was correlated with its quantum sensing noise. Through
(ii), this experiment became the first to confirm the existence of back-action noise in optomechanics
experiments, and to demonstrate that it can be correlated with the sensing noise, a feature that will

be very useful for schemes of quantum measurement that requires “back-action evasion”.

1.2.4.2 Summary of main results

The main idea of the experiment by Safavi-Naeini et al. is to parametrically couple two optical modes
to a mechanical vibrational mode in a patterned silicon nano-beam. One optical mode — the cooling
mode — is pumped with a relatively high power at a “red” detuning (lower than resonance), and
is used to cool the mechanical mode via radiation pressure damping; the other optical mode — the
readout mode — has a much lower pumping power and is used for probing the mechanical motion.
The readout laser frequency wy, is detuned from the resonant frequency w, of the readout mode
by either —w,, or +w,,, where w,, is the mechanical resonant frequency. The observed spectrum
of the readout laser is asymmetric with respect to the detuning A = w, — wy,.. Specifically, in
the positive-detuning case (A = +w,,), the spectrum has a smaller amplitude than that in the

negative-detuning case. The area I, enclosed by the spectrum in the positive-detuning case, after
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subtracting out the noise floor away from the mechanical resonant frequency, is proportional to the

thermal occupation number (n) of the mechanical oscillator, while, in the negative-detuning case

(A = —w,,), the enclosed area is I_ o (n) + 1. The spectrum asymmetry is given by
I_ 1
N="" 1= (1.21)
Iy (n)

where the asymmetry was interpreted as arising from quantized motion of the mechanical oscil-
lator, and is related to the difference between the rate of phonon absorption from the oscillator,
proportional to (n), and phonon emission rate, proportional to (n) +1 [62].

In Chapter 6, we provide an alternative viewpoint to Ref. [62], by emphasizing more the role of
quantum back-action and its relation to the quantization of the mechanical oscillator. First of all,
we separate the experimental system into two parts. The cooling mode, the mechanical oscillator,
and the environmental thermal bath couples to together forms the first part, which can be viewed
as providing an effective mechanical oscillator nearly at the ground state, but with a quality factor
significantly lower than the intrinsic quality factor of the mechanical mode. It is the zero-point
fluctuation of this effective oscillator that we shall be probing. The second part of the system
consists of the readout mode, which couples to the effective oscillator (the first part of the system)
through its displacement alone. The second part provides us with a probe-field output g, which
contains information about the zero-point fluctuation of the effective mechanical oscillator.

Using linear quantum measurement theory, we show that the output spectra S,, for the two

opposite detunings, A = tw,,, are different from each other:

Syy(W)|a=—w,, # Syy(W)|a=w,,,- (1.22)

This difference can be traced back to the correlation that exists between the sensing noise and
the back-reaction noise. This correlation in turn arises from the quantum coherence between the
mechanical oscillator and the measuring device, which builds up during the measurement process.
As earlier works had indicated, the correlation between sensing noise and back-action noise is key
to improving sensitivities beyond the standard quantum limit. As a consequence, this experiment
with nanomechanical oscillators demonstrates a effect much sought after by the gravitational-wave-

detection community.

1.2.4.3 My specific contributions

My contributions to the paper [61] was mainly at Section II, where we point out the connection

between this optomechanical experiment and previous experiments in atomic physics.
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1.2.5 Macroscopic quantum mechanics in a classical spacetime (Chapter

7)
Chapter 7 is based on the research paper published as:

e Huan Yang, Haixing Miao, Da-Shin Lee, Bassam Helou, Yanbei Chen, Macroscopic Quantum

Mechanics in a Classical Spacetime, Physical Review Letters, 110, 170401 (2013).

1.2.5.1 Motivations and significance

This work was initiated by Chen, who was thinking about the problem of scalar waves propagating
in a curved spacetime. He later realized that it was also a model for quantized matter coupled with
a classical spacetime, and urged me to think about the non-relativistic limit of this model and the
possibility of testing it with experiments. We analyzed the non-relativistic evolution equation of
a many-particle system in this model, and showed that the center-of-mass (CM) evolution can be
singled out from evolution of internal degrees of freedom — this enabled us to derive the evolution
equation for CM alone, which can be monitored and manipulated at quantum levels by state-of-the-
art optomechanics experiments. We further showed that mass concentration inside a crystal (around
the lattice sites) makes the CM motion deviate from standard quantum mechanics at a level that

might be visible by a carefully designed lab-scale optomechanics experiment.

1.2.5.2 Summary of main results

Testing the nature of gravity is a prominent problem in modern physics. Apart from the standard
formulation of linearized quantum gravity [68], which seems rather implausible to test in the lab,
several signatures have been conjectured: (i) gravity decoherence [70-80], where gravity introduces
decoherence to macroscopic quantum superpositions; (ii) modifications to canonical quantization
motivated by the existence of a minimum length scale [81-83], and (iii) semiclassical gravity [84-86],
which will be the subject of this chapter. As originally suggested by Mgller [84] and Rosenfeld [85],
spacetime structure might still remain classical even if it is sourced by matters of quantum nature,
if we impose (G =c=1):

Guv = 8P| Ty 1) - (1.23)

Here G, is the Einstein tensor of a (3+1)-dimensional classical spacetime, T;w is the operator
for the energy-stress tensor, and [i(t)) is the wave function of all matters that evolve within this
classical spacetime.

Equation. (7.1) reduces to the so-called Schrédinger-Newton equation in the non-relativistic limit.
For a system with n non-relativistic particles, if we denote their joint wave function as (¢, X) with

3n-D vector X = (xq, -+, X,,) and x; the 3-D spatial coordinate of k-th particle, then the many-
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particle SN equation, obtained by Diosi and Penrose [69, 73], can be written as

[ RAVE mg U(t Xk)
ihOyp = -k ’ V(X 1.24
g = 32 [~ + M 4 v 00, (1249)
where V(X)) is the potential energy for non-gravitational interactions, while the Newtonian potential
U is given by
VU(t, x) =4y / "X |p(t, X)|Pm; d(x — x;) . (1.25)
J

Many-particle wave-functions are generally very fragile and difficult to model. Previously, it was
proposed to test the above equation in the single-particle case [86]. However, in order to satisfy
the single-particle approximation, the object’s size has to be smaller than the width of its wave
function. This requirement limits the mass of the object and hence the gravitational interaction
energy. In addition, the dynamical and decoherence timescales for a small object are usually too
short compared with its gravitational interaction timescale. As a result, it is very difficult for single
particle tests to achieve the desired sensitivity.

In Chapter 7, we show that it is possible to single out CM evolution from other degrees of freedom
(DOFs) for a macroscopic object with many particles. Moreover, in certain parameter regimes, the
CM wavefunction approximately satisfies the following SN equation:

ov IEAVERN

1
O | a2 2 taro 2
ih 5 5 + 2MwCMx + 2MwSN(:1: ()| v. (1.26)

Here (z) = (¥|Z|¥) is the expectation value of the CM position; wen is the eigenfrequency in
absence of gravity, determined by how the CM is confined; and wgy is a characteristic frequency due
to the self-gravitational effect, which depends on material properties and temperature. For silicon
crystal at low temperatures, wgy is approximately ~ 0.036s7!.

Using the CM Schrodinger-Newton equation (7.2), we solve the equations of motion for the first
((x), (p)) and second (Vix, Vpp, Vip) moments of position and momentum, and find they oscillate at
different frequencies. The mean position and momentum (z), (p), which carry classical information
about the object, remain oscillating at frequency wcn; the seconds moments, or more precisely
the noise ellipse, which is related to quantum uncertainties, oscillates at a new frequency w, =
\/m . Obviously, we can test this SN model by experimentally verifying if there are separate
oscillation frequencies for first and second moments of a mechanical oscillator. On the other hand, we
find an alternative way which is experimentally easier to implement — by sending a probe light and
measure the noise spectrum of the outgoing field. According to Eq. (7.2), there will be two resonant
peaks in the spectrum: one is driven by thermal noise and peaked at wcy; the other is driven by
the quantum radiation pressure noise and resonant at w,. The experimental goal is therefore to

distinguish these two (possible) peaks in the spectrum. To achieve this goal, we need the quantum
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radiation pressure noise to be comparable to thermal noise, and the separation between those two

peaks to be smaller than the peak width. The latter requirement is equivalent to

Q 2 (wem/wsn)?. (1.27)

For oscillators made from silicon crystals with wgy ~ 0.036s7 %, if wey =~ 27 x 10Hz, Eq. (7.24)
requires @ 2 3 x 10%, which is challenging but possible [87]. If a lower-frequency oscillator, e.g., a
torsional pendulum with wey = 27 x 0.1 Hz [88] can be probed with back-action noise comparable
to thermal noise, in that case we only require @ 2 3 x 102.

By analyzing the CM motion of a macroscopic object under classical gravity, we have demon-
strated: (i) A model in which classical theory interfaces with a quantum theory. (ii) Optomechanics
for macroscopic object is the regime (probably the only known so far) in which both self-gravitational
effect and quantum effect are important. (iii) It is experimentally possible to use CM motion of a
macroscopic oscillator to test semiclassical gravity or more specifically the non-relativistic limit of

Eq. (7.1).

1.2.5.3 My specific contributions

I performed the derivation of the CM Schrédinger-Newton equation, while Chen greatly refined my
error estimates. I also wrote the initial draft of the paper, which was revised by Miao and Chen,

with a number of useful suggestions from Lee.

1.3 Black hole perturbation theory

1.3.1 Background

Many gravitational-wave-emitting processes end with the formation of a black hole. For example,
in the final stage of a binary black-hole merger, the spacetime is approximately a perturbed Kerr
spacetime. The metric perturbations gradually radiate to infinity or get absorbed by the black hole,
and eventually the whole spacetime settles down to a Kerr spacetime. In the past, various analytical
tools were developed to describe the evolution of a perturbed black holes’s spacetime.

For Schwarzschild black holes, Reggie and Wheeler [23] and Zerilli [24] showed the metric pertur-
bations can be decomposed into spherical harmonics and the different spherical harmonic components
evolve independently. For each spherical component with [, m, there are 10 metric quantities to be
determined (except for [ = 0,1 case). Because there are 4 Bianchi identities to be satisfied and
4 gauge freedoms for the coordinates choice, only 10 — 4 — 4 = 2 out of 10 metric quantities are
truly independent. They chose a specific gauge (usually referred as Reggie-Wheeler gauge) and it

turns out in this gauge one can derive evolution equations for the two independent metric quantities.
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These results were further generalized by Moncrief, who recombined these 10 metric quantities to
obtain 2 independent gauge invariant quantities. He also derived separated evolution equations for

them:

Py Py

ot? or2

+ Vot = 0. (1.28)

Here r, = r +2M log(r/2M — 1) and p corresponds to the parity of the field. 1, are the gauge
invariant quantities with even or odd parity and the potential terms V,, are given in Chapter 8. In
addition, the horizon is located at » = 2M or r, = —o0, whereas spatial infinity is at r = +o00 or
Ty = +00. .

Kerr black holes do not have spherical symmetry. There is as yet no way to write down a single
wave equation with separable angular and radial/time dependence which can be used to generate
all other metric perturbations. However, Teukolsky managed to show [26] that certain components
of curvature perturbations on the Kerr background obey separable wave equations in the frequency
domain (the wave equations are listed in Chapters 10-12). In particular, these curvature quantities
are the Newman-Penrose (NP) curvature scalars ¥y and ¥, [27], both of which are gauge invariant
under infinitesimal gauge transformations at linear perturbative order. Physically speaking, the
quantity ¥ originates from gravitational waves that go into the black horizon, whereas ¥, originates
from gravitational waves that radiate towards infinity. As a result, it is convenient to apply ¥4 in
numerical relativity simulations for wave extraction at infinity. In addition, with certain gauge
choices, algorithms have been developed to reconstruct full metric perturbations from ¥y and ¥y.
For example, Chrzanowski [28], Kegeles and Cohen [29], Stewart [30] and Wald [31] demonstrated
the metric reconstruction procedure in ingoing and outgoing radiation gauges. For systems with
quasi-periodic dynamics and adiabatic evolution (such as Extreme Mass Ratio Inspiral or EMRI in
Kerr spacetime), frequency domain analysis is accurate and much more efficient than time-domain
methods. In those cases, the Teukolsky formalism becomes very useful. In other cases, however,
where the adiabatic approximation does not hold or the frequency domain method is not accurate
enough, we still need to solve coupled wave equations for the 10 metric perturbation quantities in
order to determine the system’s evolution.

Although the perturbations of a Kerr black hole generically decay in time (see [32] for the proof
of Kerr spacetime’s linear stability), these perturbations can still be decomposed into eigenmodes,
each with a complex eigenfrequency. These eigenmodes are usually referred as Quasinormal Modes
(QNMs), and they serve as an important tool in black hole perturbation theory (see [33-36] for
reviews). In absence of external incoming waves, it is natural to require the boundary condition

of these modes to outgoing at infinity and ingoing at the horizon. For Eq. (1.28) which describes
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Schwarzschild perturbation, this is equivalent to requiring e/, o e~ win(t+m) when r, — —o0, and
Yoo X e~"in(t="+) when r, — co. With these boundary conditions Eq. (1.28) can be solved in the
frequency domain. There are a series of eigenmodes, which are indexed by angular number [ and
overtone n. Their frequencies wy,, are complex numbers with negative imaginary parts. This agrees
with [32] because w; with positive imaginary parts corresponds to growing or unstable modes.

For Kerr black holes the boundary condition at horizon has to be modified to take into account

frame dragging effect. U4 becomes (see Chapter 10 for more details)

Uy o L emi@imnmmw)(thr) o
T5

1, .
o Lemtwmn(t=r) oo (1.29)
.

and ¥, becomes

\IJO x le—i(wlmn—7er+)(t+T'*)7 re — —00,
r

—iWimn (t=7x)
)

1
x e re — 400 (1.30)

r
where wy = Ma/(2r4) is the horizon frequency, a = J/M is the black hole’s spin parameter
and 7, = M + /M2 — a2 is the outer-horizon radius. Similar to the Schwarzschild case, a series
of eigenmodes can be obtained by combining the Teukolsky equation Eq. (1.28) with boundary
conditions in Eq. (1.29). Since Kerr black holes do not have spherical symmetry, the degeneracy of
azimuthal degrees of freedom is broken and Kerr QNMs are indexed by [, n and azimuthal number m.
In general wi,,s are complex numbers with negative imaginary frequencies, with a few exceptions

for extreme Kerr black holes (a = M).

1.3.2 First-order perturbative Hamiltonian equations of motion for a

point particle orbiting a Schwarzschild black hole (Chapter 8)
Chapter 8 is based on the following preprint:

e Huan Yang, Haixing Miao, Yanbei Chen, First-Order Perturbative Hamiltonian Equations of

Motion for a Point Particle Orbiting a Schwarzschild Black Hole, arXiv:1211.5410 [gr-qc].

1.3.2.1 Motivation and significance

Chen was initially thinking about coherently evolving a test particle and the gravitational perturba-
tion in a Schwarzschild spacetime. One natural way is to include both the gravitational perturbation
and the test particle into the same Hamiltonian. Following this line, we successfully constructed a

Hamiltonian formalism for this problem, in which the particle’s equations of motion and the field’s
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wave equations can be naturally derived from the Hamilton-Jacobi equations, and the gauge choices
are no longer limited to Lorenz gauge. Our Hamiltonian formalism allows more flexible gauge choices

than other approaches, and introduces more efficient evolution schemes.

1.3.2.2 Summary of main results

Simulating Extreme Mass Ratio Inspirals (EMRISs) is one of the outstanding problems in gravitational
physics. A EMRI system often includes a supermassive black hole and an object with much smaller
mass. EMRI is astrophysically interesting because a supermassive black hole is believed to exist
in every galaxy; it is also conceptually intriguing because black-hole perturbation theory can be
naturally applied here. However, computationally this is a difficult problem for numerical relativity
simulations because of the large separation in length scales. Even in terms of black-hole perturbation
theory, since the small mass object is often approximated as a point mass to avoid dealing with
its equation of state, a special regularization procedure has to be performed to remove metric
singularities on the point mass’s worldline.

The most common approach for metric regularization was developed by Detweiler and Whiting
[90, 91]. The basic idea is to separate the metric perturbation h into a regular piece hr and a singular
piece hg. The singular piece diverges at the particle’s location but does not have any effect on the
particle’s motion; it can be obtained by a local expansion of the Green function. The regular field
satisfies the homogeneous Einstein’s equation and is responsible for the geodesic deviation of the
particle’s motion in the background spacetime; it is obtained by subtracting the singular field from
the full field. Using this regularization technique, there are two major approaches for numerically
evolving the test particle and the metric perturbation. One way is the mode sum approach, developed
by Barack and Ori [92], which decomposes each of the 10 metric components into spherical harmonics,
and solves 10 coupled 141 wave equations for each (I,m). The particle equation of motion is then
regularized mode-by-mode, by subtracting a series of regularization parameters for each (I,m). This
mode sum method has already been implemented by Warburton et al. [93] for the Schwarzschild
gravitational EMRI problem. In the second approach, one directly applies a 34+1 decomposition of
spacetime geometry, and tries to obtain the regular field directly — by obtaining a field hpr which is
approximately the Detweiler-Whiting hr near the particle, but gradually becomes the full field at
null infinite and near horizon. As shown by Vega and Detweiler [94], the field hg satisfies a wave
equation with out-going boundary condition at infinity and horizon, but with a source that can be
computed from the Detweiler-Whiting singular field hg. Diener and Vega [95] have implemented
this method for a scalar particle orbiting a Schwarzschild black hole.

In Chapter 8, we formulate a Hamiltonian approach towards the EMRI problem in the Schwarzschild
background, with the aim of providing a new angle to view this problem. In our approach, the tra-

jectory of a point particle and its gravitational metric perturbation are self-consistently evolved in



24

a spherically decomposed 141 scheme. Following the work of Moncrief, we write down an action
for perturbations in space-time geometry, combine that with the action for a point-particle moving
through this space-time, and then obtain Hamiltonian equations of motion for metric perturba-
tions and the particle’s coordinates, as well as their canonical momenta. Hamiltonian equations
for the metric-perturbation and their conjugate momenta, for even and odd parities, reduces to
Zerilli-Moncrief and Regge-Wheeler master equations with source terms, which are gauge invariant,
plus auxiliary equations that specify gauge. Hamiltonian equations for the particle, on the other
hand, now include effect of metric perturbations — with these new terms derived from the same
interaction Hamiltonian that had lead to those well-known source terms. In this way, space-time
geometry and particle motion can be evolved in a self-consistent manner, in principle in any gauge.
However, the point-particle nature of our source requires regularization, and we outline how the
Detweiler-Whiting approach can be applied. In this approach, a singular field can be obtained ana-
lytically using the Hadamard decomposition of the Green’s function; while the regular field, which
needs to be evolved numerically, is the result of subtracting the singular field from the total metric
perturbation. In principle, any gauge that has the singular-regular field decomposition is suitable
for our self-consistent scheme. In reality, however, this freedom is only possible if our singular field
has a high enough level of smoothness. For a singular field with minimum quality, one can adopt
the Lorenz gauge condition, which we have recast into our formalism: for each [ and m, we have 2
wave equations to evolve odd and even parity gauge invariant quantities and 8 first order differential

equations to fix the Lorenz gauge and determine all the metric components.

1.3.2.3 My specific contributions

I performed most of the analytical calculations in this work, and also wrote the initial version of the

paper, which was greatly revised by Chen.

1.3.3 Quasinormal mode spectrum of Kerr black holes and its geometric

interpretation (Chapter 9)

Chapter 9 is a research paper published as:

e Huan Yang, David A. Nichols, Fan Zhang, Aaron Zimmerman, Zhongyang Zhang, and Yan-
bei Chen, Quasinormal-mode spectrum of Kerr black holes and its geometric interpretation,

Physical Review D 86 104006 (2012).

1.3.3.1 Motivation and significance

Initially Chen found numerically that for certain Kerr black hole spins there are degenerate frequen-

cies among different sets of quasinormal modes (QNMs). In order to explain this degeneracy, an
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analytical understanding for Kerr QNM frequency is needed. We worked out the QNM frequency
formula in the eikonal limit [ > 1 using WKB techniques, which agrees with numerical results very
well. Using the analytical formula, the mode degeneracies are naturally explained and moreover,
we showed these Kerr QNMs are intimately related to null particles moving in spherical orbits of
Kerr. In this work we have built up analytical tools which are not only applicable for analyzing Kerr

QNMs but has also been proved to be useful for the work in later Chapters 10-11.

1.3.3.2 Summary of main results

Quasinormal modes (QNMs) of black-hole spacetimes are the characteristic modes of linear per-
turbations of black holes that satisfy an outgoing boundary condition at infinity and an ingoing
boundary condition at the horizon. For generic Kerr black holes, they are well understood and can
be calculated quite accurately, for example using the numerical algorithm developed by Leaver [97].
In addition, for modes with [ > 1, there is a well-known, intuitive geometric correspondence between
high-frequency quasinormal modes of slowly-rotating Kerr black holes and null geodesics that reside

on the light-ring (often called spherical photon orbits) [98]:

1 +m 2a —iN !
V2TM 27M? V2TM

Wimn ~ L

(1.31)

where L =1+ 1/2 and N =n+ 1/2. The real part of the mode’s frequency relates to the Keplerian
orbital frequency for the spherical photon orbit 1/(v/27M), and the Lense-Thiring-precession fre-
quency of the orbit 25/(3M)3 = 2a/(27M?) (S is the angular momentum of the Kerr black hole);
the imaginary part of the frequency corresponds to the Lyapunov exponent of the orbit 1/(1/27M).
As a result, we may expect closed photon orbits to play an important role in the structure of a
spacetime’s QNM. It is however nontrivial to generalize this geometric correspondence to generic
Kerr black holes. The main difficulty comes from the fact that radial and angular Teukolsky equa-
tion both contain two constants to be determined by the boundary conditions — angular and radial
eigenvalues, and hence these two second-order differential equations have to be solved jointly.
Instead of directly solving the joint second-order differential equations, we try to derive the
algebraic relations between the two eigenvalues based on the two Teukolsky equations. The first
relation was worked out by Iyer and Will [99]. They used the fact that the radial Teukolsky equation
describes a scattering problem, and applied WKB techniques to show V(wg,r0) = V/(wgr,70) = 0

and:

wr = (n+1/2) V2LV /dri (1.32)

OV, [Ow

T0,WR

where 7 is the peak position and wy,, = wr —iws (the angular eigenvalue A;,, is implicitly contained
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in the expression for V;.). The second relation was discovered by us, by noticing that the angular
Teukolsky equation can be transformed into a boundary state problem, which is extensively studied
in quantum mechanics. We apply a WKB approximation on this bound-state problem, and obtain

the second relation between angular eigenvalue A;,, and QNM frequency wg

04 m2
/ doy/a?w? cos? § — —5— + Al = (L — |m|) (1.33)
0. sin“ 6
where the integral is performed in the classical regime (integrand > 0). Comparing our WKB calcu-
lation to the leading-order, geometric-optics approximation to scalar-wave propagation in the Kerr
spacetime, we then draw a correspondence between the real parts of the parameters of a quasinor-
mal mode and the conserved quantities of spherical photon orbits. At next-to-leading order in this
comparison, we relate the imaginary parts of the quasinormal-mode parameters to the Lyapunov

exponent of the scalar wave. In particular, the QNM frequency is
Wimn = Lworh, + Mwprec — iNy + O(1/L) (1.34)

where wqyp, is the orbital frequency of the corresponding photon orbit, wprec is the corresponding
precession frequency and <y is the Lyapunov component of the orbit.

The above QNM formula is checked against numerical scalar QNM values and the relative errors
are shown to be under 0.06/L?. Moreover, it manifests the geometric correspondence between Kerr
QNMs and the null rays propagating in spherical orbits of Kerr spacetime. With the correspondence,
we also make other observations about features of the QNM spectrum of Kerr black holes that
have simple geometric interpretations. First, we find that for near extremal Kerr black holes with
a/M — 1, a significant fraction of the QNMs have their real frequencies approach m times the
angular frequency of the horizon and a decay rate that rapidly falls to zero; we explain this in terms
of a large number of spherical photon orbits that collect on the horizon for extremal Kerr holes.
This phenomenon will be further investigated in Chapter 10. Second, we use the geometric-optics
interpretation given by Eq. (9.3) to explain a degeneracy in the QNM spectrum of Kerr black holes, in
the eikonal limit, which also manifests itself, approximately, for small [. The degeneracy occurs when
the orbital and precession frequencies, wop, and wpree are rationally related (i.e., Worb/Wprec = P/q
for integers p and ¢) for a hole of a specific spin parameter, and when the corresponding spherical
photon orbits close. By substituting this result into Eq. (9.3), one can easily see that modes with [
and m become degenerate with those of indexes I’ = [ + kg and m’ = m — kp for any non-negative

integer k, in the eikonal limit.
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1.3.3.3 My specific contributions

I performed most of the analytical calculations in this work, and wrote the initial draft of the paper,

which was dramatically improved by all the authors.

1.3.4 Quasinormal mode bifurcation for near extreme Kerr black holes

(Chapter 10)
Chapter 10 is partially based on the following paper:

e Huan Yang, Fan Zhang, Aaron Zimmerman, David A. Nichols, Emanuele Berti, and Yanbei
Chen, Branching of quasinormal modes for nearly extremal Kerr black holes, Physical Review

D 87, 041502 (2013).

1.3.4.1 Motivations and significance

Chapter 10 is a natural extension of the findings we present in Chapter 9. We systematically
investigated the near extreme Kerr (NEK) QNMs, and found the criteria to separate two regimes
in the QNM spectrum. In one of the regimes we discovered mode-bifurcation phenomena at certain
black-hole spins, and we gave a physical interpretation — a single potential well splits into two
as we increase a/M and this causes the mode spectrum to bifurcate. We also applied our new
understanding about NEK QNMs to investigate late time tails of NEK spacetime, which turned out
to behave like 1/t at early times and exponentially at later times. Our work clarified long-standing
controversies in understanding NEK QNMs and suggested possibly a verifiable optical/GW-signal
for astrophysical NEK black holes.

1.3.4.2 Summary of main results

In 1980, Detweiler used an approximation to the radial Teukolsky equation for NEK BHs to show
that QNMs with angular indices | = m have a long decay time [101]. Using Detweiler’s result,
Sasaki and Nakamura [102] calculated QNM frequencies analytically and Andersson proposed long-
lived emission from NEK BHs [103]. However, there remains a long-standing controversy in the
literature about what set of QNMs decay slowly [104], whether long-lived radiation is possible [105],
and whether the imaginary part of the QNM frequencies vanishes as a — 1 (compare [102, 105] with
[104]). Despite the importance of this problem, our present understanding of the QNM spectrum of
NEK BHs is inconclusive.

In Chapter 11, we show that the NEK geometry has two distinct sets of QNMs: zero-damping
modes (ZDMs) and damped modes (DMs). ZDMs are associated with the near-horizon geometry
of the BH, and they exist for all allowed values of [ and m > 0. DMs are associated with peaks of

the potential barrier; in the eikonal limit, they exist when p = m/(I + 1/2) < 0.74. This implies
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that ZDMs and DMs coexist if 0 < p < 0.74. For generic [, we argue that the existence of DM is
equivalent to the existence of a peak for the external potential barrier. It turns out that there is no
peak outside the horizon when (for simplicity we take M = 1)

zm2 —s(s+1) — A (w =

y m) >0, (1.35)

5
where s is the spin of the perturbation field and Ay, is the angular eigenvalue. Equation (1.35) is
expected to separate the single-mode and double-mode regimes and this is numerically verified for
2 <1 <100 and s = (0, —2). Our results for modes of arbitrary I, m gives us the following, coherent
picture of the two phase regimes. An extrema of the potential always exists at the horizon of the
NEK black hole, supporting a family of QNMs whose damping is proportional to the surface gravity
and vanishes in the extremal limit. Meanwhile, for equatorial modes (m = [), there is a second
peak of the potential, away from the horizon, which supports a number of additional modes. The
decay of these modes is controlled by the width of this secondary peak, and remains nonzero even
for an extreme Kerr black hole. As we consider modes with higher m, which we can describe as
having progressively smaller inclination angles relative to the equator in the sense of the geometric
correspondence with null orbits, the secondary peak moves closer to the horizon. This second peak
joins onto the horizon and vanishes entirely for some m. For equatorial modes (m = 1), there is
always only the horizon peak, supporting the ZDMs.

It is known that in the cases of Schwarzschild and slowly spinning Kerr black holes, the QNMs
of a given [, m are indexed by a single overtone number n and that their decay rate monotonically
increases with increasing n. This is in direct contrast to the results we have just obtained, where
there are two distinct families of modes for NEK, and no unique way to index them at a given spin.
We are led to the conclusion that there is some transitional behavior at a large spin, where in the
double phase regime a single family of QNMs branches into two families with different properties,
the DMs and ZDMs. In order to explore the bifurcation effect, we numerically compute QNM
frequency values as we increase a. We indeed observe the bifurcation of spectrum for various {’s, and
demonstrate the existence of bifurcation in the double-phase regime and the absence of bifurcation in
the single-phase regime. By developing a technique to transform the radial Teukolsky equation into a
bound-state problem, QNM wave functions become bounded (before the transformation QNM wave
functions diverge at 7. — +00). By applying this technique and examining the QNM wavefunction,
we discuss an analytic model of the bifurcation in terms of the parametric potential-well splitting of
an oscillator in quantum mechanics.

Finally, we apply our new analytical expressions to study the power-law tail for the quasi normal
ringing of a NEK black hole. It was argued by Glampedakis and Anderson [106] that the perturbation

of rapidly rotating black holes decays as 1/t at late times. Their argument used a less accurate NEK
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QNM frequency formula. With our new understandings, we show that the collective ringing of ZDMs
generates a 1/t tail when ty/1 —a < 1, but eventually becomes an exponential decay in the long
run. On the other hand, for extreme Kerr black holes the 1/¢ tail lasts forever. Our formula fit

nicely with previous numerical results in [106, 107], where they see both 1/t and exponential tails.

1.3.4.3 My specific contributions

My contributions to this work are mainly the analytical part of the content: the derivation of the
phase boundaries, the physical interpretation and demonstration of the mode bifurcation and the

tail calculations.

1.3.5 An analytical approximation for the scalar Green function in Kerr

spacetime (Chapter 11)

Chapter 11 is a paper in preparation.

1.3.5.1 Motivation and significance

I had the idea of computing the scalar Green function of Kerr spacetime after reading the paper
by Dolan and Ottewill [108], which describes how to approximatly calculate the Green function of
Schwarzschild spacetime using QNMs. At that time it was difficult to generalize their technique
for Kerr spacetime, as Kerr QNMs were poorly understood. After finishing the work we present in
Chapter 10, I noticed that we have the right tools to compute the Kerr Green function and then
I performed the computation in this chapter. This work is not fully complete yet, with additional

numerical verification needed before submitting for publication.

1.3.5.2 Summary of main results

The scalar Green function G(z,z’) is defined as

1

0G(z,2") = e

9y (V=99"0,Ghet) = 6 (z — 2') (1.36)
where g,,,, is given by the background’s metric, which is the Kerr metric in our case. For Schwarzschild
background spacetime, Dolan and Ottewill [108] used a spectra method to relate scalar Green func-
tion to quasinormal modes. By adopting a matched expansion technique, they managed to obtain
an approximate analytical form of the Green function. Moreover, they showed the Green’s function
is singular on the lightcone, and it has the four-fold singular structure as 6(0),1/0,—d(c),—1/0. o
is the Synge’s world function. This four-fold singular structure matches the earlier expectation by

Casals et. al [109, 110], which is proved using the Hadamard ansatz of the direct part of the Green’s
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function. On the other hand, Zenginoglu and Galley [111] used numerical method to obtain the
time domain scalar Green function in Schwarzschild background. They also observe the four-fold
singular structure as caustic echos.

In this work, I solve for the Green function by decomposing it in the frequency domain. Similar
to the Schwarzschild case, this quantity can be evaluated using residue theorem and divided into
three pieces. The first piece (“direct part”) is the integral on the high frequency arc, it is expected
to be zero after very short amount of time [97]. The second piece is the integral on the branch cut
on the imaginary frequency axis. It contributes to the power-law decay at later times and is also
non-negligible at early times [112]. The final piece comes form the QNM poles, and it is important
only at early and mid times. For simplicity, we focus on the QNM contribution to the Green’s
function and study its early time behavior.

With the knowledge we gained in Chapter 9, I wrote down the expression for Kerr QNM frequency
in the eikonal limit. WKB treatment for QNM wave function typically fails near the peak of the
potential barrier. As a result, I had to obtain WKB solutions on both sides of the potential barrier’s
peak and apply the asymptotic expansion technique to match them properly. Putting everything
together I obtained an approximate QNM part of Green function, which agreed with Dolan and
Ottewill’s result in the non-rotation limit. In addition, I show that the Green function is related
with spherical photon orbits, and it also recovers the four fold singular structure of Green functions
that are seen in Schwarzschild [108] and other spacetimes [112]. In future work I will check this

Green function against numerical results from Zenginoglu [113].

1.3.5.3 My specific contributions

I performed all the calculations up to this point and wrote an initial draft of the paper, with numerous

comments and suggestions from Chen.
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Chapter 2

Brownian thermal noise in
multilayer coated mirrors

We analyze the Brownian thermal noise of a multi-layer dielectric coating, used in high-
precision optical measurements including interferometric gravitational-wave detectors.
We assume the coating material to be isotropic, and therefore study thermal noises aris-
ing from shear and bulk losses of the coating materials. We show that coating noise
arises not only from layer thickness fluctuations, but also from fluctuations of the in-
terface between the coating and substrate, driven by fluctuating shear stresses of the
coating. Although thickness fluctuations of different layers are statistically independent,
there exists a finite coherence between the layers and the substrate-coating interface. In
addition, photoeleastic coefficients of the thin layers (so far not accurately measured)
further influences the thermal noise, although at a relatively low level. Taking into ac-
count uncertainties in material parameters, we show that significant uncertainties still

exist in estimating coating Brownian noise.

Originally published as T. Hong, H. Yang, E. Gustafson, R. X. Adhikari, and Y. Chen,
Phys. Rev. D 87, 082001 (2013). Copyright 2013 by the American Physical Society.

2.1 Introduction

Brownian thermal noise in the dielectric coatings of mirrors limits some high precision experiments
which use optical metrology. This thermal noise is currently a limit for fixed spacer Fabry-Perots used
in optical clock experiments [1] and is estimated to be the dominant noise source in the most sensitive
band of modern gravitational wave detectors (e.g., advanced LIGO, GEO, Advanced VIRGO and
KAGRA) [2-6]. Recent work has indicated the possibility of reducing the various kinds of internal

thermal noise by redesigning the shape of the optical mode [7, 8] or the structure of the multi-layer
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coating [9, 10]. In this paper, we seek a more comprehensive understanding of coating Brownian
noise. We first identify all thermally fluctuating physical properties (e.g., different components of
the strain tensor) of the coating that can lead to coating Brownian noise, and calculate how each of
them contributes (linearly) to the total noise; we then calculate their individual levels of fluctuation,
as well as cross correlations between pairs of them, using the fluctuation dissipation theorem [11-
13]. In this way, as we compute the total coating Brownian noise, it will be clear how each factor
contributes, and we will be in a better position to take advantage of possible correlations between
different components of the noise.

As a starting point, we will assume each coating layer to be isotropic, and hence completely
characterized by its complex bulk modulus K and shear modulus pg—each with small imaginary
parts related to the energy loss in the bulk and shear motions. The complex arguments of these
moduli are often referred to as loss angles. While values of K and p are generally known, loss
angles of thin optical layers vary significantly according to the details of the coating process (i.e.,
how coating materials are applied onto the substrate and their composition). Since the loss angles
are small, we will use K and u to denote the real parts of the bulk and shear moduli, and write the

complex bulk and shear moduli, K and /i as
K=K(l+ipp), fi=p(l+ips). (2.1)

Here we have used subscripts B and S to denote bulk and shear, because these will be symbols for
bulk strain and shear strain.

Note that our definition differs from that in previous literature, which used ¢ and ¢ to denote
losses induced by elastic deformations parallel and perpendicular to the coating-substrate inter-
face [14]. As we shall argue in Appendix 2.C, ¢ and ¢, cannot be consistently used as independent
loss angles of a material. Only when assuming ¢ = ¢ = ¢5 = ¢p will the previous calculation
agree with ours — if we ignore light penetration into the coating. There is, a priori, no reason
why these loss angles should all be equal, although this assumption has so far been compatible with
existing ring-down measurements and direct measurements of coating thermal noise [15].

Brownian thermal fluctuations of a multilayer coating can be divided as follows: (i) thickness
fluctuation of the coating layers, (ii) fluctuation of the coating-substrate interface, and (iii) refractive
index fluctuations of the coating layers associated with longitudinal (thickness) and transverse (area)
elastic deformations—as illustrated in Figure 2.1. Using what is sometimes referred to as Levin’s
direct approach [12] (based on the fluctuation dissipation theorem), and writing the coating Brownian
noise as a linear combination of the above fluctuations, allows the construction of a corresponding set
of forces acting on the coating and calculation of the thermal noise spectrum from the the dissipation

associated with the simultaneous application of these forces. This has been carried out by Gurkovsky
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Figure 2.1: Drawing of a mirror coated with multiple dielectric layers. Shown here are the various
fluctuations that contribute to coating noise, i.e., fluctuations in the amplitude and phase of the
returning light caused by fluctuations in the geometry [including: layer thickness 0l;, layer area
stretch (6A/A);, interface height z; of the coating-substrate configuration| and in the refractive
indices én;(z,y, z) of the layers.

and Vyatchanin [16], as well as Kondratiev, Gorkovsky and Gorodetsky [17]. However, in order to
obtain insights into coating noise that have proven useful we have chosen to calculate the cross
spectral densities for each of (i), (ii), and (iii), and provide intuitive interpretations of each. We
will show, in Sec. 2.4, that (i) and (ii) above are driven by both bulk and shear fluctuations in the
coating, in such a way that thickness fluctuations of the j-th layer 6l;, or in transverse locations
separated by more than a coating thickness, are mutually statistically independent, yet each dl; is
correlated with the fluctuation of the coating-substrate interface zs—because z, is driven by the sum
of thermal stresses in the coating layers. We will also show that when coating thickness is much less
than the beam spot size, the only significant contribution to (iii) arises from longitudinal (thickness)
fluctuations, see Appendix 2.A.4 for details.

This paper is organized as follows. In Sec. 2.2, we express the amplitude and phase of the reflected
field in terms of fluctuations in the coating structure, thereby identifying the various components
of coating thermal noise. In Sec. 2.3, we introduce the loss angles of isotropic coating materials,
and use the fluctuation-dissipation theorem to calculate the cross spectral densities of the coating
thermal noise ignoring light penetration into the multi-layer coating. In Sec. 2.4, we discuss in detail
the cross spectra of all the components of the coating structure fluctuation, thereby obtaining the

full formula for coating thermal noise, taking light penetration within the muli-layers into account.
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The key formulas summarizing phase and amplitude noise spectrum are given in Eq. (2.94) and
Eq. (2.95). In Sec. 2.5, we discuss the effect of light penetration on coating thermal noise, using
typical optical coating structures. In Sec. 2.6, we discuss the dependence of thermal noise on the
material parameters, and optimize the coating structure in order to lower the thermal noise. In
Sec. 2.7, we discuss how only one combination of the two loss angles have been measured in past
experiments, and how other different combinations can be measured using a new experimental

geometry. Finally, we summarize our main conclusions in Sec. 2.8.

2.2 Components of the coating thermal noise

In this section, we express the coating thermal noise in terms of the elastic deformations of the

coated substrate.

2.2.1 Complex reflectivity

As illustrated in Figure 2.1, we consider a laser field normally incident (along the —z direction) onto
the mirror, with complex amplitude profile ui,(z,y) at a fixed reference plane (dashed line in the
figure) and intensity profile I(x,y) = |uin(7,y)|?. Henceforth in the paper, we shall use arrows (e.g.,
Z) to denote the 2-dimensional vector (z,y) in the transverse plane, and boldface letters (e.g., x) to
denote 3-dimensional vectors.

Because the coating thickness is much less than the beam spot size, the reflected field (traveling

along the +z direction) at transverse location # has an amplitude given by
Uout(f) = Ptot (f)uln(f) ) (22)

which only depends on the complex reflectivity piot(Z) and the complex amplitude of the incident
field win (Z), at the same location & — assuming no incident light from the substrate (i.e., s = 0).

—

Here piot(Z) can be separated into three factors, as

Ptot (f) =

ot (7) _ [uu] [vl(f)} [(ﬁ

uin(f)

1 (2.3

in which v1(Z) is the incident complex amplitude at the coating-air interface, while vo(Z) is the
reflected complex amplitude at that interface.
The first two phase factors on the right-hand side of Eq. (2.3) are gained by the light when

traveling across the gap between the fixed reference plane (see Fig. 2.1) and the coating-air interface;
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we therefore obtain, up to a constant phase factor,

[Uout(f):| {vl(f)} _ o 2iko[z (BN, 61 ()] (2.4)

where ko = wp/c is the wave number of the laser (wg its angular frequency) in vacuum, 0zs(Z) is
the vertical displacement of the coating-substrate interface (from its zero point), and 6l;(Z) is the
thickness fluctuation of the j-th coating layer — both evaluated at a transverse location Z.

The remaining complex reflectivity vs(Z)/v1(Z) can be determined as a function of the phase
shift experienced by the field in each layer, as well as the reflectivity of each interface, as described

in detail in Sec. 2.5. We can write:

02/111 = P[¢1(f), .- -,¢N(f);7"01(f)a ce ,TNs(f)]- (2-5)

Here p is the complex reflectivity of a multi-layer coating, measured at the coating-air interface,
which in turn depends on the optical thickness ¢;(Z) of each layer (j = 1,..., N) and the reflectivity
Tpp+1(&) = rp(Z) of each interface, (p = 0,..., N, with p = N + 1 representing the substrate, and

p = 0 the vacuum outside the coating). Assembling the above equations (2.3)—(2.5), we obtain:
pron (&) = €72 ML= O LNyl (@) {ry (@) (2.6)

Brownian thermal forces lead to fluctuations in both the real and imaginary parts of this complex
reflectivity. Fluctuations in the argument of the complex reflectivity phase modulates the outgo-
ing light and directly produce sensing noise. Fluctuations in the magnitude, on the other hand,

amplitude modulate the outgoing light, and produce a ponderomotive force noise.

2.2.2 Thermal Phase and Amplitude Noise

Brownian thermal fluctuations in coating geometry and refractive index modify the complex reflec-

tivity prot(Z) defined in Eq. (2.6). The real and imaginary parts of

" 5Ptot(f)
dlo o) = ———== 2.7
s t( ) ptot(x) ( )

encode the amplitude/intensity and phase fluctuations of the reflected light at position & on the

mirror surface. In particular, intensity fluctuation of the reflected light is given by

_ 8| ptot (7)]
I(Z) | Ptot ()]

= 2Re [§10g piot (7)) (2.8)
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while phase fluctuation is given by

() = 6 arg [prot ()] = Im [ log prot (T)] - (2.9)

In this way, if we further write

£(@) —i¢(z) = —2%05 [log prot] (2.10)

with both £ and ( real-valued functions of &, with the dimensionality of displacement; they will

represent phase and amplitude noise, respectively. In particular, from Eq. (2.9), we have
5(T) = 2ko& () . (2.11)

Because we measure the mirror’s position through the additional phase shift gained by the light after
being reflected, through the relation A¢ = 2kgAz, Eq. (2.11) indicates that £(Z) is the displacement
noise due to phase fluctuations of the reflected light imposed by the coating.

The quantity ¢ (which, like &, is a length) is connected to amplitude/intensity noise via

SI(Z)

2ko( (%) = Re [61og prot] = T({L'_') .

(2.12)

As we shall discuss in Sec. 2.2.5, ¢ will cause a fluctuating force on the mirror, and can eventually
be converted to a displacement noise via a dimensionless factor, although the effect will turn out to
be small for gravitational-wave detectors.

Inserting the dependence of pyo on p, I; and z5 [Cf. Eq. (2.6)], we obtain

N
§) —iC(E®) = —0z(F) =D dl;(&)

=1
N dlog p -
- ;20{ 0; '5%(3:)]
N dlog p
—~ pz:(:)ﬂ [ o -5rp(x)}. (2.13)

The first two terms are due to the motion of the coating-air interface at location # and thickness
fluctuations of the layers, while the last two terms are due to light penetration into the coating layers
(see Fig. 2.5). In particular, the third term is due to fluctuations in the total phase the light gains
when propagating within the j-th layer, while the fourth term is due to the (effective) reflectivity
of the p-th interface (with p = 0 indicating the coating-air interface), whose origin will be explained

below.
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2.2.3 Fluctuations d¢; and Jr,
Light propagating within the coating layers are affected by the photoelastic effect, namely an isother-

mal fluctuation in 6n;(x) (note here that x is a 3-D vector) due to fluctuating Brownian stresses

exerted onto the coating materials. Assuming isotropy of the coating materials, we can write

onj(x) = ﬁjLSzz (x) + ﬁ]T (S (X) + Syy(x)] (2.14)
with
. [ Onj [ Onj
b = (améz)AJ_ B = <Blong>lj' (2.15)

Here L stands for longitudinal, and T stands for transverse, and the subscript A; and [; indicate
fixing transverse area and longitudinal length, respectively. We have also used the usual strain

definition

= [aui auf} (2.16)

3 |0z, " ox
where u;(x), i = 1,2,3 are components of the displacement vector of the mass element at posi-
tion x. Refer to Appendix 2.B for more details regarding defining the elasticity quantities, and
Appendix 2.A.1 for more details on the photo elastic effect.

We note that in Eq. (2.14) S,, is the fractional increase in length (i.e., linear expansion) in the
longitudinal direction, while Sy, + Syy is the fractional increase in the transverse area. According
to Appendix 2.A.4, we can ignore the second term representing area fluctuations in Eq. (2.14) when

the beam spot size is much larger than the coating thickness. In this case, we write 3; in place for

L
J

Eq. (2.119).

whose value can be expressed in terms of a particular component of the photo elastic tensor, see

As we discuss in Appendix 2.A.2,; the first term of Eq. (2.14) causes two effects for light propa-
gating along each direction (i.e., +z and —z): it adds an additional phase shift, and it back-scatters
a fraction of the light into the opposite direction. As we show in Appendix 2.A.3 [c.f. Egs. (2.130)—
(2.132)], these effects can be accounted for by modifying the phase shift d¢; of each coating layer

and changing the reflectivity dr; of interface, in the following manner:

1—r2
(5(bj = ko (nj +ﬁj)(5lj — 727‘_] Bjél;‘
J

gt (2.17)

orj = kot33;005 . (2.18)
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Here we have defined

L
6[; = — /0 Szz(zj-i-l —+ Z) COS(QICOTL]‘Z)CZZ 5 (219)

lj

for j > 1, 6l = 0l§ =0, and
N
5= I (2.21)
n=j

marks the z-coordinate of the top surface of the j-th layer. We can also write
L
5lj = / SZZ(Zj+1 + Z)dZ . (222)
0

Note that
total coating
=z1>29>...> 2y =0. (2.23)
thickness
Note that dr;, as well as the last two terms in d¢; are due to back-scattering, and have not been

considered by previous authors.

Inserting Egs. (2.17), (2.18) into Eq. (2.13), we obtain:

€(7) — iC(7) = —24(7 Z /[ ’W]uzz@,z)dz (2.24)

where

Ologp
0¢;

[1=r}dlogp
I 2'1"]‘ 8¢j
B 1+ 7‘J2» dlogp
27“j i1
sm[Zk;onJ(z —ziy1)], (2.25)

€(z) = (n;+5;)

] cos[2kon,; (= — 2;)]

tQﬂ]

a term that accounts for all effects associated with light penetration. Here we need to formally define

dlogp
OPN+1

(2.26)

because ¢n1 does not really exist. Alternatively, we can also write formulas separately for £ and
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¢, using only real-valued quantities. For £, we have,

£@) = —z(@)
N
-y [Tfaz )+ TSI (& )+Tfsaz;(f)}, (2.27)
j=1
where
T8 = 1= ;ﬁjIm <8C,1)cd;g_p> , (2.28)
J
TS = /6’]1 (fﬂogp) 1]
Do T
8¢]+1 ’I"j ’ '
TS = —%Im <a(1935p> : (2.30)
J

are transfer functions from the various 61’s to the displacement-equivalent thermal noise (see Fig. 2.6).

For ¢, we have

(@)= {’]}C(ﬂj (T) + TEOS(T) + Tst&;(f)} -
j=1
where
7o)
- () ()
! %Re (g;’(ﬁf) (1 J;jr]2> ’ (2.33)
e ()

For an arbitrary stack of dielectrics, ¢ is comparable to the part of £ [c.f. Eq. (2.25)] that involves
light penetration into the layers. In practice, however, for highly reflective stacks, the real parts of
dlog p/d¢; and Olog p/Or; all turn out to be small, and therefore fluctuations in ¢ (which correspond
to amplitude fluctuations) should be much less than fluctuations in £ (which corresponds to phase

fluctuations).
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2.2.4 Mode selection for phase noise

So far we have dealt with phase and amplitude noise as functions at each location & on the mirror
surface. However, there is only one displacement noise that the light will sense. In this and the next
subsection, we show how &(Z) and {(Z) should be converted into measurement noise. In doing so, we
recognize that only one spatial optical mode is injected on resonance in the optical cavity, and this
mode has a complex amplitude of ug(Z) at the mirror surface. Now suppose we have uj, = ug(Z)
incident on the mirror surface, we will then have uout(Z) = prot (Z)uo(Z), which contains not only
the resonant mode, but also other modes, which do not resonate in the cavity.

Let us select only the component of uq,(Z) that is in the resonant spatial mode that is driven,
then we have a complex reflectivity of

[ uy (D uow (BT [ piot(T)(T)d2E

= 2.
P= J uGuod@ [I(&)a?z (2:35)

specifically for the resonant mode, and hence independent of Z. Here we have defined I (%) = |ug(%)|?.
Note that the bar on top of p represents averaging over the phase front, instead of averaging over
time.

Now, inserting Eq. (2.10) as definitions for £(Z) and {(Z) into Eq. (2.35), we obtain the fluctuating

part of p

b\‘%

= 2iko(€ — i), (2.36)

where

%31

£ J&( )H)

(& ; fCﬂ(?
TI@#7 T1@)

(2.37)

Note that 2ikoé is the additional phase gained by the returning light, while 2ko( is the relative
change in amplitude [see discussions in Sec. 2.2.2]. Focusing first on &, we note that this creates the
same phase change as that gained by the reflected light if the mirror does not deform but instead
is displaced along the beam by &. In this way, & is an error in our measurement of the mirror’s

displacement.

2.2.5 Conversion of amplitude noise into displacement

The amplitude thermal noise can produce a spurious GW signal by modulating the radiation pressure
acting on the mirror, which in turn drives spurious mirror motion. Let us first consider a single-
bounce scenario, in which an incoming beam with intensity profile I(Z), unaffected by thermal noise,

is reflected with an intensity profile I(Z) + 01(Z), with 61(Z) induced by amplitude thermal noise.
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In this case, the mirror feels a thermal-noise-induced recoil force of

i oI(Z
F®e = / —ﬁx) A’z (2.38)
Using Egs. (2.12) and (2.37), we obtain
ine 41pko ~
Fp = —2¢ (2.39)

with Iy the power incident on the mirror. If the mirror is within a cavity, then we need to consider
both the increase in the circulating power (which we denote by I..) with respect to the input power,
and the coherent build-up of amplitude modulation within the cavity. We also note that now both
the incident and reflected beams contain amplitude modulation, and that we must also consider the
effect of this amplitude modulation on the input mirror.

If we restrict ourselves to a single optical cavity on resonance, then the force thermal noise below
the cavity bandwidth is given by

16ko ! C. (2.40)

cav __

th_C\/Ti

Here I, is the circulating power in the arm cavity. Suppose both input and end mirrors have the

same mass M, then the spectrum of cavity length modulation driven by the amplitude thermal noise

at angular frequency 2 is given by

p- 2 I 32wl
Sth p(Q) - MQQ SF«;C}?V - m S& (241)

Note that ¢ has the units of displacement, and therefore the pre-factor in front of . /S¢ in Eq. (2.41)
is a dimensionless conversion factor from ¢ to displacement noise. For Advanced LIGO, this cannot

be completely dismissed at this stage, because

2wol I 40k 10Hz 1% /0.
B2wol. o 1. 40kg [ 10Hz /003_ (2.42)
mQ2c2\/T; 800kW  m Q/(2n) T;

Nevertheless, as we will show in Sec. 2.5.2, the minor amplification factor here is not enough to make

amplitude noise significant, because ¢ is much less than &, for the coatings we consider.

2.3 Thermal noise assuming no light penetration into the

coating

In this section, we compute the coating Brownian noise assuming that the incident light does not

penetrate into the coating. This means light is promptly reflected at the coating-air interface, and
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therefore we should only keep the first two terms on the right-hand side of Eq. (2.13), which leads
to ¢ = 0. We therefore consider only coating phase noise &, in particular its weighted average over

the mirror surface, &, see Eq. (2.37).

2.3.1 The Fluctuation-Dissipation Theorem

The Fluctuation-Dissipation Theorem relates the near-equilibrium thermal noise spectrum of a gen-
eralized coordinate ¢ to the rate of dissipation in the system when a generalized force acts directly
on this coordinate. More specifically, the thermal noise spectrum of g at temperature 7' is given

by [13]

kT
Sl = 55

Re[Z(f)] (243)
where f is frequency, Z(f) is the mechanical impedance (inverse of admittance), or
Z(f) = =2mifq(f)/F(f). (2.44)
Alternatively, suppose we apply a sinusoidal force
F(t) = Fycos(2m ft) (2.45)

with amplitude Fy acting directly on ¢, Eq. (2.43) can also be written as

| AkpT Wy AkpT U

(2.46)

where Wyiss is the energy dissipated per cycle of oscillation divided by 27 (in other words, Wiss is
the average energy loss per radian), U is the peak of the stored energy in the system, and ¢ is the

loss angle, defined by
¢ = RelZ(f)]/Tm[Z(])]. (2.47)

It is important to note that ¢ is, in general, frequency dependent. However, for an elastic body,
if the frequency is low enough (well below the first eigenfrequency), then U can be computed using
the quasi-static approximation, because it is equal to the elastic energy stored in the equilibrium

configuration when a constant force Fy is applied to the system.

2.3.2 Mechanical energy dissipations in elastic media

It is straightforward to apply Eq. (2.46) to calculate the thermal noise component due to fluctuation

of the position of the coating-air interface — the weighted average [c.f. Eq. (2.35)] of the first two
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terms of Eq. (2.13). This can be obtained by applying a force F' with a pressure profile proportional
to I(Z) to the mirror surface (coating-air interface). In this case, elastic energy can be divided into

bulk energy Up and shear energy Ug [Chapter I of Ref. [18]], with

Ucoating =Up+Us= /

coating

K
(2@2 + uzijzij) av, (2.48)

where O is the expansion, and ¥;; is the shear tensor (see Appendix 2.B for details). If we give

small imaginary parts to K and p, writing

K=K(1+igs), fi=p(l+igs) (2.49)
then Wyiss can be written as
Waiss = 98U + ¢5Us. (2.50)

Here have introduced the loss angles ¢ and ¢g, which are associated with the dissipation of expan-
sion energy density and the shear energy density, respectively. Note that our way of characterizing
loss differs from previous work by Harry, et. al. [14], because for isotropic materials, ¢ and ¢g are
the two fundamentally independent loss angles that characterize the dissipation of bulk and shear
elastic energy; were we to literally adopt ¢ and ¢ as done in Ref. [14], and consider them inde-
pendent from each other, then the dissipated energy defined this way can turn out to be negative if
certain force distributions are applied onto the mirror, which would be unphysical. See Appendix 2.C
for more details.

Once we have introduced ¢p and ¢g, other elastic moduli also gain small imaginary parts corre-

spondingly. For example, for the most widely used Young’s modulus and Poisson ratio, because

Y Y

K=30=20 "~ 3+0) (2:51)
we can write
Y =Y (1+igy) (2.52)
with
by = (1—20)¢5 ; 2(1+0)¢s (2.53)
and .
6 =0+ 5(1-20)(1+0)(05 — 0s). (2.54)

Since —1 < o < 1/2, we have (1 — 20)(1 4+ o) > 0, therefore ¢ has a positive imaginary part as ¢p

is greater than ¢g, and vice versa. To understand the physical meaning of the imaginary part of
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the Poisson ratio, one has to realize that Young’s modulus and the Poisson ratio together describe
the elastic response of a rod. Suppose we apply an oscillatory tension uniformly along a rod at a
very low frequency, whether the area of the rod leads or lags the length of the rod depends on the
relative magnitudes of the bulk and shear loss angles. In the situation when the two loss angles ¢
and ¢g are equal to each other, the Poisson’s ratio is real, and we only need to deal with one loss
angle ¢y — although there is reason to assume the equality of these two angles.

If the coating material is made into the shape of a one-dimensional rod, and if we only consider
its elongational, bending or torsional modes, then the Young’s modulus is the appropriate elastic
modulus associated with these modes, and ¢y is the appropriate loss angle to apply. However, this
is not directly relevant for coating thermal noise. An elastic modulus that will actually prove useful

is that of the two-dimensional (2-D) flexural rigidity of a thin plate made from the coating material,

Yh .
D= f5q =7 = ID|(1 +i¢p) (2.55)

where h is the thickness of the plate, with

gy 1m0 2“2)<§ﬁ+i(>1 —oto)s, (2.56)

As we shall see in Sec. 2.7.1, this D is most easily measured through the quality factor of drum
modes of a thinly coated sample — although this will not turn out to be the combination of loss

angles that appears in the thermal noise of coated mirrors.

2.3.3 Thermal noise of a mirror coated with one thin layer

In the case where the coating thickness is much less than the size of the mirror substrate and the
beam spot size, the elastic deformation of the substrate is not affected by the presence of the coating.
As a consequence, if we include the elastic energy stored in the substrate Ugyy, with loss angle ¢gu,

we can write

Wdiss = ¢subUsub + ¢B UB + ¢SUS

U U
~ ¢sub + (bBUiB + ¢SU75 Usub- (257)
sub sub

With the assumption of thin coating and half-infinite substrate, the total strain energy stored in the
sample can be considered as Ugyp. In such a way the coating adds on to the substrate loss angle as

additional, effective angles

U U,
(bcoated = ¢sub + ffb(éB + Usfb

3. (2.58)
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Note that when the total coating thickness [ is much less than the beam spot size wg, we have
Up/Usub ~ Us/Usup ~ l/wy < 1. Unfortunately, however, ¢p and ¢g are found to be so much
larger than the substrate loss angle ¢g,1, that in practice coating thermal noise still dominates over
substrate thermal noise.

Now suppose we would like to measure a weighted average of the position of the mirror surface,

g—E= / 23 w(F)(7) (2.59)

with [Cf. Eq. (2.37)]

2.60
and z(Z) the position of the coating-air interface at transverse location &.
According to Sec. 2.3.1, we need to apply a pressure profile of
f (@) = Fyw(Z) (2.61)

onto the upper surface of the coating, which we shall also refer to as the coating-air interface.

Straightforward calculations give

U (1-20.)l [Yc (1 —204)%(1+ 04)?
o 3 Y2 (1—o0c)?
12(1—20,5)(1+0s)(1+0c)
Y, (1-0.)?
2
+;8f”;2] /wQ(f)d2:Z, (2.62)
Us 2 [Y (1—0c+02)(1+0,5)%(1 — 204)?
F2 3 |Y2 (1—0.)2(1+0,)
- (1+0c)(1 —20.)(1 —205)(1 +05)
Yi(1—-0c)?
e YQS)S;U)] /wQ(f)d2§:'. (2.63)

Here [ is coating thickness; for Young’s modulus Y and Poisson’s ratio o, substrates ¢ and s represent
coating and substrate, respectively. Directly following Eqs. (2.46) and (2.50) will give rise to a noise

spectrum of

4kpT
5= 22T [0 72 + 053] (2.60)
where U /F¢ and Us/F§ are given by Eqgs. (2.62) and (2.63) respectively.
Here we can define
d*Z12(% 1
/ WA (@)d2 = JEEEE) (2.65)
[ d?Z1(Z)] Aet
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as the inverse of an effective beam area. Therefore noise power in ¢ is proportional to coating

thickness and inversely proportional to beam area. In particular, for a Gaussian beam with

wq

I(Z) o exp <_2x;> (2.66)

the effective area is Aeg = mwd.

Let us compare our results to previous calculations using ¢, and ¢). As it turns out, if we
assume ¢g = ¢p, then formulas for thermal noise agree with Eq. (22) in Ref. [14]. To illustrate
the different roles now played by ¢p and ¢g, let us take the very simple case of Y =Y, = Y, and

o = 0. = 0, Where

oUp 4l

_— = 2 —

7 = sy (10’1 -20) (2.67)
§Us 21 o

T2 3YAeff(1+U)(1 20)2. (2.68)

Using Eq. (2.64), we can get the power spectral density of the single layer non-penetration coating

thermal noise as

Se(f)
- SkBTsz}Iﬂ% o1+ 0)om + (1 - 20)0s) (2.69)

From Eq. (2.69), we can see that the bulk loss and shear loss contribute differently to the total
noise. More importantly, at least in the simple case where Y, = Y, the combination of ¢ and ¢g is
approximately 2¢ g + ¢g, which differs significantly from the combination ¢o; = ¢ + 2¢5 measured
by the ring-down experiments that have been performed so far [19-21]. This will be discussed in

detail in the rest of Sec. 2.7.

2.3.4 Discussions on the correlation structure of thermal noise

Before proceeding to more detailed calculations of Brownian noise that involve light penetrating into
the coating layers, we would like to gain more insight into thermal noise by inspecting our existing

expressions of coating thermal noise [Egs. (2.62)—(2.64)] more carefully. We note that
Sgocl / w?(Z)d* 7. (2.70)

where the coefficient of proportionality depends only on material property. From such a dependence
on coating and beam geometries, we deduce that (i) each point on the coating-air interface fluctu-

ates along the z direction independently, and (ii) materials at different z’s within the coating also
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contribute independently to coating thermal noise. These observations will be confirmed below in
Sec. 2.4.

Finally, within the coefficient of proportionality [Cf. Egs. (2.62) and (2.63)], we found three types
of dependence on the Young’s moduli of the coating and substrate materials: terms proportional to
1/Y, are expected to arise from fluctuations in coating thickness, terms proportional to Y./Y2 can
be interpreted as arising from coating thermal stresses driving the substrate-coating interface, while
terms proportional to 1/Y; are therefore interpreted as correlations between the above two types of

noise.

2.4 Cross spectra of thermal noise components

In this section, we compute the cross spectra of each component of coating thermal noise, and
assemble the formula for the spectral density of the total noise. Specifically, in Sec. 2.4.1, we
compute the cross spectra of the thickness fluctuations between any two uniform sublayers of the
coating, and obtain the cross spectrum of S, .; in Sec. 2.4.2, we compute the cross spectra involving

height fluctuation z; of the coating-substrate interface, i.e., Sg and S, ; in Sec. 2.4.3, we dissect

zz%s

the above results and analyze the separate roles of bulk and shear fluctuations; in Sec. 2.4.4, we

write down the full formula for coating thermal noise.

2.4.1 Coating-thickness fluctuations

Let us start by calculating thickness fluctuations of individual layers and correlations between them.

Following Levin’s approach, we imagine applying two pairs of opposite pressures,
f1(@) = Fowi(Z),  f3(¥) = Fows(Z) (2.71)

in the z direction on layerl and layer 3, as shown in Fig. 2.2, with thickness of [; and I3, respectively.
Here w1 (Z) and ws(Z), like the w(Z) used in Eq. (2.59), provide the shape of the pressure profiles.
Note that we apply pairs of forces, and each pair must be equal and opposite in direction because
we are interested in learning about the fluctuations of the thickness, instead of the location, of the
layers.

We assume that layers I and III are each made from a single type of material, yet there could be
arbitrary number of different material sub layers in II. As it will turn out, the precise locations of
layers I and IIT along the z direction does not affect the result, as long as they do not overlap, or in
other words, layer II has non-zero thickness.

Throughout this paper, we shall assume that the beam spot size is much less than the radius of the

mirror, so that we can make the approximation that the mirror surface is an infinite two-dimensional
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plane. In this case, we perform a spatial Fourier transformation for the applied pressure,
fi(k) = /e“z'ffj(f) A% = Fow;(k), j=1,3, (2.72)

and carry out our calculations for strain and stress distributions in the coating-substrate system in
the Fourier domain.

We further assume that the coating thickness is much less than the beam spot size, which is the
inverse of the maximum spatial frequency contained in ;3. This means we only need to consider
k’s with |E|l < 1, with [ the total coating thickness. According to calculations in Appendix 2.B,
non-zero components of the stress and strain tensors in Layers I and III are found to be (in the

spatial Fourier domain)
o1w1

L _ gl -
T"Ew Tyy - 1—0 Fy ’ Tzz = w1 Fp 5 (273)
~ 1—20’1)(14—01)’&)1
5= R 2.74
## Yl(l — 0'1) 0, ( )
and
3 00 SR § § o33 SO0~
TII - Tl/y - 1— o0y Fy ’ Tzz = w3k ) (275)
g 1 —205)(1 4 03)ws
gur _ _( 3 I 576
zz }/3(1 _ 0_3) 0> ( )
respectively.

Note that deformations within layer I only depend on @; (not ws), while deformations within
layer IIT only depends on ws (not w;) — while regions outside these layers are found to have
vanishing strain and stress. This means we can treat deformations caused by each pair of forces
independently, as long as layer I and layer III do not overlap. The deformations are also independent
of the thickness of the layers. The vanishing of deformations outside these layers means that when we
introduce additional pairs of opposite forces, the new deformations introduced will be constrained
within those new layers — as long as those new layers do not overlap with existing ones. This
independence originates from the linearity of elastic response, and the fact that coating strains
induced by force applied on a single surface within the coating, as discussed in Appendix 2.B, do
not depend on distance away from that surface, as seen in Egs. (2.159)—(2.166). The situation here
is analogous to the electrostatics of several pairs of oppositely-charged infinite parallel planes.

In terms of thermal noise, such a distribution of elastic deformations corresponds to a dissipation
energy that consists of two independent terms, each corresponding to one layer and proportional to

its thickness:
Wdiss
F§

= Wnll/wfd2f+ nglg/wngf. (277)
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Here we have defined, for j =1, 3:

(1—20'j)(1—|—0'j) 1+0'j j .
L= 1—20;)¢% | . 2.
This means the fluctuation of

= / (w1 ()51 (F) + ws ()05 (2)] 27 (2.79)

is given by

Sy = AkpT > {Wjjzj / w?(f)d%]. (2.80)

©f j=1,3

=

The absence of a cross term between w; and w3 means that fluctuations in 611 (Z) and dl3(Z') are
uncorrelated — and hence statistically independent. Furthermore, within each layer, in the same
spirit as the discussions in Sec. 2.3.4, the particular form of dependence on I; and w;(Z) indicates
that S, fluctuations at different 3-D locations (within this layer) are all uncorrelated and have
the same spectrum. In this way, we obtain the cross spectral density of S,, at two arbitrary 3-D

locations within the coating:

; 4kpT

Sd o (Z,2,8,7) = %5¢j5(2) (& —2')0(z — 2" )W, (2.81)
zz zz 7-[-

Here we have assumed that (Z, z) belongs to layer 4, while (&, 2’) belongs to layer j. (The association

to layers helps to identify the material property to be used in Wj;.)

2.4.2 Fluctuations of Coating-Substrate Interface and their correlations

with coating thickness

To investigate the correlation between the height of the coating-substrate interface, z5(Z) and the
thickness of each coating layer, 0l;(Z), we apply an identical pair of pressures fi(Z) = Fow:(Z) at
opposite sides of layer 1, and force fq(x,y) = Fows(Z) onto the coating-substrate interface (along
the —z direction), as shown in Fig. 1. The same strain and stress as in Eqgs. (2.73) and (2.74) are
driven by fl, which are only non-vanishing within layer I. On the other hand, fs drives uniform

strain and stress over the entire coating, with non-vanishing components of stress and strain given

by,

k2+ock2
Bs(1 sy, | T e
ad Wg — 05 — 40y c ack§+k2
17551 = AT o2y, koky T 0| (2.82)

0 0 0
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Figure 2.2: Illustrations of forces applied onto various interfaces within the coating. Each of layers
I and III in the coating are assumed to be uniform (but they might each contain a different kind
of material); region II denotes the entire gap between them, which may well contain many different
dielectric layers. A pair of force distribution f; (f3) with the same pressure profile but in opposite
directions is exerted on opposite sides of layer I (IIT), while f, is exerted on the coating-substrate
interface. (Although each pair has the same pressure profile, they may be different from each other.)
The three distributions may well have different profiles (as also illustrated in the figure).

K2 kok, 0
Ws(1 — o5 — 202)

15551 = - Sy | Reky Ky 0, (2.83)
S _O—c
0 0 = -

where Young’s modulus Y, and Poisson’s ratio o, of the coating are given by values within layer I.

The total dissipation in this case will have the following structure,

Wdiss
2
FO

=1 [Wn / wid?E + 2Wis / wywedT + Wig / wﬁd%’] : (2.84)

with the first term arising from dissipation in layer I that is due to strain and stress driven by fi,
the second term also arising from dissipation in layer I arising from cross terms between strains
and stresses caused by f; and f,, and the third term arises from dissipations throughout the entire

coating, due to strain and stress caused by fs. Here Wi; is the same as defined by Eq. (2.78), and

(1—0s—202)(1 —0j —207)

W, — ey (&% — oh) (2.850)
7 s
Vo (l—0s—2022Y; (1 =205 ;, 1—0;+07 ;
W = e L+ o A (2.85b)
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Note that we have added a superscript (j) for Wy, to indicate that here the dissipation is due to the
pair of forces applied on one thin layer alone.

Here again, the dependences on w? and w? indicate that fluctuations at different transverse
locations, Z # Z’, are uncorrelated, while the I in front of Wiy, and the arbitrariness of I; means
that S,, fluctuations at different z locations within the thin layers are uncorrelated. The [ in front
of both Wi and Wy, indicates that all S,, within layer I are correlated with z5 the same way, even
though all of them are mutually uncorrelated.

This allows us to extract the following

- L 4kgT L .
S...,(Z,7) = W5(2)($ — ) zj:les(ﬁ)a (2.86a)
Ss.. s (BT, 2) = fffa?(f — W, (2.86b)

Here for Eq. (2.86b), j is the layer with which 2’ is associated; and this labeling is to help identify

which material parameter to use in Wj,.

2.4.3 The anatomy of coating thermal noise

Here let us assemble Egs. (2.81), (2.86a) and (2.86b) from the previous sections, and write:

4kpT (1 +0;)(1 - 20;)
3nf  Yi(1—o0,)?

ngmszz (%, 2;7,2) =

1+ L
[ D g+ (1 - 20,)ds;| 81,62 (& — #)d(= — 2'),

(2.87a)
- 4kgT (1—05—20 Y;l; —20; l—aj—i—U]Q- @)=
ZsZ ) . v _ ,
Sz (B F) = 5 E z]: 1—0,)2 [ 5 0Bt T, 9s]0 @)
(2.87b)
2kpT (1 — 0, —202)(1 — 0; — 202
S..s.. (&, )= 22 1~0,~20,)A ~0; = 20;) [0B; — ds;]0% (& — &). (2.87¢)

3nf Yi(1 —0;)?

Here we have assumed that z belongs to the i-th layer and that 2z’ belongs to the j-th layer,
respectively. The thickness fluctuations of different layers are mutually independent [note the Kro-
necker delta in Eq. (2.87a)], while the thickness fluctuation of each layer is correlated with the height
fluctuation of the coating-substrate interface [Eq. (2.87c)].

Fluctuations in the strain S, and the coating-substrate interface zs, described by Eqgs. (2.87a)—
(2.87b), can be represented alternatively as being driven by a number of independent fluctuating
fields that exist throughout the coating. Such a representation allows us to better appreciate the
origin and the magnitude of these fluctuations.

7

In order to do so, let us first define 3NV thermal noise fields (i.e., 3 for each coating layer), n7’ (x),
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Thickness (9;) Surface height (z,)
140y 1—0,—20%Y;
Bulk Cf:\/ 9 pp— 2T
2 2(1 +O'j) Ys
Shear s g 1—0s—202Y;
C:4 =4/1-20; DSA — 75 s J
A J \/7J J 2\/1—-20; Ys
Shear (none) DSE — V3(1— o;)(1—o0s — 20?) ﬁ
B J 2,/1-20;(140;) Y

Table 2.1: Transfer functions from bulk and shear noise fields to layer thickness and surface height.

nf“ (x) and nfB (x), all independent from each other, with

4kpT(1 — o) — 207)
SpBpp =
ER 3nfY;(1—0;)?
4]€BT(1 — 05 — 20’?)
3nfY;(1—0,)?

00 (x — X), (2.88a)

¢%0;k0®) (x — x'), (2.88b)

Sanan = SnanfB =

and all other cross spectra vanishing. Here j labels coating layer, the superscript B indicates bulk
fluctuation, while S4 and Sp label two types of shear fluctuations. The normalization of these fields
are chosen such that each of these fields, when integrated over a length [; along z, have a noise
spectrum that is roughly the same magnitude as a single-layer thermal noise.

Noise fields nf (x), nf“ (x) and nf 5 can be used to generate thickness fluctuations of the layers
and the interface fluctuation (2.87a)—(2.87b) if we define

uzs (%, 2) = CPnP (E,2) + C74nfA (T, 2) (2.89)
and
Lj
2:(Z) = Z/ dz [Dfnf(f, z) + Df“nf“ (%, 2)
g Jlin
Sp_Sp(=
+D7Pn;" (7, z)} . (2.90)

For each coating layer, C> and D are transfer functions from the bulk noise field n? to its own
thickness 6{; and to surface height z,, respectively; CJSA and DjSA are transfer functions from the
first type of shear noise to thickness and surface height; finally DfB is the transfer function from the
second type of shear noise to surface height (note that this noise field does not affect layer thickness).
Explicit forms of these transfer functions are listed in Table. 2.1.

Equations (2.89) and (2.90) owe their simple forms to the underlying physics of thermal fluctu-
ations:

For bulk noise, i.e., terms involving nf, the form of Egs. (2.89) and (2.90) indicates that the

interface fluctuation due to bulk dissipation is simply a sum of pieces that are directly proportional
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Figure 2.3: Illustration of the correlations between coating thickness d/; and the height of the coating-
substrate interface, z;. On the left, for a bulk deformation: when a coating element is expanding,
its expansion along the z-y plane lifts the coating-substrate interface upwards, causing additional
motion of the coating-air interface correlated to that caused by the increase in coating thickness. On
the right, a particular shear mode: when a coating element is expanding, its contraction along the z-
y plan pushes the coating-substrate interface downwards, causing addition motion of the coating-air
interface anti-correlated to that caused by the increase in coating thickenss.

to the bulk-induced thickness fluctuations of each layer. This means the thermal bulk stress in a layer
drive simultaneously the thickness fluctuation of that layer and a fluctuation of the coating-substrate
interface. The fact that D]B and CjB have the same sign means that when thickness increases, the
interface also rises (with intuitive explanation shown in Figure 2.3). This sign of correlation is
generally unfavorable because the two noises add constructively towards the rise of the coating-air
interface.

For shear noise, the situation is a little more complicated, because unlike bulk deformations,
there are a total of five possible shear modes. From Eq. (2.73) and (2.74), it is clear that f;, applied
on opposites of Layer I (Figure 2.2), only drives the zx + yy — 22z shear mode and the zx + yy + 2z
bulk mode, while from Eq. (2.82) and (2.83), the force distribution fs drives three shear modes of
xr —yy, vy + yr, and xx + yy — 2zz. This means while thermal shear stresses in the zx + yy — 222
mode drives layer thickness and interface fluctuation simultaneously, there are additional modes of
shear stress, zx — yy and xy + yx, that only drive the interface without driving layer thickness.
Our mode S4, which drives both layer thickness and interface height, therefore corresponds to the
physical shear mode of zx + yy — 2zz; our mode Sp, which only drives interface height, corresponds
to the joint effect of the physical shear modes xx — yy and xy + yx. It is interesting to note that for
Sa, its contributions to dl; and z, are anti correlated, because CS4 and D4 have opposite signs.
This is intuitively explained in Fig. 2.3.

As an example application of Egs. (2.89) and (2.90), if we ignore light penetration into the coating



60

layers, namely, when thermal noise is equal to

P =z, - 0l (2.91)
J
we have
Ljtr
er=-Y [ a[(cr+nf)n?
j i,

S S S
+(CjA +DjA) njA

+DanfB} (2.92)
in which contributions from each layer have been divided into three mutually uncorrelated groups,
each arising from a different type of fluctuation. Here we see explicitly that C® and DP sharing
the same sign increases contributions from n, and €54 and D94 having opposite signs suppresses
contributions from n54.

Finally, we note that in the spectral density of £"P, contributions directly from coating thickness
will be proportional to \C']B |2 and |CjSA |2, and hence proportional to 1/Y%, those from interface height
will be |DJB|27 \Df" |2 and |DfB |2, and hence proportional to Y,/Y2, while those from correlations

will be proportional to CJB Df and CJS A Df 4 and hence proportional to 1/Y;. This confirms our

anticipation at the end of Sec. 2.3.4.

2.4.4 Full formula for thermal noise

Now we give the complete formulas for amplitude and phase noise spectrum [Cf. Eq. (2.94) and

Eq. (2.95)]. As we consider light penetration into the coating, we resort to Eq. (2.24), and write:

£(7) —ic(7)
_ _Z/:j dz{ H1+ ieﬂé(z)} CjB+DJB} nf (Z,2)

J j+1

n |:|:1 n Zﬁj2(z):| CfA + DfA:| n]SA(f7 Z)

+D5ens (7, 2)] } (2.93)

Here spectra of independent fields nf, nf“ and nfB have been given in Egs. (2.88a)—(2.88b), € is

defined in Eq. (2.25), while the transfer functions C's and Ds are listed in Table. 2.1.

We can then obtain the spectrum of phase noise (after averaging over the mirror surface, weighted
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by the power profile of the optical mode) as

% odz €(2) B B ? B
SE = Z/ )\{{1 I 7]2 :|Cj +Dj Sj
j zZj+1 77
zj d ) 2
+ / ;Hl I GJ;Z)}C’;‘;AJer*‘} G
j JEi+r 7Y
DSB 2 lJ SS
+ Z[ J ] NI
j J
= ) ¢S +4¢7S] (2.94)

and spectrum of amplitude noise as

% dz B (%) ? B
S; o= > 1 |CTReE= ] 8]
i Jzi+1 7

J

- [CfAReGJ(Z,Z)} : Sf}. (2.95)

Here ); is the wavelength of light in layer j, and we have defined

gx AkpTA;¢% (1 — 05 — 202)
! 3nfY;(1—0;)? A~

X=B,S (2.96)

which is at the level of coating thickness fluctuation of a single layer of dielectrics with material
parameters identical to layer j and length equal to ;. Note that the quantity SJX only depends on
the material properties (and temperature) of the layer, and is independent to the length of that layer;
the quantities qJX (see Fig. 2.7), on the other hand, give us the relative thermal-noise contribution
of each layer in a dimensionless way.

Note that the reason for keeping the integrals in Eqs. (2.94) and (2.95) is because € has a z
dependence, which originates from the fact that the back-scattering contributions to d¢;s and dr;s

a weighted integral of u,, within each layer [Cf. (2.17) and (2.18)].

2.5 Effect of light penetration into the coating

In this section, we synthesize results from Sec. 2.2 and Sec. 2.4, and compute the full Brownian
thermal noise for coating configurations. We will illustrate how the light penetration affects the

total noise in highly reflective coatings.
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Figure 2.4: Two basic transformations involved in solving for optical fields in a multi-layer coating.

Parameter Tantala(TizOs) Silica(Si03)
Refractive index 2.07 [22] 1.45 [22]
Poisson’s ratio 0.23 [23] 0.17[23]
Young’s modulus (Pa) 1.4 x 10%1[24] 7 x 101°[23]
Loss angle (¢p = ¢g) 2.3 x 10~4[25] 4.0 x 10~°[26]
Photoelastic coefficient -0.50 [27] -0.41]28]

Table 2.2: Baseline material parameters.

2.5.1 Optics of multi-layer coatings

For completeness of the paper, we briefly review how light penetration coefficient 0log p/0¢; can be
calculated.
From an interface from layer i to j (here j is either i 4+ 1 or ¢ — 1), we denote the reflectivity and

transmissivity of different layers by 7;; and ¢;;: r?j + tfj =1

n; — ’Ilj
po— ) 2.97
Y n; +n; ( )
We also define ny1 = nq, since that is the refractive index of the substrate.
A matrix approach can be applied to solve for the amplitude of light inside the layers, when we
view the coating as made up of two elementary transformations, each representable by a matrix. In
this approach, instead of writing out-going fields in terms of in-going fields, one writes fields to the

right of an optical element in terms of those to the left. As illustrated in Figure 2.4, for reflection

at an interface (left panel), we write

On the other hand, for propagation across a gap with phase shift ¢, we have

c eie 0 a
=T, = ' . (2.99)
d 0 e b
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Figure 2.5: Real (solid curves) and imaginary (dashed curves) parts of 0logp/0¢; (upper panel)
and 0log p/dr; (lower panel), for conventional (red dot) and Advanced LIGO (blue square) coatings.
[Note that Re(0log p/0¢;) = 0 for conventional coating.]

In this way, assuming the input and output field amplitude at the top surface of a multi-layer

coating to be v; and vz, and writing those right inside the substrate to be s; and s2, we have

s1 | _ | Mu M vl vl , (2.100)
S92 My Moy V2 U2
where M is given by
M = RTN,N+1T¢N—1RTN—1,N s R7"12T¢1 RTm' (2'101)

The complex reflectivity is given by

p = 7M21/M22. (2102)

2.5.2 Levels of light penetration in Advanced LIGO ETM Coatings

In Advanced LIGO, the coating stack is made from alternating layers of two materials: SiOs (n; =
1.45) and TayO5 (ny = 2.07). Here we consider the End Test-mass Mirror (ETM). In order to
achieve very high reflectivity, the coating is made of 19 successive pairs of alternating SiO, and
TazO5 layers, all A\/4 in thickness except the top one, which is A\/2. We will refer to this as the

conventional coating. An alternative design has been made to allow the coating to operate at both
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Figure 2.6: Light penetration into the first 10 layers of a 38-layer coating (left panel for conventional
coating and right panel for Advanced LIGO coating). We plot the non-photoelastic part of 7; in
black sold curves, the photoelastic part of 7, in long-dashed red curves, as well as 'Z}S(scaled by rms
value of §l§ with respect to the rms value of 0/;, shown in short-dashed blue curves) and T (scaled
by rms value of 613, shown in dotted purple curves). These plots indicate that for both structures,
light penetration is restricted within the first 10 layers.

1064 nm and 532 nm. We shall refer to this as the Advanced LIGO coating (see Appendix. 2.D) [29].

In Fig. 2.5, we plot real and imaginary parts of dlog p/0¢; and dlog p/0r; [see Eq. (2.13)], for
both conventional and Advanced LIGO coating. Here we note that the real parts of these derivatives
are at the order of 1079, which means C is less than & by six orders of magnitude. This, together
with considerations in Sec. 2.2.5, will make amplitude coating noise negligible.

In Eq. (2.27), we have divided contributions to £ into four terms, the first, z,, is the height of the
coating-substrate interface, while the other three are related to fluctuations in layer thickness, 6l;,
615 and 413, see Egs. (2.27)-(2.30). We can illustrate the effect of light penetration by showing the
relative size of these three contributions for each layer. In Figure 2.6, we carry out this illustration,
for conventional coating on the left panel and for Advanced LIGO coating on the right. We use
a solid black line to indicate the non-photoelastic part of ’Zf li.e., terms not containing [;, see
Eq. (2.28)], and we use red-long-dashed, blue-short-dashed, and purple-dotted curves to indicate
the photoelastic part of 7.°, T, /((51)2)/((6;)2) and T;*,/((612)2)/((3l;)2), respectively. The

weighting factors,

1 sindg,
1+ Lz
V2 4¢;
1 sin4¢;
V2 4¢j

(2.103)

(2.104)
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Figure 2.7: (Color online.) A break-down of thermal noise contributions from silica (upper panels)
and tantala (lower panels) layers, from bulk (left panels) and shear (right panels) losses. Blue curves

correspond to § = —1, black § = 0 and red § = 1. Dashed curves indicate results calculated without
including back-scattering effects.

have been added for 7}56 and ’Zfs, respectively, to correct for the fact that 6l and /3 have different
r.m.s. values compared to §l. Because of the lack of experimental data, we have assumed 5; = —0.4
identically. Note that in order to focus on the effect of light penetration, we have only showed the
first 10 layers.

In the figure, the effect of light penetration into the coating layers is embodied in the deviation
of the black solid curve from unity in the first few layers, and in the existence of the other curves.
Although we cannot perceive the correlation between these contributions, we can clearly appreciate
that only the first few layers are penetrated, and that the total effect of light penetration will be
small. We should also expect the effect of photoelasticity (dashed curves) to be small, and the effect
of back-scattering (which gives rise to ’]}56 and 7}55, blue and purple dashed curves) to be even

smaller.

2.5.3 Thermal noise contributions from different layers

Let us now examine the breakdown of the total coating noise by plotting the coefficients qf and qjs
in Eq. (2.94). In Fig. 2.7, we plot silica contributions on top panels, and tantala contributions on
lower panels, with bulk contributions on left panels, and shear contributions on right panels. Here

we use the baseline parameters shown in Table 2.2. As it turns out, the results for conventional
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Figure 2.8: (Color online.) Variations in thermal noise contributions when ¢p/¢g is varied. Con-
tributions from tantala layers is shown in blue, those from silica layers are shown in red. The total
thermal noise is in black. Bulk contributions are shown in dotted curves, while shear contributions
are shown in dashed curves.

and Advanced LIGO coatings are hardly distinguishable from each other — therefore we only use
the Advanced LIGO coating. The red curve uses = —1, black uses 8 = 0 and blue uses § = 1.
Superimposed onto the solid lines are dashed lines of each type, calculated without introducing the

back-scattering terms; the effect is noticeable for the first few layers.

2.6 Dependence of thermal noise on material parameters

Experimental knowledge of coating materials is limited. Most notably, values of Young’s moduli and
Poisson’s ratios of the coating materials are still uncertain, while only one combination of the two
loss angles have been experimentally measured by ring-down experiments. In this section, we explore
the possible variation in coating Brownian noise, away from the baseline configuration (Table 2.2),
considering these uncertainties. We shall use the Advanced LIGO coating structure mentioned in

the previous section.

2.6.1 Dependence on ratios between loss angles

In the baseline (Table 2.2), we have assumed that ¢p and ¢g are equal, but this is only out of our
ignorance: experiments have only been able to determine one particular combination of these two
angles. We now explore the consequence of having these loss angles not equal, while keeping fixed
the combination measured by ring down rate of drum modes [see Eq. (2.110)].

In Figure 2.8, while fixing all other baseline parameters, we plot how each type of thermal noise
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Figure 2.9: (Color online.) Variations in total noise when ¢p/dg is varied: (solid) total noise,
(dotted) total bulk noise, (dashed) total shear noise. The red (blue) curve corresponds to only
varying ¢p/¢g for tantala (silica). With ¢5/¢gs of tantala or silica varying from 0.2 to 5, the change
in total noise is 58.1% and 10.6% respectively.

(i.e., silica vs tantala, bulk vs shear) varies when the ratio ¢5/¢gs for both tantala and silica layers
varies between 1/5 and 5. We use blue for tantala, red for silica, dotted for bulk, dashed for shear,
and solid for the total of bulk and shear. In this configuration, tantala layers’ contribution to thermal
noise always dominate over silica layers, mainly due to the higher loss angle. As we vary the ratio
between the loss angles, there is moderate variation of thermal noise. For the dominant tantala, as
¢ /s varies from 1/5 to 5, there is a 30% change in thermal noise, while for silica, the change is a
more significant 68%.

As we see from Fig. 2.8, a larger value of ¢5/dg gives rise to higher bulk, lower shear, and higher
total noise — this is reasonable because bulk fluctuations drive correlated noise between a layer’s
thickness and the height of coating-substrate interface, while shear fluctuations drive anti-correlated
noise, as shown in Fig. 2.3.

Moreover, the fact that variation is more significant for silica layers can be explained when we
recall that thickness-induced thermal noise is proportional to 1/Y., while surface-height-induced
thermal noise is proportional to Y./Y2. For silica layers, Y. is assumed to be equal to Y;, so the
two types of noise being added (bulk) or subtracted (shear) are more comparable in magnitude; by
contrast, the Young’s modulus of tantala layers is significantly higher than that of the substrate,
causing the noise to be dominated by fluctuations of the height of the coating-substrate interface,
therefore making correlations between the two types of noise less important.

In Fig. 2.9, we plot variations in the total noise as we vary ¢p/¢g for silica layers (blue) or

tantala layers (red) only, and fix the other one. It shows that the variance of the tantala’s loss angle
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Figure 2.10: Thermal noise contribution from tantala, as its Young’s modulus deviates from baseline
value, for ¢ /ps=>5 (blue dashed), 2 (blue dotted), 1 (black solid), 1/2 (red dotted), and 1/5 (red
dashed).
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Figure 2.11: Thermal noise contribution from tantala, as its Poisson’s ratio deviates from baseline
value, for ¢p/ps=>5 (blue dashed), 2 (blue dotted), 1 (black solid), 1/2 (red dotted), and 1/5 (red
dashed).
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Figure 2.12: Fractional change in the contribution to thermal noise from all silica layers (left panel)
and all tantala layers (right panel), due to bulk (blue) and shear (red) loss. Dashed lines indicate
results calculated without including back-scattering terms.

will generate larger change of the total noise.

2.6.2 Dependence on Young’s moduli and Poisson’s ratios

Since the Young’s modulus and Poisson’s ratios of coating materials, especially of tantala, are also
uncertain. In Fig. 2.10, we plot variations of tantala thermal noise when its Young’s modulus varies
from the baseline value by up to a factor of 2, for ¢p/¢ps = 0.2,0.5,1,2 and 5. The noise is seen to
vary by ~15% as Young’s modulus varies by a factor of ~ 2.

We can also explain the way the thermal noise varies as a function of Y.. Starting from the
baseline value, a lower Y, leads to a lower thermal noise, until Y. becomes comparable to Yy (which
we fix at the baseline value, equal to 0.5YT,), and starts to increase again. Such a behavior is
reasonable because thickness noise spectrum and interface noise spectrum are proportional to ~ 1/Y.
and ~ Y./ YS27 respectively — as we decrease Y. from the baseline YT, value, we transition from
interface fluctuation being dominant towards equal amount of both noises (which gives a minimum
total noise), and then towards thickness fluctuation becoming dominant.

In Fig. 2.11, we explore the effect of varying coating Poisson’s ratio, for the same values of ¢5/dg
chosen in Fig. 2.10. In the baseline assumption of ¢p = ¢g, when bulk and shear have the same
level of loss, thermal noise does not depend much on Poisson’s ratio. However, if ¢/ds turns out
to differ significantly from 1, and if Poisson’s ratio can be larger than the baseline value by more

than ~ 0.1, then thermal noise can vary by ~ 10%.



70

2.6.3 Dependence on photoelastic coefficients

Photoelastic properties of the coating materials are not yet well known. In Fig. 2.12, we plot the
fractional change in thermal noise, separately for silica (left panel) and tantala (right pane), and for
bulk (blue) and shear (red) losses, when we vary @ between -1 and +1. Dashed curves are obtained
ignoring back-scattering effects.

It is interesting to note that for small values of 3, the dependence of noise on (8 has different
trends for bulk and shear contributions. This is also related to the different types of correlations
between thickness and interface height fluctuations. As we can see from the Figure, the effect of
varying (3 is small, since it only affects thermal noise due to light penetration into the first few layers.
If bulk and shear losses are indeed comparable, then cancelation between these two types of noises
(especially for the more lossy tantala layers) will likely make the photo elastic effect completely
negligible. Even in the case when one particular type of loss dominates, we shall expect at most
~2% contribution from photo-elasticity of the more lossy tantala — if we further assume that |3] ~ 1

[right panel of Fig. 2.12].

2.6.4 Optimization of coating structure

Although a standard highly reflective coating consists of A/4 layers of alternating material capped
by a A/2 layer, this structure can be modified to lower thermal noise while still maintaining a
high reflectivity for the 1064 nm carrier light, e.g., as shown by Agresti et al. [30]. As their results
have indicated, for baseline coating parameters and neglecting light penetration into the coating
layers [14], the optimal structure is more close to a stack of pairs of A\/8 (Tax05) and 3A/8 (SiOz2)
layers, capped by a A/2 (SiO3) layer. This alternative coating structure shortens the total thickness
of the more lossy tantala layers, while maintaining a high reflectivity for the light. The Advanced
LIGO type coating given in Appendix 2.D, on the other hand, has been optimized considering
reflectivity at both 1064 nm and 532 nm, as well as thermal noise — although light penetration into
the layers have not been considered.

In this section, we carry out a numerical optimization taking penetration into account. We first
fix the number N of layers (NN is even, so we have N/2 pairs), and then for N, we use the Lagrange
multiplier method to search for the constrained minimum of Sy, fixing Ti64 and Ts32 (namely the
power transmissivity, 1 — |p|?> assuming the coating is lossless, evaluated at 1064 nm and 532nm,

respectively). The quantity we seek to minimize (or, the cost function) is

y = /Sih + 11 T1064 + p2(Tsz2 — 5%)2. (2.105)

As we vary py and po and minimizing y, we obtain the constrained minimum of /.S, for different

pairs of (T532,T1064). The aim is to obtain a series of coating configurations with approximately 5%
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transitivity for 532 nm, and with minimized thermal noise for a variable 3 — 20 ppm transmissivity
for 1064 nm. (Note that the choice of the cost function contains a certain level of arbitrariness.)
Since we are going to carry out minimization for a large number of multipliers over a large number
of degrees of freedom, we have chosen to proceed gradually allowing only the first n pairs and last
n pairs of layers to vary, while maintaining the same pair structure for N/2 — n pairs in the middle

(repeating doublets). In other words, our coating structure looks like:

free repeating pair free
—_— — ¥ Y~

2n layers N — 2p layers 2n layers

In this work, we found that it suffices to choose n = 2 (which corresponds to optimizing over 10
parameters); further increasing n does not lead to noticeable improvements. During our numerical

optimization, we have adopted the downhill simplex method [31, 32].

P < o ating N ~opt A4
target Resulting Coating Structure \/ Sev Sy
op/os | N First 4 layers Repeated Pair Last 4 layers 98 — 1796 1%

¢s 5 | ¢s
1/5 42 | 0.0479 0.1581 0.3430 0.1760 | 0.2919 0.1897 | 0.3164 0.1738 0.3178 0.1627 5.01 6.64 8.81 5.35
1 42 | 0.1020 0.1250 0.3267 0.1917 | 0.2911 0.1914 | 0.3110 0.1752 0.3196 0.1609 5.02 6.64 8.81 7.05
5 42| 0.1118 0.0968 0.3353 0.1882 | 0.2893 0.1939 | 0.3135 0.1673 0.3199 0.1662 5.02 6.64 8.81 9.33

Table 2.3: Results of coating-structure optimization. We list optimized coating structures for Th1pgs =
5ppm and Ts32 = 5%, for three target values of ¢ /¢ while fixing the measured effective loss angle
¢p [Eq. (2.56)] and other baseline material parameters [Table 2.2]. Thickness of coating layers are
given in units of wavelength (for 1064 nm light). For each optimized coating structure, thermal noise
is calculated separately for the same three values of ¢p/ps, and given in units of 10721 m/ VvHz
(thermal noise for the target ¢p/¢s is given in boldface, and boldface numbers should be the
minimum within its column); thermal noise spectra of the 38-layer A/4 stack assuming the target
¢B/¢s are also listed for comparison.

6.3 \
‘ N
3.0 50 7.0 100 150 200

T1064 (ppm)

Figure 2.13: Optimized thermal noise versus transmissivity at 1064 nm, for a coating of 38 (red), 40
(blue), and 42 (purple) layers.
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Results for baseline material parameters (Table. 2.2) and N =38, 40 and 42 have been shown
in Figure 2.13. This figure indicates that different numbers of layers should be chosen for different
target T1064 — more layers are required for lower transmissivity (higher reflectivity). Overall, the
optimal thermal noise varies by around ~ 10% as for Tigg4 from 3 to 20 ppm. In particular, for the
standard Advanced LIGO requirement of 5 ppm (see first column of Table 2.3), 42 layers are found
to be optimal. This is two more pairs or four more layers than the 38-layer A/4 doublet, which has
the minimum number of layers to reach 5 ppm. The larger number of layers here gets lower thermal
noise (by 6 %) because the more lossy tantala layers are shortened, and the less lossy silica layers
lengthened.

We have further optimized the structure when the ratio ¢g/¢g is different from 1, while keeping
fixed the effective loss angle measured so far — as done in Sec. 2.6.1. For Ti9g4 = 5 ppm, we have
listed results of optimized coating structure and thermal noise in the second and third columns of
Table 2.3. The extent of variation found here is comparable to those obtained in Sec. 2.6.1 using a
standard coating structure without optimization: the optimal coating structures consistently lower
thermal noise by about 6%. In addition, as shown in Table 2.3, the optimal coating structure is
robust against changes in ¢p/¢g: structure obtained for any one of the values of the ratio is already

almost optimal for all other ratios.

2.7 Measurements of loss angles

In this section, we study possible mechanical ringdown experiments that can be used to measure
independently the bulk and shear loss angles, ¢p and ¢g of a coating material.

In a ringdown experiment, a sample with a high intrinsic Q is coated with a thin layer of the
coating material in question. Due to the mechanical losses in the coating, the quality factor of
the mechanical eigenmodes of the sample will be reduced [33, 34]. More specifically, for the n'"
eigenmode with resonant frequency f,, if an e-folding decay time of 7, is measured, then the quality

factor is

Qn = anTn ; (2106)

while correspondingly, the loss angle is given by

O(fn) =1/Qn, (2.107)

which is equal to the fraction of energy dissipated per radian.
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b

Figure 2.14: Rectangular shaped thin plate (axbx ¢) with thin coating (thickness d): ¢ < a,b;d < c.
The transverse vibration mode is considered in this case

2.7.1 Bending modes of a thin rectangular plate

Figure 2.14 shows the schematic geometry of a rectangularly shaped sample, in which a thin coating
layer with thickness d is deposited on a rectangular plate with dimensions a x b x ¢ (¢ < a,b), and d
is much less than c. If we pay attention only to the bending (or, in other words, flexing) oscillations
of the plate, the amount of energy stored in the coating layer, in the form of bulk and shear energies

Up and Ug, as a fraction of the entire energy U, can be calculated as

Ugp dY.(1-02(1-20.)
-5 - ¢ s 2.108
U 3cYs (1-0.)? ’ ( )
U 2dY. (1—-023)(1 -0, 2
vs _ 77( Us)( g +Uc). (2'109)
U 3¢Ys (1—0.)2(1+0.)
Using Eq. (2.58), the total loss angle of the sample is
¢ = Gsub
g&l—ag ¢p(1— 0. —202) +2¢s(1 — 0. + 02)
cYs1—02 3(1—o0¢)
|1 Dc|
= ¢sub + ép. (2.110)
|Ds|

It is not surprising that only the 2-D flexural rigidity D and its imaginary part appear in Eq. (2.110).
During the bending of a thin plate with thin coating, both the substrate and the coating are described
by the 2-D flexural rigidity, first introduced in Sec. 2.3.2 [see Eqs. (2.55) and (2.56) and Sec. 13 of
Ref. [18]]. Because they both bend in the same way, the ratio of their elastic energies is given
directly by the ratio of their flexural rigidities (each proportional to their thickness). The fraction
of total energy lost in the coating needs to be multiplied by ¢p (of the coating material), and hence
Eq. (2.110). As the oscillation of a thicker object is considered, as long as the coating only bends
up and down (e.g., in a drum mode), then we expect the coating contribution to the loss angle to

still be proportional to ¢p.
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Figure 2.15: Thin cylindrical shell with thin coating outside. The first torsional eigenmodes of such
a shell can be used to measure the shear loss angle of the coating.

As it turns out, the part of coating thermal noise due to bending of the coating-substrate interface
[S:.z. in Eq. (2.87b)] also depends directly on ¢p, because the loss mechanism in this case is the
same as during the oscillation of a drum mode — one only applies a perpendicular force from below
the coating layer, while keeping T, = 0 within the layer.

It proves less straightforward to connect the thickness fluctuation part of thermal noise [Sy. ..,
in Eq. (2.87a)] to the effective loss angle of either Y or D. Although the loss mechanism here is
due to the compressing of a thin membrane from both sides, this membrane is not characterized by

vanishing 77, and T}, because the coating is attached to a substrate which provides restoring forces

Yo
along the transverse (z and y) directions. However, in the case when the Poisson ratio o, of the
coating vanishes, the thickness fluctuation does depend on the loss angle of the Young’s modulus.
For our baseline parameters, mechanical dissipation is mostly contributed by the tantala layers,
and because the Young’s modulus of the tantala coating material is assumed to be much greater
than that of the substrate, the largest contribution to the LIGO mirrors’ Brownian noise is bending

noise S,_,.. This explains why the noise only varies by 30% (as noted in Sec. 2.6.1) even if no further

measurements on the other loss angle is made.

2.7.2 Torsional modes of a coated hollow cylinder

Here we propose an approach with which we can measure another combination of loss angles. We
consider a cylindrical shell with a thin, uniform coating layer outside, as shown in Fig. 2.15(¢c < R,
d < ¢). In this configuration, the surface deformations produce strains in the plane of shell according
to the Donnell shell theory [35]. Here we assumed that there is only angular displacement in the

shell, which means the longitudinal position of the cross section won’t change. For a torsion mode,
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we only have shear strain energy, the expressions are given by

Up
— =0 2.111
; (2111)
Us dY.(1+o0y)
— =" 2.112
U c¢Ys(1+o0.) ( )
As a consequence, the total loss angle can be expressed as
dY. (1+0)
= ¢sub + ——+——= 5. 2.113
¢ = dsup ch(1+ac)¢S ( )

For a cylinder shell, according to the Donnell shell theory, the natural frequency of the n-th

torsional mode is given by [36]

n Y 1/2
fn= bEYS |:p(1+0)] . (2.114)

A more accurate calculation may be found by using the Fliigge shell theory [37].
Using the values from Table 2.4, we can estimate the resonant frequency to be 9.2kHz. The
coating contribution to loss angle, assuming a ¢g of at least 10~°, would be at least the order of

1079, which seems plausible to be extracted from ring-down measurements.

Table 2.4: Example parameters of a thin, uniformly coated cylindrical shell (SiOs)

L R c d
unit(mm) 200 50 1 0.04

With the measurement of both the thin plate and cylinder shell, we can obtain ¢p and ¢g of the

coating.

2.8 Conclusions

In this paper, we applied the fluctuation-dissipation theorem to obtain a full set of correlation
functions (2.87a)—(2.87¢) of Brownian thermal fluctuations of a multi-layer dielectric coating. In
particular, we have related fluctuations of the coating thickness and the coating-substrate interface
to independent bulk and shear thermal stresses associated with each coating layer. While those
stresses not only induce thickness fluctuations of the layers themselves, they bend the coating-
substrate interface and this bending noise had not been previously appreciated intuitively, although
its effect has been incorporated into formulas, e.g., in Ref. [14]. As a result, we found that although
thickness fluctuations of different coating layers are independent of each other, they each have
partial correlations with the height fluctuations of the coating-substrate interface. Moreover, bulk
loss creates a positive correlation between them, while shear loss creates a negative correlation.

The entire picture is succinctly written mathematically in Eqgs. (2.89) and (2.90). This coherence
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material range uncertainty for details,
parameter in /S, see
éB/Ps 0.2 - 5T +37% Sec. 2.6.1, Figs. 2.8, 2.9.
Yra factor of ~ 2 ~60% Sec. 2.6.2, Fig. 2.10.
OTa +£0.2 “;Bt/o ¢20:f llf Sec. 2.6.2, Fig. 2.11.
3 —1<pB<+1 +1% 2 Sec. 2.6.3, Fig. 2.12.

Table 2.5: Levels of thermal noise uncertainty caused by parameter uncertainties.

structure then gives coating Brownian noise in Eq. (2.93). Apart from having provided a pedagogical
and systematic derivation of these noise components, the most important conceptual consequence
of our work is to point out an uncertainty in coating loss angles. We have also incorporated the
photo-elastic effect, the reflectivity fluctuations of the interfaces within the multilayer coating, and
considered the effect of amplitude modulations caused by Brownian thermal noise. All of these
turned out to be rather unimportant.

We have applied our formalism to mirrors that are to be used in Advanced LIGO detectors.
As estimated in Sec. 2.6 and summarized in Table 2.5 (calculated for a typical candidate for the
Advanced LIGO end test-mass mirror coating configuration), parameter uncertainties could lead to
non-negligible corrections to coating Brownian noise calculations. The biggest uncertainties actually
arise from the elastic moduli of coating materials — for example, current uncertainties in Young’s
modulus of the tantala coating material might lead up to 60% increase in thermal noise. Although
photo-elastic coefficients for our coating materials are very uncertain, they do not significantly affect
thermal noise since light does not penetrate through many layers.

It is rather remarkable that our lack of experimental knowledge about the loss angles, beyond
what we had already obtained from the ring down of drum modes, would not give rise to a higher
uncertainty in thermal noise. This is rather serendipitous, considering our path of understanding
of the problem: for the baseline parameters of Advanced LIGO, the highest contribution to coating
Brownian noise arises from the coating-substrate bending noise caused by losses in tantala layers,
because these layers are much more lossy than the silica layers, and have been assumed to have
a much higher Young’s modulus than the substrate material. This bending noise, first elaborated
by this work, turns out to be associated with the loss angle of the 2-D flexural rigidity, which in
turn is directly connected to the decay of the drum modes of a thinly coated sample. This means
the currently existing program [14] has been measuring the predominant loss angle all along, and
has been compatible with direct measurements of coating thermal noise [15]. Nevertheless, the level
of uncertainty noted in our study still warrants further experiments seeking the other loss angle,
e.g., as outlined in Sec. 2.7. In addition, since future gravitational-wave detectors may use different
substrate and coating materials, situations may arise when the loss angle measured now does not

correlate with the total coating brownian noise.
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At this moment, it is worth looking once more at the previously used loss angles, ¢ and ¢ —
although they are mathematically ill defined, they do correctly reflect the existence of two channels
of loss. The ¢ was meant to characterize losses incurred by the z-y deformations of the coating
measurable when we do not compress the coating but instead drive its deformations using drum
modes of the substrate. This loss angle is now replaced by the (mathematically well-defined) imag-
inary part of the flexural rigidity, for which extensive measurements have already been carried out.
The ¢, was meant to characterize the losses incurred by compressing the coating layers. This
has not been measured because it had not been obvious how to easily excite this mode of coating
deformation (the most obvious way would be to compress the coating layer, but that is difficult);
however, because the Young’s modulus of the coating is much larger than that of the substrate, this
difficult-to-measure loss angle should not contribute as much to the total coating noise. This said,
in this work, we do come up with ways to measure both loss angles, ¢s and ¢p, without having to
compress the coating layers — but instead by exciting different modes of substrate deformation. Of
course, this is only possible because we have assumed that the material is isotropic — otherwise we
may have to compress the coating to directly access the loss induced by such a deformation.

On the other hand, one may think of the possibilities of using substrate materials with higher
Young’s modulus to reduce the bending noise. Sapphire and Silicon are two viable choices because
they both have higher Young’s modulus than tantala. Using Eq. (2.87a)—(2.87¢), it is straightforward
to estimate the new coating brownian noise while replacing the substrate material by sapphire or
silicon but keeping the same Advanced LIGO coating design. It turns out that the coating brownian
noise will be reduced to 35% of its original power spectra value if we use silicon substrate or 32%
if we use sapphire. However, there are other disadvantages for sapphire or silicon substrate that
prevent us from using them for alLIGO mirrors. The main problem is that they both have very
high thermal conductivity - much higher than fused silica. As a result, the substrate thermoelastic
noise is one of the important noise source for both materials. For instance, if the aLIGO mirror
was made of sapphire, the bulk thermoelastic noise would have about the same magnitude as the
coating Brownian noise at 100 Hz. As for silicon substrate, the bulk thermoelastic noise is more
than twice the size of its corresponding coating Brownian noise because silicon has even higher
thermal conductivity than sapphire. One may refer to [40] for detailed methods to calculate bulk
thermoelastic noise. Setting up the experiment in a cryogenic enviroment is a possible way to reduce
the thermooptic noise.

Furthermore, our formula Eq. (2.93) can serve as a starting point for optimizing the material
choice and structure design of the multi-layer coating taking light penetration effects into account.
Our numerical results in Sec. 2.6.4 (see Table 2.3) have shown that optimization of the coating
structure consistently offers a ~ 6% decrease in thermal noise, regardless of ¢p/¢s. In fact, the

optimal structure for these ratios are quite similar, and configurations obtained for each presumed
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. Ref. [14 Ref. [17 .
Coating (no light peglet]ration) (6 =0 and no b[ack] scattering) This work
A4 7.18 7.08 7.08
Advanced LIGO 6.93 6.82 6.83
Optimal 6.73 6.62 6.64

Table 2.6: Comparison of thermal noise spectral density (assuming ¢ = ¢g and evaluated at 200 Hz,
in units of 10-2'm/+/Hz) between different works.

ratio of ¢p/¢ps are shown to work for other ratios interchangeably.

Upon completion of this manuscript, we noted that the optimization of the coating structure
for the case assuming ¢p = ¢g (and S = 0) has been carried out by Kondratiev, Gurkovsky and
Gorodetsky [17]. [We note that their formalism is capable to treating 3 # 0 and ¢p # ¢g, as well
as back-scattering induced by photo elasticity, but they did not explore the impact of these effects
in their optimization.] Our results are compatible with theirs, if we also use these restrictions in
parameter space and ignore back-scattering.

A comparison between our result, Kondratiev et al., and Harry et al. [14] (which ignores light
penetration into the layers, and also effectively assumes ¢g = ¢p) would therefore illustrate the
effects caused by ignoring photoelasticity and further ignoring light penetration into the coating.
This is shown in Table 2.6. This again confirms that for total coating thermal noise, light penetra-
tion causes noticeable difference in coating thermal noise, while photoelasticity causes a negligible

difference.
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2.A Fluctuations of the complex reflectivity due to refractive
index fluctuations

Brownian noise is not only caused by random strains, but also by the refractive-index fluctuations
induced by such strains, through the photoelastic effect [Cf. Egs. (2.13) and (2.14)]. We will quantify

this contribution in this section.

2.A.1 The photoelastic effect

If we denote the displacement of coating mass elements as (uy,uy,u.), then the relative coating-

thickness change from its equilibrium value can be written as
S/l =u,, (2.115)
and the relative transverse area expansion can be written as
0AJA = Uy o + Uy 4. (2.116)

If we denote 2-dimensional displacement vectors along the z-y plane as @ = (ug,u,), and two-

dimensional gradient as 6, then we have
SAJA =y y +uy, =V 1. (2.117)

We can then write the change in refractive index as

on ol on -
5n = o 7 2.11
" [alogzh P {alogA] Vi (2.118)

L

where On/0logl and dn/dlog A only depend on material properties. The two terms on the right-
hand side of Eq. (2.118) represent refractive index change driven by relative length and area changes,
respectively. The first term is given by [28]

on 1
L _ —_— = —— 3
B = [8logl]A 5" CcY (2.119)

where C is the photoelastic stress constant, Y is the Young’s modulus. For silica, CY =~ 0.27,

therefore ﬂgioz = —0.41. The photoelastic coefficient can also be written as

1
B= 51 (2.120)
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Figure 2.16: Light propagation across a thin layer (thickness of Al) with fluctuating refractive index
(from a uniform ny to an average of na + dng within this thin layer). The propagation matrix
corresponding to this structure is given by Eq. (2.122).

where p;; is the photo elastic tensor [39]. Some experiments have been done to measure this coefficient
for tantala [27]. Empirically, the value of p;; varies from —0.15 to 0.45 for TayO5 thin film fabricated
in different ways. Here for the longitudinal photoelasticity, 6%3205 , we use —0.5 in our numerical
calculation.

We shall next obtain formulas that will allow us to convert fluctuations in n into fluctuations in

the complex reflectivity of the multi-layer coating.

2.A.2 Fluctuations in an infinitesimally thin layer

Because the coating is very thin compared with the Rayleigh associated with beam spot size, we
model the phase shift of light gained during propagation along z as only determined the local
refractive index. If the refractive index dn at a particular location dn(z) is driven by longitudinal
strain u,, at that location, the fact that (u..(z")u..(2"))  §(z' — 2) causes concern, because this
indicates a high wvariance of dn at any given single point z, with a magnitude which is formally
infinity. If we naively consider the reflection of light across any interface within the coating, e.g., at
z = 2g, then the independent and high-magnitude fluctuations of n(zp—) and n(zp+) would lead to

a dramatic fluctuation in the reflectivity

r= — (2.121)

because, naively, n(zp—) and n(z¢+) are uncorrelated and both have a variance of infinity.
However, two effects prevent the above divergence from actually taking place: (i) there is a finite

correlation length for strain fluctuations (although not explicitly given in our current analysis) and
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(ii) propagation of light averages over those fluctuations. The most convenient way to circumvent
the above divergence is to always consider light propagation across a finite layer of materials. As
shown in Fig. 2.16, let us consider three regions in the coating, with refractive indices n1, no and ng
separated by two interfaces, with the length of the no layer given by Al — and here we only consider
fluctuations in ng. The entire transfer matrix (from below to above, in Fig. 2.16) is given by
M=R

T,,R (2.122)

T12 T23

following the same convention as in Sec. 2.2.3. Suppose the originally uniform ny now fluctuates,
and after averaging over this thin layer, gives a mean refractive index of no + dns, we use this as the

refractive index of the entire layer, and then have

no i —i

vmns \ o

oM = (5’112 . k‘oAl (2.123)

Note that when Al — 0, dng - Al has a variance that approaches zero, and therefore éM is an
infinitesimal matrix, and there is no divergence. [Note that when Al is small enough, dny has a
variance that is comparable to the total variance of n, which is finite — therefore dng - Al ~ O(Al).]

The physical meaning of Eq. (2.123) is the following: a random field of refractive index not only
gives rise to a random phase shift (diagonal term), but also gives rise to a random reflectivity (non-
diagonal term). The latter term is an additional contribution that has been ignored by previous

analytical calculations.

2.A.3 The entire coating stack

Now we are ready to consider the entire multi-layer coating. Let us first focus on layer j of the
coating stack, bounded by two interfaces with reflectivities r;_; and r;, respectively. Since the total

transfer matrix of the entire stack is written as

M=--Ts, R, TR (2.124)

ijl'..7

the reflectivity fluctuations with this layer will contribute to the matrix Ty, above, which in turn
will contribute to fluctuations in the entire M. Consider a dz-thick sub-layer located at distance 2’
from the r; boundary (lower boundary in Fig. 2.1), therefore at coordinate location z = 241 + 2’
and integrate, we have

i —i

lj
T¢j — T¢j + ]{10/ 571(Zj+1 + Z)Tkonjz . _ Tkonj(lj—z) dz
0

T —1
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L om;
= T¢j+k05ﬁjlj (2'125)
ony 1
where
1 [h
on; = lj/() on;(zj41 + 2)dz (2.126)
and
on; = —iko/énj(sz—&—z)e%k“”fzdz. (2.127)

Here we have defined

N
5= I (2.128)
n=j

to be the z coordinate of the top surface of layer j.
We need to adapt the new transfer matrix into the old form, but with modified {r;} and {¢;}.

From Eq. (2.125), since dn; is complex, we need to adjust ¢;, r;, as well as ¢j41:

T¢j+1RT1 Ty,
- T¢j+1+6wjRTj+5ro¢,-+kolj5nj+5w;- (2.129)
Here we have defined in addition
lj
or; = —t?ko/ onj(zj41 + 2) sin(2kon,;z)dz (2.130)
0
and
L oriEl ol
o5 = 5 ko/ 0n;(zj41 + 2) cos(2kon,z)dz. (2.131)
Tj 0

As we consider photoelastic noise of all the layers together, dr; in Eq. (2.130) needs to be used for

the effective fluctuation in reflectivity of each layer, while
60 = kolom; + 697 + 6yt (2.132)

should be used as the total fluctuation in the phase shift of each layer.
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2.A.4 Unimportance of transverse fluctuations

Connecting with the photoelastic effect, we have explicitly
onj(z, %) = Bu..(2,%) + BTV - 4. (2.133)

Here the vector @ is the two-dimensional displacement vector (ug,u,) and V. is the 2-D diver-
gence along the z-y plane. For terms that contain the transverse vector i, we note that when a
weighted average of £ is taken over the mirror surface [see Sec. 2.2.4], they yield the following type

of contribution

/M 1(7) (6 : ﬁ) &7

= / dl(ﬁ~ﬁ])+/ i-VId*&
oM M

= / i-VId*zT. (2.134)
M

Here M stands for the 2-d region occupied by the beam, and OM is the boundary on which power
vanishes. As a consequence, the first term is zero according to the boundary condition, while the
second term gains a factor of (I;/wq) with respect to other types of coating Brownian noise; here I is
the thickness of the j-th layer, and wy the beam spot size. Since we always assume coating thickness
l; to be much smaller than the beam radius 7peam, we can neglect refractive index fluctuation due

to area fluctuation.

2.B Elastic deformations In the coating

Throughout this paper, we assume the mirror substrate to be a half infinite space. We establish
a Cartesian coordinate system, with (x,y) directions along the coating-substrate interface, and z
direction orthogonal to the mirror surface (in the elasticity problem, we also ignore mirror curvature).
This allows us to calculate elastic deformations in the spatial frequency domain. We will also assume
the coating thickness to be much less than the beam spot size.

We denote the displacement along x, y and z directions as u,, u, and u,. It is then straightfor-
ward to express the 3 x 3 strain tensor S in terms of their derivatives, and stress tensor T in terms

of Hooke’s Law:

1 8ui an
= 5 , 2.1
SJ 2 <8$J + 8$Z> ( 35)
e = Su (2.136)
1 1
Bij = 55+ 5] - 3056, (2.137)
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Figure 2.17: Sample with single layer coating, force is applied perpendicular to the air/coating
interface.

Tij = —K@éw - 2/,&21']' . (2138)

Here we have 2/ = (z,y, ), with Latin indices (like i and j) running from 1 to 3. Within any layer,

it is straightforward to write down the most general solution of the elasticity equilibrium equation

Tij; =0 (2.139)

)

as

Gy = iky|(Gy + Kk204)e™ + (a_ — kzf_)e "]

— iky[pe™ +F_e ", (2.140)

Uy, = iky[(Gy + K2B1)e™ + (G- — rzf_)e ")
+ ik [ype"F +y_e "7, (2.141)
U, = —klay 4 01 (=3 +40 + rz))e"®

+ k[@_ + B (—3 440 — K2)]e "%, (2.142)

where tilde denotes quantities in the z-y spatial-frequency domain, and k = /k2 + kg Namely

dk,dk ;
Uy (z,y,2) = / Wﬂ(kz, ky, z)e ke thyy) (2.143)

We now consider a single-layer coating on a substrate (see Fig. 2.17), with the coating-substrate
interface located at z = 0, and the coating-air interface at z = [. Suppose there is a force profile

F(z,y) exerted perpendicular to the surface at z = d, 0 < d < [, and let us calculate the elastic
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deformation field caused by F. The entire system is now divided into three regions, (a): d < z <,

(b): 0 < z < d, and (s): z < 0. At the interfaces, we obtain the following 15 boundary conditions,

T =0, z=1, (2.144)

TS, =710, To =T, T, - T =F, z=d, (2.145)
uj = ug’» , z=d, (2.146)

T, =0, u}=u}, z2=0, (2.147)

as well as the condition that when z — —oo, u% — 0 (which leads to @* = 8° = 4% = 0). We are

] —_
left with 15 fields
(&%,B%,9%, a5, 84,44, a5, By, 4%) (2.148)

which can be solved from the 15 boundary conditions. Assuming kd < 1 and kl < 1, we find that

all 4 vanish, and

 F(1+0,)[2— 305+ 0c(—3 +40,)]
&% = T eTre) : (2.149)

o F(o.—0s)(1+0y)

@ W1 o) (2.150)
20 F(140,)(=3+40y)

T B B (2.151)
go = Flto) (2.152)

4Y,k2(1 —0,)’
- F(1404)[2—30s + 0.(—3 + 40y)]
b s s c s
= 2.153
@y 2YSI£2(71 +O—C) ) ( )
b F(o.—0s)(1 4 0y)
- 2Y;k2(—1+o0.)
o FlYs(1+0)—Y(=3+4 05+ 402)]
b S c s s
= 2.155
+ 4YY,k2(—1 + o.) ’ ( )
- F[Ys(1+0.) — Ye(1 4 04)]
b s c c s
— 2.156
p- AYY;k2(—1 + o,) ’ ( )

F(1405)(—1+ 20y)

(2.154)

& = o , (2.157)
Qs F(l + 05)
pr=-t0E7), (2.158)

We can therefore obtain the stain tensor in the frequency domain for the coating. The non-zero
elements for region (a) are given by
o  FEZ(=1420,)(1+02)
Sxac - }/;52 ’
2 2
FE2(—1+20)(1 + 02)
Y. k2 ’

(2.159)

S, = (2.160)
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“ Fkyky(—1+205)(1+4 02)
e = Sy, = o , (2.161)
oo(—1+ 05+ 202)

YS(_l""UC) 7

e =F

(2.162)

while those in region (b) are given by

B FE2(—1420,)(1 + 02)

Sb = Voo , (2.163)
55, = Tl z:;)(l o) (2.164)
5 = 5,0 = Fkl.ky(—l;—j;rs)(l +o2), (2.165)
g0 —p[Z1£20) oell+o,+200)) (2.166)

Y; }/;(1 70—6)

Using linear superposition, as well as taking the appropriate limits of the above solution, it is
straightforward to obtain elastic deformations in all the scenarios in Sec. 2.4, with forces applied on

various surfaces, that are used to obtain cross spectra between different noises.

2.C Definition of loss angle

In the past [14], the coating loss angle was defined in association with the parallel and perpendicular

coating strains. The equation is written as

sUyd oU . d
TR

¢coated = ¢sub + (ZSL (2167)

where 60U and dU | are the energy density in parallel and perpendicular coating strains

1
U = /i(Sme + Sy Tyy) dzdy, (2.168)

1
oUu, = /iszszz dxdy, (2.169)

and where S;; are the strains and 7;; are the stresses. While such a definition seems to be compatible
with the symmetry of the system, the quantities U and 6U, cannot be used as energy, since in
certain scenarios they each can become negative.

For example, we consider cube with surface area of each side A (poisson ratio o, Young’s modulus
Y), and we uniformly apply two pairs of forces, one pair with magnitude f on opposite yz planes, the
other with magnitude F' on opposite xy planes, with f < F, as shown in Figure 2.18. According to

the definition of Young’s modulus and Poisson’s ratio, up to leading order in f/F the non-vanishing
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strains are,

F/A
Sy =——t—, Sp=8y,= o’%. (2.170)

On the other hand, for stress, we have, up to leading order in f/F,
Tpw = —f/A, T, =0, T..=—F/A. (2.171)
As a consequence, we have
SU| = SgaTow + SyyTyy = —0 fF/(A%Y) <0 (2.172)

which means §U) is not a reasonable candidate for energy, at least with o # 0. Since it is also true
that SpeThe < 0 we will arrive at
oUuy =85..T.. <0 (2.173)

if we take this configuration and rotate by 90 degrees around the y axis, such that x rotates into z.

F

F

Figure 2.18: Solid cube with two pairs of forces applied on the side: f < F' .

One reasonable way of defining the loss angle is to derive it from the fundamental elastic energy

equation. The general form of the stored elastic energy density U can be written as

1
U= EKGZ + uEijEU, (2174)
1
Up = 5K®2, (2.175)
Us = uXij X, (2.176)

where K is called the bulk modulus and p is the shear modulus. In the calculation, we use Young’s
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J L

1-5 | 0.497325 0.208175 0.289623 0.237274 0.250176
6-10 | 0.245330 0.249806 0.240129 0.270968 0.224129
11-15 | 0.251081 0.259888 0.260826 0.213460 0.290468
16-20 | 0.214524 0.273240 0.230905 0.259924  0.230020
21-25 | 0.275429 0.233086 0.270385 0.208581 0.273798
26-30 | 0.249741 0.267864 0.204698 0.292317 0.209712
31-35 | 0.278560 0.220264 0.282694 0.221687 0.268559
36-38 | 0.233460 0.270419 0.223050

Table 2.7: Structure of an Advanced LIGO-like coating optimized jointly for dichroic operation
and thermal noise. Thickness of each layer, given in units of wavelength (for light with vacuum-
wavelength of 1064nm), are listed here for the 38 layers. Note that {1 35, are SiOg layers, while
la,46,. are TasOs layers.

modulus Y and Poisson’s ratio o instead of K and p. Their relation is given in Eq. (2.51). The

expansion © and shear ¥ are both irreducible tensorial parts of the strain tensor S,

© = Si;, (2.177)
1
> (Sij + Sji) — §5z’j5kk. (2.178)

Note that the expansion and shear energy Up and Ug are always positive, so it is consistent to define

the loss angles ¢p and ¢g.

2.D Advanced LIGO style coating

In Table 2.7, we provide the structure of the coating optimized jointly for dichroic operation and

thermal noise.
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Chapter 3

Open quantum dynamics of
single-photon optomechanical
devices

We study the quantum dynamics of a Michelson interferometer with Fabry-Perot cavity
arms and one movable end mirror, and driven by a single photon — an optomechan-
ical device previously studied by Marshall et al. as a device that searches for gravity
decoherence. We obtain an exact analytical solution for the system’s quantum me-
chanical equations of motion, including details about the exchange of the single photon
between the cavity mode and the external continuum. The resulting time evolution
of the interferometer’s fringe visibility displays interesting new features when the in-
coming photon’s frequency uncertainty is narrower or comparable to the cavity’s line
width — only in the limiting case of much broader-band photon does the result re-
turn to that of Marshall et al., but in this case the photon is not very likely to en-
ter the cavity and interact with the mirror, making the experiment less efficient and
more susceptible to imperfections. In addition, we show that in the strong-coupling
regime, by engineering the incoming photon’s wave function, it is possible to prepare the

movable mirror into an arbitrary quantum state of a multi-dimensional Hilbert space.

Paper preprint by T. Hong, H. Yang, H. Miao and Y. Chen, arXiv:1110.3348

3.1 Introduction

Recently, significant progress has been made in observing quantum effects in macroscopic mechanical
systems [1]. As presented in the work of O’Connell et al. [2], a 6-GHz nano-mechanical oscillator was
cooled down near its quantum ground state with dilution refrigeration, and later prepared into a Fock

state by coupling the oscillator to a superconducting qubit. States with thermal occupation numbers
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below unity have also been achieved with cavity-assisted radiation-pressure cooling, by Teufel et al. [3]
and Safavi-Naeini et al. [4]. Further more, as shown by Gupta et al. [5] and Thompson et al. [6], it
is possible to couple a single photon strongly with a mechanical degree of freedom, such that the
momentum imparted by a single photon to a mechanical degree of freedom can be comparable to
its initial momentum uncertainty.

In this paper, we study the open quantum dynamics of a nonlinear optomechanical device, namely
a Michelson interferometer with Fabry-Perot cavities, one of them with a movable end mirror (acting
as the mechanical oscillator). This device, driven by a single photon, was proposed by Marshall et
al. [7, 8] as an experiment to search for Penrose’s conjecture of gravity decoherence [9]. Such single-
photon driven devices have also been more recently studied by Rabl [10] and Nunnenkamp et al. [11].
By taking advantage of the conserved quantity—the total number of photons in the system, we can
obtain exact solutions to this system’s quantum dynamics. Unlike Rabl and Nunnenkamp et al.,
who studied systematically the statistics of the out-going photons and the steady state reached by
the mechanical oscillator, we focus instead on the fringe visibility of a single-photon interferometer,
and the conditional quantum state of the mechanical oscillator upon the detection of an out-going
photon.

The single-photon Michelson interferometer is shown schematically in Fig. 3.1, in which the port
on the left is the input port, towards which the single photon is injected; the photon, after interacting
with the Michelson interferometer, may exit either from the input port, or from the other open port.
Each of the two arms consists of a high-finesse optical cavity; the setup of these two cavities are
identical, except one of them has a movable end mirror, which acts as the mechanical oscillator that
interacts with light in the cavity. The 50/50 beam splitter splits the quantum state of the entire
mirror-light system into two components, one of them corresponding to the photon entering the fixed
cavity (and leaving the oscillator at its initial state), the other corresponding to the photon entering
the movable cavity (thereby modifying the oscillator’s state through radiation pressure). We will
set the displacement zero-point of the interferometer to have equal arm lengths, with each arm at
an equal distance to the beamsplitter. At such a zero point, the photon injected from the input
port will return to the input port with unit probability. Therefore we also call the input port the
“bright port” and the other open port the “dark port”. We can artificially tune the interferometer
away from its zero point, e.g., by adjusting the fixed microscopic distances between the front mirrors
and the beamsplitter. This changes the relative phase ¢ between the two superimposed components
in the wave function of the entire system; the resulting variations in the probability density of the
photon exiting the bright port at time ¢, quantified by the fringe visibility, is a measure of the degree
of coherence between these two components at this moment in time.

In the case of low environmental temperature and in the absence of unexpected mechanisms of

decoherence, Marshall et al. showed that the visibility will revive completely for every half of the
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mechanical oscillation period. In obtaining such a result, they assumed the photon was initially
already in either of the two cavity arms, and considered a closed evolution of the cavity mode
and the mechanical oscillator. This assumption has also been widely used in analysis of such a
nonlinear optomechanical device, e.g., by Bose et al. [12] and subsequent analysis of the Marshall

experiment [7] by Bassi et al [13].

¢r_§_| Movable

mirror

—]

> A
Single-photon | .
source  Detection

Figure 3.1: (Color online.) A schematic showing the single-photon interferometer. The external
single photon excites the cavity mode which in turn interacts with the movable end mirror via
radiation pressure. This is adapted from Fig. 1 of Ref. [7] with small modifications.

aEald

In a realistic experimental setup, it is necessary to take full account of the open quantum dynamics
of this system, which involve the oscillator (the mirror), the cavity mode and the external continuous
field, including how the single photon is coupled into the cavity in the first place. The open quantum
dynamics depend on the wave function of the photon, whose Fourier transform is related to the
frequency content of the photon. For example, if the photon has a short-pulse wave function with
time-domain duration much less than the cavity storage time, which corresponds to a frequency
uncertainty much larger than the cavity line width, then the photon will only enter the cavity with
a small probability. By contrast, a narrowband photon (with frequency uncertainty below cavity
line width) must have a wave packet duration much longer than cavity storage time, and therefore
we must address the issue that the photon can be simultaneously inside and outside the cavity.
The latter scenario, although more complicated, might be experimentally more favorable, as in this
scenario the photon has a high probability to enter the cavity and to interact with the mirror much
more strongly.

The outline of this article goes as follows: in Sec. 11.2, we will write down the Hamiltonian of our
nonlinear optomechanical device and study the open quantum dynamics by solving the Shrodinger
equation exactly; in Sec.11.3, we will give a detailed analysis of the single-photon interferometer,
and will calculate the interferometer’s fringe visibility; in Sec. 11.4, we will show that the mechanical
oscillator can be prepared to an arbitrary quantum state in a multi-dimensional Hilbert space, if we
inject the single photon with a properly-designed profile into the interferometer; in Sec. 11.5, we will

summarize our main results.
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Figure 3.2: (Color online.) A schematic showing a single-photon interferometer with Fabry-Perot
cavity and a movable mirror. The displacement of the mirror-endowed mechanical oscillator y is
parametrically coupled to the cavity mode a, which has an eigenfrequency wg with y = 0. The cavity
mode in turn couples to the ingoing continuous field ¢(z) and outgoing continuous field d(z).

Before studying the entire single-photon interferometer, we first consider a single cavity, as shown
schematically in Fig. 3.2. The cavity has one fixed mirror located at z = 0, and one movable mirror
which acts as a mechanical oscillator. Here, assuming the injected photon to have a frequency
content much less than the free spectral range of the cavity (which has a relatively high finesse), we
will only consider one optical mode of the cavity (which we shall refer to as the cavity mode). By
assuming a high finesse for the cavity, this mode couples to the external vacuum via single-photon
exchange. At linear order in the mirror’s motion and assuming low velocity, the coupling between the
mirror and the cavity mode is parametric: the position y of the mirror modifies the eigenfreqeuncy

of the cavity mode.

3.2.1 The Hamiltonian

Here we will write down the Hamiltonian of the system. For simplicity, we will use natural units
with A = 1 and ¢ = 1 throughout this paper. The Hamiltonian of the external continuous optical

field, in the position space representation, is given by

. 0
f, = 5[ @b - o)
i o0 e
+ 5 [ (@b, - dio,d.)ds (3.1)

where é, and d, are the annihilation operators for ingoing and outgoing fields at location x, respec-
tively. Note that for the actual setup shown in Fig. 3.2, the ingoing and outgoing fields are on the
same side of the front mirror, namely both at x < 0. Since the field operators at different locations
commute with each other—I[é, é};,] = §(x — 2'), we can fold the outgoing field from [—o0,0] into

[0, 4+00], therefore just use ¢ to denote both the ingoing and outgoing fields, with é,(x < 0) for the
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ingoing field and é,(x > 0) for the outgoing field, namely

ﬁo = 7/ (8161695 - é};awéw) dz. (3:2)

—00

The free Hamiltonian of the single cavity mode is given by
H, = wyala. (3.3)

with @ the annihilation operator and [a, a'] = 1.

The free Hamiltonian for the mechanical oscillator reads

& ﬁz 1 2 22

where 3 and p, are the position and momentum operators, respectively.

The total interaction Hamiltonian H; between the external continuum and the cavity mode in
the rotating-wave approximation, and between the cavity mode and the mechanical oscillator, is
given by

Hy = iA(éoat —aeb) + ka'ag. (3.5)

Here v = % is the cavity bandwidth with L being the cavity length; k = wp/L is the optomechanical
coupling constant. The interaction between the cavity mode and the external continuum takes place
at the front mirror with = 0 and the Hamiltonian describes the exchange of photon between them.

The total Hamiltonian is a sum of the free and the interaction parts, namely,

H=H,+H,+H,+H,. (3.6)

Note once more that by including only a single cavity mode resonant at frequency wg/(27), we must
make sure the frequency content of the injected light is focused well within a free spectral range,

¢/(2L).

3.2.2 Structure of the Hilbert space

Even though the Hamiltonian contains a cubic term a'ag, which implies a nonlinear dynamics, we

have a conserved dynamical quantity—the total photon number:
+oo
a*a+/ e, da, (3.7)
—0o0

which makes the system’s evolution still analytically solvable, as also recognized by Rabl [10] and

Nunnenkamp et al. [11]. Since the initial state of our system consists of one single photon, there can
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only be one photon throughout the entire evolution. Mathematically, this means we only need to
consider a one-photon subspace of the entire Hilbert space, which in turn consists of three disjoint
subspaces, which corresponds to: H;_, which corresponds to an incoming photon towards the cavity;
‘Ho, which corresponds to a photon inside the cavity; and H;, which corresponds to a photon leaving

the cavity. All quantum states in this space can be written as:

“+o0
v = / Fla )™ D), @ 1 (2, 1))m dz

— 00

+ a(t)e ™ a10)., @ |d2(t))m - (3.8)

Here

|z)., = ¢l o), (3.9)

x

is the “position eigenstate” of the single photon outside of the cavity, and |0) is the optical vacuum;
the subscripts 4 and m indicate Hilbert spaces of light and movable mirror, respectively; f(z,t) is a
complex function of position (—oo < z < +00) and time, a(t) is a complex function of time ¢ alone;
|p1(x,t))m and |p2(t))m are two families of state vectors that belong to the Hilbert space of the
mechanical oscillator. At any given time, the & < 0 part of the integral term on the right-hand side
corresponds to Hi_, the z > 0 part of the integral term corresponds to H;, while the non-integral
term corresponds to Hs. In general, all three terms will be present, which means the entire system’s
quantum state is a superposition of having the photon simultaneously present in all three possible
locations. Note that the factors e=™0(t=%) and e~ are added to “factor out” the free oscillation
of the EM field, which has oscillation frequencies near wy.

By imposing normalization conditions of

m(01(2,1)|01(2, 1)) m = m (D2 (D) |¢2(t))m = 1, (3.10)

the probability for finding the photon at location z (with z < 0 indicating a photon propagating

towards the cavity, and x > 0 a photon propagating away from the cavity) is given by

py(@,t) = [ f(z, )] (3.11)

while the probability that the photon is in the cavity is given by |a?(t)|. In this way, the normalization

condition of the joint quantum state

+oo
/ |f(z,t)2dx + [o?(t)] = 1 (3.12)

— 00

is simply a statement about the conservation of total probability.
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The function f(z,t) can be viewed as the out-of-cavity photon’s wave function, while |¢1 (2, %))m
for each x can be viewed as the oscillator state that is entangled with each possibility for the out-
of-cavity photon. On the other hand, a(t) can be viewed as the probability amplitude of the cavity
mode, while |¢2), can be viewed as the oscillator state that is entangled with the in-cavity photon.

To facilitate calculation, for any joint quantum state |1), we define

Al )e =) = (@, 6)|d1 (2, ))m, (3.13)
(Olaly)e™" = a(t)]d2(t))m- (3.14)

|¢1 (Z‘, t))m
|w2(t)>m

Here |¢1(2,t))m, —00 < & < 400, is a series of vectors, parametrized by z, in the Hilbert space of
the mechanical oscillator, while |¢)2(x,t)) is a single vector in the Hilbert space of the mechanical
oscillator. They together carry the full information of the quantum state of the entire system.
To further appreciate the role of |¢)1)y, and |¢2)m, we can project each of them into the position

eigenstate of the oscillator, |y)m, obtaining

(I)l(tvxvy) = m<y|w1>m = f(x,t)(bl(y,x,t), (315)

Do(t,y) = m(ylY2)m = alt)e2(y,), (3.16)

which can be viewed as the joint wave functions of the projection of the entire state into Hy4 & Hq—
and Ha, respectively. Note that although f(x,t) and |¢1(z,t))m [and similarly «(t) and |@2(t))m]
share a phase ambiguity, |1 (z,t))m and [12(t))m, and hence @4 (¢, z, y) and ®o(¢,y), are well defined
without ambiguity.

3.2.3 Initial, final States and photodetection

As special cases, we consider the quantum state of the system at ¢ = 0 (the initial state), and at very
late times (the final state). For the initial state, the photon is propagating towards the cavity, and
the cavity is empty. This corresponds to «(0) = 0, and f(z,0) = 0. In particular, we also presume

the initial state to be separable between the photon and the oscillator, with

90 = [ € F@)fa), dz ® 60)n .17

Here F(x) is the slowly-varying part of the initial wave function of the photon, and |¢g), the initial

wave function of the oscillator. In other words, we have

‘¢1(t = 0)>m
W2(t = 0)>m

F(2)[¢0)m, (3.18)
0 (3.19)
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with F(z) = 0 for « > 0. At a sufficiently late time T', the photon will leave the cavity with unity
probability, and we expect a(T) = 0 and f(z,T) = 0 for < 0. Mathematically,

|’(/)1(1‘,tZT)>m = FOUt(xvt”qs(xvt»mv

[ho(t =T))m = 0 (3.20)

with Foue(t,2) = 0 for x < 0 and ¢ > T. This is an explicitly entangled state between the out-going
photon and the mirror, if |¢(x,t)), for different values of = are not all proportional to the same
state vector.

At an intermediate time ¢ > 0, suppose a photodetector is placed at z = L > 0 (i.e., for out-going

photons from the cavity), then the probability density for photon arrival time at T is given by

PL(T) = m(¥1(L, T)[Y1(L, T))m- (3.21)

In addition, by detecting a photon at this particular instant, the oscillator is left at a condition

quantum state of |¢(x, T))m.

3.2.4 Evolution of the photon-mirror quantum state

Applying the operations - (z| and - (0|a onto the (joint) Schrédingier equation

ih——L = H|1) (3.22)

dl¢)
dt

we will obtain coupled equations for |t1)y, and |i)e)y,. Throughout this section, we will mostly
encounter states in the oscillator’s Hilbert space, therefore we will ignore the subscript “m” unless

otherwise necessary.

3.2.4.1 Free evolution

For [¢1), by applying - (x| to both sides of Eq. (3.22) we obtain

(00 + 00+ 1 H | 161 (3, 1)) = =7 6(@) [0 (1). (3.23)

Equation (3.23), without the d-function term, simply describes the propagation of the initial photon
towards the cavity, and the free evolution of the oscillator. This is because when the single photon
is outside the cavity, its propagation is free, while the oscillator’s evolution is unaffected by light.
Equation (3.23), is a first-order partial differential equation with characteristics along © — ¢t =
const. We hereby divide the ¢ > 0 region of the ¢-x plane into three regions: (i) < 0, (i) > 0 and

t >z, and (iii) > 0 and ¢t < x, as shown in Fig. 3.3. We can discard region (iii) right away, because



region (iii)

X

Figure 3.3: (Color online.) Three regions of the t-z plane and the free evolutions of |¢1). In region
(i), the photon has not yet entered the cavity; the joint quantum state of the system is a simple
free evolution of the initial quantum state, specified on ¢ = 0, < 0 (green horizontal half line), see
Eq. (3.25). In region (ii), the photon and the oscillator evolve freely after the photon emerges from
the cavity; the joint wave function depends on the wave function along x = 0, ¢ > 0 (green vertical
half line). The red line dividing regions (i) and (ii) corresponds to the d-function in Eq. (3.23),
which embodies the interaction between the outside photon and the in-cavity photon. Region (iii)
is causally irrelevant to our experiment.

it is not causally connected with our experiment. In the interiors of regions (i) and (ii) separately,

Eq. (3.23) has the following general solution,
(1)) = = 3D Ot - @) (3.24)

with |C(v)) an arbitrary state-valued function of v.
In region (i), |C(v)) can be specified by initial data along the half line of t = 0, < 0; by using
Eq. (3.24) twice, at (t,z) and (0,2 — t), we obtain [See Fig. 3.3]:

[Y1(z <0,1)) = F(z = t)Unm(t)|do)- (3.25)

Here U, is the evolution operator for the free oscillator, given by
U (t) = e~ Hmt | (3.26)
In terms of the Fock states |n), we have

Un(t) = Inyei(mt3)emt ), (3.27)

Equation (3.25) corresponds to the photon’s wave packet freely propagating along the positive direc-
tion of the z axis and the mechanical oscillator independently evolving under its own Hamiltonian.

In region (ii), |C'(v)) is specified by boundary data along the half line of = 0+, ¢t > 0, which
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we denote by

[h1(t))o+ = [¢1(0+, 1)) . (3.28)

By using Eq. (3.24) twice, at (¢,2) and (¢ — x,0), we obtain
[1(z > 0,8)) = U (@)1t — 2))o+ (3.29)

Henceforth in the paper, 0+ and 0— stand for  — 04 (x approaches 0 from positive side of the
axis) and x — 0— (x approaches 0 from negative side of the axis) respectively. Equation (3.29)

corresponds to the free evolution of the out-going photon and the mechanical oscillator.

3.2.4.2 Junction condition

The §-function on the right-hand side of Eq. (3.23) relates the out-going photon to the decay of the
in-cavity photon and the reflection of the in-going photon. To take this into account, we simply

integrate both sides from x = 0— to x = 0+, obtaining:

|11 (0+,8)) = [¢1(0—, 1)) — VAleh2(1)) (3.30)

This expresses the out-going wave as a combination of the promptly reflected incoming wave and

the wave coming out from the cavity.

3.2.4.3 Coupled evolution

By applying ~(0|a to both sides of Eq. (3.22) and using Eq. (3.30), we obtain:

Oc+ 5+ (D) = VAl (®)o- - (3.31)

Here as in Eq. (3.30), we have defined |¢)1)o+ = [1)1(0+,¢)). We have also defined

52 2 (5 )2
i, = Dy + mwy, (§ — a) — B%wn, (3.32)
2 2
with
k k
- ES— 3.33
“ mw?n’ g WA 2MwW, ( )

The operator ﬁv can be viewed as the modified Hamiltonian for the mirror when the photon is
present in the cavity. Here a characterizes the shift in equilibrium position of the harmonic oscillator
when the photon is inside the cavity and applies a constant force to the oscillator, while § (as seen

from this equation) modifies the eigenfrequency of the harmonic oscillator. It is easy to work out
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the eigenstates and eigenvalues of IAJW: the eigenstates are
|7) = e'Pv|p) = ﬁ(ﬁ)|n) (3.34)

which are simply displaced from the original Fock states in phase space, due to the change of
equilibrium position, with

i) = <n + % _ 52> |2} (3.35)

which indicates an overall down-shift of eigenfrequency. Here we have further defined the displace-

ment operator

D(B) = exp[B(b" — b)] (3.36)

with b and b' the annihilation and creation operators for the free mechanical oscillator (i.e., before it
couples to light). As we shall see in Sec. 11.5, 5 will become an important characterizing parameter
of our optomechanical device; for example, 5 2 1 is the regime in which the device is nonlinear.

For the photon, Eq. (3.31) means that the in-cavity photon is continuously driven by the in-
coming photon (right-hand side) and decays towards the out-going photon (as indicated by the /2
term in the bracket on the left-hand side). The above discussion, together with the initial data of
[th2) =0 at t = 0 gives

J
2

i) = VA / e L (1 — ) () (3.37)

where

U, (t) = et = 3 |iye i H1/2=5wmt () (3.38)
which is the modified evolution operator of the oscillator when the photon is in the cavity.

3.2.4.4 Full evolution

The full evolution of the entire system’s quantum state can now be obtained by combining Egs. (3.29),
(3.25), (3.30) and (3.37). In order to study the out-going photon, we only need to consider the region
x>0 and t > z (see Fig. 3.3), because it emerges from the cavity at ¢t > 0, and it propagates with

¢ = 1. For this region, we obtain a compact-form solution of

1 (x,t)) = M]go) (3.39)

where |¢g) is the initial quantum state of the oscillator, and

t—x
N = / Gt — )0 ()T (t — 3 — )T (¢)lE
0
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t—x
— / g(t —z, t/)eiﬁ2wm(t7x7t')
0

D(Bem®) D(—peim =7, (t)dt! (3.40)
where
gt ) =Gt -t F(-t) (3.41)
with
G(t) = 0y (t) + ye 2t (3.42)

the cavity’s optical Green function. Here the subscript + for the § function indicates that its support
lies completely in the region ¢ > 0. Within the operator M [Eq. (3.40)], the factor g contains two
terms, the first contains a J-function and the second an exponential decay over time. The first
term corresponds to the photon being promptly reflected by the cavity’s front mirror, while the
second term corresponds to the photon staying inside the cavity, for an amount of time equal to
t—x —t', which ranges from 0 to t —x. As a sanity check, it is straightforward to see that when mass
of the oscillator approaches infinity, UPY coincides with U,,, and M simply describes the photon’s

propagation and the independent evolution of the oscillator.

3.3 Single-photon interferometer: Visibility

In this section, we will use the results of the previous section to analyze the single-photon interfer-

ometer.

3.3.1 The configuration

We consider a scheme proposed and analyzed by Marshall et al. [7], which is shown in Fig. 3.1.
This Michelson interferometer (with 50/50 beamsplitter) has two arms: in the north arm, the end
mirror in cavity A is movable, and initially prepared at a quantum state |@g), whereas mirrors
in cavity B, or east arm, are fixed. We assume the photon is injected from the west port, while
a fixed photodetector is placed at the south port. Apart from mirror A being movable, the two
cavities are otherwise identical: with the same input-mirror power transmissivity 7', length L (for
cavity A, counted from the zero-point of A’s displacement). The front mirrors are placed at equal
macroscopic distance from the beamsplitter, while there is a phase detuning of ¢ in arm B for wq .
In our convention, if mirror A is at zero point and ¢ = 0, the photon will always return to the
west port. Henceforth in the paper, we shall refer to the west port as the input port, and the south

port the output port — although we may not always find the photon at the output port. Indeed,

1To give rise to a detuning, we assume that all optical frequencies we consider are centered around wp, and we
offset the location of cavity B from symmetry by a length [ such that wol = ¢/2.
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whether and when the photon arrives at the photodetector is jointly determined by ¢ and the state
of motion of mirror A.

In particular, we shall use p(t) to denote the probability density for the photon to arrive at the
detector at t (which can be measured by repeating the experiment many times). If we idealize the
arrival time of the in-going photon (at the front mirror) to be ¢ = 0, and ignore the macroscopic
distance between the front mirrors, the beamsplitter, and the photodetector, then we are interested

in p(t) at t > 0. We further define an instantaneous fringe visibility

U(t) — pmax(t) _pmin(t) 7 (343)

Pmax (t) + Pmin (t)

which measures the degree of coherence between the two components of returning photons at the
beamsplitter, and can only become unity if at time ¢ the joint mirror-photon quantum state is

separable, as we shall see more clearly in Sec. 3.3.4.

3.3.2 The role of the beamsplitter and a decomposition of field degrees

of freedom

In Sec. 3.2.3, we have studied in detail how the photon first affects the £ < 0 components of the
optical field out-side of a cavity, then interacts with the mirror, and finally returns back to the
x > 0 components of the optical field. The scenario for a Michelson interferometer is slightly more
complicated: we now need to consider a set of input fields that replaces the x < 0 single field in the
single-cavity case, and a set of output fields which replaces the > 0 single field.

As shown in Fig. 3.4, the annihilation operators of the input field for the two cavities are (j',,
k_,a_, lA),), while those of the output fields for the cavities are (j4, lAch, a4, I;+) Each of these
fields are defined as a function of —oco < < 400, with = 0 corresponding to the position of
the beamsplitter, and positive direction along the arrow shown in Fig. 3.4. Ultimately, we need to
calculate the fields of 7, and ]%+ in terms of j_ and k_.

Note that by allowing x to run through the entire real axis, we have assigned two input fields and
two output fields to each point along the optical path (note here that “input” and “output” refer
to the cavities, not the beamsplitter). This redundancy is necessary for a simplified treatment of the
beamsplitter: instead of treating its internal dynamics, we simply view it as a mapping between the
two different representations of the input and output fields. One representation (j’i, l;’i) corresponds
to the point of view of observers at the west and south ports, pretending that the beamsplitter does
not exist; the other (G, l;i) corresponds to the point of view of observers at the east and north
ports.

The conversion between the two representations takes the same form as the “input-output rela-
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Figure 3.4: We illustrate the fields entering and exiting each of the four ports of the interferometer.
We use arrows to define the positive sense of the coordinate used to label their locations. For each
of them = = 0 corresponds to the location of the beamsplitter.

tion” of the beamsplitter:

. J+ (@) — ke (z) . jx (@) + ki () .

by (z) = 5 ay(x) = 7 (3.44)

As an example, consider a quantum state in which an (instantaneous) photon is injected from the

input port, which, according to the mapping in Eq. (5.1), has two equivalent representations:

al (o) + bT (o)

5t _
j—(xO)‘0> - \/i

0. (3.45)

As time goes on, the quantum state evolves as g — xo + t. At any instant, the left-hand side
represents a single photon propagating from west to east, and continuing through the location of
the beamsplitter. The right-hand side represents a photon that has a two-component wave function,
the first component propagates northwards, the second eastwards.

Although the two representations are equivalent, we still prefer to use the south-west representa-
tion when treating the generation and detection of photons, and the north-east representation when

treating the light’s interaction with the cavities.

3.3.3 Interactions between light and cavities

For each individual cavity, we intend to apply the result of Sec. 3.2.1. We note that a_(z) (for

z < 0) and ay (z) (for £ > 0) defined in this section maps to the é(z) (for z < 0) and d(x) (for
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x > 0) respectively, as defined in Sec. 3.2.1 and illustrated in Fig. 3.2. For this reason, we define

a(z) = (3.46)

and

b(x) = (3.47)

In this way, a(z) and b(z) here both map to ¢(z) defined in Sec. 3.2.1. [The a and b here are not
to be confused with operators of the optical mode and the mechanical oscillator — we shall always

explicitly include the argument (x) for these continuum operators.] We further define
jlx) = (3.48)

and
k(z) = (3.49)
Furthermore, for fields a, b, j and k, the transformation relations Ea. (5.1) also apply.
Now suppose at t = 0, we have a photon coming from the input (west) port with arbitrary wave

function F(z) [like in Eq. (3.17), here F(z) = 0 for > 0]. The initial quantum state of the entire

optomechanical system is

0
() = / dz F(2)7 (2)]0), ® o) . (3.50)

Since we would like to investigate this state’s evolution when the photon reaches the cavity, we

covert into the north-east representation:

[¥(0)) = % [1$4(0)) + 45(0))] - (3.51)

Here we have defined

0
[¥a(0)) = / dz F(z)al (2)|0)y ® [¢0) 4, (3.52)
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0
[¥5(0)) = / dz F(2)b! (2)|0), ® |¢o) 4, (3.53)

— 00

in which we have already taken Eqs. (10.32) and (3.47) into account.

Here [14(0)) corresponds to the case in which the photon enters cavity A with the movable
mirror, and |¢5(0)) the case in which the photon enters cavity B with the fixed mirror. As time
goes on, these two states evolve individually, and Eq. (3.51) remains true for ¢t > 0. For the cavity

A component |1)) 4, we have [cf. Eq.(3.39)]

t—x
|wA(t)> _ / dt/g(t _ x’t/)eiﬁ2wm(t—m—t')D(ﬂe—iwmm)
0

D(—pe™ " =D)af (z)|d(1)), (3.54)
where we have defined
D)) = Un(£)0)4|¢b0) 4 » (3.55)
while for ), we set 3 — 0 and obtain
) t—x .
wa(t) = [ atglt - a0 @) 0(0). (3.56)
0

3.3.4 The final state

In order to describe the quantum state seen by the photodetector, we map a and b into j and k, only
keeping the k component. We further project onto the single-photon basis of ., (0|k(x), assuming

x = 04, obtaining

9O = 5 (90 + 150 (357

with
A = / dt'g(t, )0t — )60 (t), (3.58)
) / dt'g(t, 1) go(t)), (3.59)

0

with
|60(£)) = Un (t)|0) (3.60)

and

O(t) = e “mt D(B)D(—Bemt), (3.61)
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in particular O(0) = 1. In this way, we are using the same notation as Eq. (3.39), and we can use

Sec. 3.2.3 for obtaining the photo-detection probability density at each time ¢ > 0, which is given by

pity = Wl + )l 2R paltsh) 562

which, when adjusting values of ¢, leads to an instantaneous visibility of [Cf. (3.43)]:

2|m<7/’A|¢B>m|

O = Tl + 15)mlE

(3.63)

It relies on how different 14 is from g, which indicates how much the movable mirror in cavity
A is capable of “learning” about the existence of the photon in cavity A. At any instant, if ¥4
is proportional to 1 (differ by a phase), the state of the movable mirror does not change, and
therefore we have a perfect visibility. By contrast, if the photon is able to transform the movable
mirror into a state substantially different from its freely evolving state, e.g., the orthogonal state in
the extreme case, then we will have a significantly reduced visibility.

Similar to Eq. (3.39), here ¢4 and ¢ each has a promptly reflected part [which arises from the
d-function part of g(¢,t¢')], and a part in which the photon enters the cavity [which arises from the

exponential decay part of g(¢,t')]. It is the second part that contributes to the reduction of visibility.

3.3.5 Examples

We consider an experimental situation with the central frequency of the injecting photon tuned to

the resonant frequency of the cavity, with a wave function of
F(z) = V2rel®o(—z). (3.64)

Here I" measures the frequency-domain width of the photon. We further assume that the mechanical
oscillator’s eigenfrequency (when uncoupled with light) is equal to the cavity bandwidth, or w,, = 7.
As in Ref. [7], we assume that the mechanical oscillator, i.e., the mirror, is initially prepared at its

ground state:

|$o) = [0) 4. (3.65)

With these specializations, we have

At = C) 10} +1M(0)], (3.66)
WA = C(0) [0>+7 / dt'f<t—t'>|o>] (3.67)
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Figure 3.5: (Color online.) (left) Probability density and (right) fringe visibility for the photon to
come out with different 3 (top-to-bottom: first row, 8 = 0.5; second row, 8 = 1.2; third row, § = 2).
For each (3, three different values of I" are considered for comparison: I' = 0.2 (red dotted), 1(blue
dashed), 2(black solid). All the calculations assume v = 1,w,, = 1. For probability density plots,
the upper line of the same color is the maximum value of the probability density, the lower one is
the minimum value.
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with
O(t) = VoTe THwm/2t - () = T=7/2 (3.68)

, and

t
|M(t)> = / dt' f(t _ t/)elﬂz [wm(t—t/)—sinwm(t—t')]
0

x|p— ﬁeiwm<t’—t>> . (3.69)

By comparing with Sec. 3.3.4, we first find that visibility depends on the similarity between |M (¢))
and its counterpart in Eq. (3.67): when they are similar to each other (e.g., when 8 $ 1) or when
they do not contribute significantly to |t 4 g (t))m, the visibility will tend to be high. By contrast,
in order to achieve a complete incoherence, we need |M(t)) to contribute significantly, and nearly
orthogonal to |0) — and this requires 3 2 1. The arrival probability density (3.62) and contrast

defect (3.63) can be computed if we use
~ 2
(018) = (ID(B)[0) = e~ /2. (3.70)

In Fig. 3.5, we plot the maximum and minimum of the probability density in the left panels, and
visibility in the right panels, both as functions of time. We have chosen = 0.5 for upper panels,
B = 1.2 for middle panels and g = 2 for lower panels. In each panel, we have also shown curves
with I' = 0.2 (red dotted), I' = 1 (blue dashed) and I" = 2 (solid black). As /3 increases (as we move
from upper to lower panels), the photon’s ponderomotive effect on the movable mirror increases,
therefore the visibility is able to vary more. This means 3 Z 1 is necessary (but not sufficient, see
below) for visibility to substantially decay and then revive — a feature Ref. [7] has used to search
for decoherence effects.

On the other hand, another condition for visibility to first decrease and then revive, and repeat
on, seems to be I' 2 1, as also indicated by each of the right panels of Fig. 3.5. In addition, as T" > 1,
our result becomes comparable to Ref. [7]. Qualitatively, this is because for T" > 1, if a photon does
arrive at a time around ~ 1, we can be sure the photon has interacted with the mirror — and we
can roughly treat the photon as already within the cavity at ¢ = 0.

Mathematically, for ¢ > 1/T", the conditional quantum state of the mirror given photon detection

at time ¢ could be approximately written as :

_ Y —(yHiwm)t/2
m = ——=€
) vV2a

{ew|0> + eiﬁzwmtﬁ(ﬂ) ‘,ﬁe*iwmtﬂ (3.71)

_ i o~ (vHiwm)t/2
v2a
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[ew|0> 1 ¢iB (@mt—sinwnt) ‘ﬂ _ 6e—iwmt>:| ) (3.72)

This is consistent with results of Ref. [7].

However, in order for a > 1 and to observe a revival of visibility, we have to wait till ¢ > 2.
The probability for detecting the photon at such late times is exponentially small — as indicated
by the left panels of Fig. 3.5. This means we may have to make a trade off between having a very
sharp revival of visibility and being robust against loss and able to cumulate enough statistics within

reasonable amount of time.

3.4 Conditional quantum-state preparation

In this section, we show how to engineer an arbitrary quantum state of the mechanical oscillator by
injecting a single photon with specifically designed wave function and by post selecting the arrival
time of the output photon. Note that unlike Refs. [10, 11], our state preparation procedure is
conditional. This guarantees a pure quantum state for the mechanical oscillator, but requires a low

decoherence rate and a high detection quantum efficiency for the out-going photon.

3.4.1 The configuration

The scheme is shown in Fig. 3.6. It is very similar to the single-photon interferometer discussed in
the previous section, except that in the east arm we replace the cavity B with a perfectly reflected
mirror B. In this case, most of the previous analyses are still valid: Eq. (3.57) to Eq. (3.59). The
only difference is that the g(¢,t') function in Eq. (3.59) needs to be replaced by 6(t — '), as we have

a perfectly reflecting mirror instead of a cavity here, namely,

1B (t))m = |o(t)). (3.73)

To proceed, we further adjust the detuning phase ¢ in Eq. (3.57) such that at the dark port,
the promptly reflected wave from the front mirror of cavity A exactly cancels the promptly reflected
wave from the mirror B. In this case, having a photon emerging from our detection port (Fig. 3.6)
automatically indicates that the photon has entered the cavity and interacted with the mirror, and

Eq. (3.57) or the conditional quantum state of the mechanical oscillator (unnormalized) is given by:

9O = 5 | A a0 =)o (®)) (374

with
gp(tt') = 4 12 p(—t)), (3.75)
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Figure 3.6: (Color online.) The sample device which uses a single photon to prepare a mechanical
oscillator quantum state. Here the the detuning phase for the mirror on the east arm is adjusted
such that the promptly reflected photon will come out from west port, with 0 probability coming
out from south port.

As gp(t,t') is related to the input photon wave function F(x), by modifying input photon wave
function, we can therefore engineer the conditioning mechanical oscillator quantum state |1(t))n,.
Even if there is a finite probability that the photon will come out through the west arm or the bright
port, once we detect a photon at time ¢ at the dark port, we know that it must come from arm A

and it also has stayed in the cavity A for a certain amount of time.

3.4.2 Preparation of a single displaced-Fock state

First of all, we notice that when different in-coming photon wave function F’s are used, if we keep
conditioning over the same photon arrival time ¢, the conditional quantum states we obtain for the
mechanical oscillator will depend linearly on F. In other words, if F} allows us to prepare |¢1),
and Fy allows us to prepare |¢9), then injecting a new photon with a superimposed wavefunction
F = a1 Fy + asF» will allow us to prepare aq|¢1) + as|ps).

This means we only need to show how members of a complete basis can be prepared, and we

choose this to be

[W(t)m = |7) = D(B)|n), n=0,1,2.... (3.76)

These displaced Fock states are simply Fock states of the oscillator when the photon is inside the
cavity, see Eq. (3.34).

Let us assume that the mechanical oscillator is initially prepared at its ground state. Before
studying preparation of an arbitrary conditional quantum state for the mechanical oscillator, we
first show that we can prepare a conditional state with an arbitrary quantum number n, by injecting

a photon with the following wave function:

F(fE) — ﬁe(7/2_i62wm+inwm)$C—-)(_x). (377)
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Figure 3.7: A sketch of the phase-space trajectory of the mechanical oscillator. The Wigner function
of the initial state |0) is represented by the shaded disk, the dot marked with 5 on the real axis is the
new equilibrium position of the oscillator when the photon is in the cavity, while the dashed circle
is the trajectory of the oscillator’s Wigner function when the photon is inside the cavity. Detection
of the out-going photon at ¢t = 2nw/w,, corresponds to superimposing all mechanical-oscillator
quantum states along the dashed trajectory, weighted by the photon’s wave function.

As we plug Eq.(3.77) into Eq.(3.74) we obtain the conditional quantum state of

D(B)~3/2e~3t+i8°r
2wy,

W(t»m =

/ dr'e=inT'|  3eitr' =) (3.78)
0

with 7 = wt. This is a coherent superposition of coherent states, which in the complex amplitude
domain all line up in a circle with radius 8 around the center located at complex amplitude equal
to §; these states are parametrized mathematically by ﬁ(ﬁ)| — e’®). These states are superposed
with the same magnitude, but different phases, due to the decay rate of v/2 in the F' chosen by
Eq. (3.77). Obtaining such a state is understandable, as given the photon detection at ¢, the actually
time ¢’ for the photon staying inside the cavity is uncertain, and we have to sum up all the possible
contributions from 0 to ¢. This situation is illustrated in Fig. 3.7.

One important feature in the above expression is that the integrand is a periodic function. We
denote

T=wnt =27N + Ag, (3.79)

where NV is some integer and A¢ is the residual phase ranging from 0 to 27. In this way, the integral

2 A¢
—ing| _ ip
[N/O +/0 ]d(be | — pe*?). (3.80)

In the limit of N > 1, when the photon arrives at the photodetector with a delay large compared

in Eq. (3.78) then becomes

to the oscillator’s oscillation period, the first term in Eq. (3.80) always dominates. This means we

obtain the same conditional state if we restrict 7 around an integer multiple of 27, or make sure
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Figure 3.8: Probability for obtaining displaced Fock states |1) (red solid), |2) (blue dashed), |5)
(magenta dotted) and |10) (black dash-dotted), a range of 8 and minimum state overlap of 1 — e.
Vertical gridlines are draw for 8 = 1,v/2,v/5 and /10; these are the locations where maxima of
Py 5 5,10 are reached.

it is large enough. This leads to the interesting effect that in the asymptotic limit of 7 — 400,
the conditional state will be independent of 7. In practice, however, although the integral (3.80)
increases with N, the exponential decay factor in Eq. (3.78) always favors simply choosing N = 1.
It is straightforward to evaluate this conditional state; using

2m

. id s 1
dge=mPe a0y = = (af)"|0) (3.81)
0 n.

we have

[
N

— 2nfn)(n| - ), (3.82)

which means
7.‘_,}/3/26*% 6271'1'62 (_ﬁ)ne—
Wm vn!

This is indeed proportional to |7i), as promised. Here we have used

|w>m =

7). (3.83)

(=p)"e /2

(3.84)

Since the probability for the returning photon to arrive at precisely 27 /wy, is zero, we must allow
an interval around this target, which on the one hand provides us with a non-zero probability, but

on the other hand makes the conditional state imprecise. If we require the actual conditional state
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to have a high overlap with the target state (or high fidelity)

mO g (3.85)

Vi (@l)m

then, by perturbing the integration upper bound of Eq. (3.82), we obtain the following requirement

on the allowed photon arrival time

|7 — 27| < AT = \/87726M (3.86)
- 1—(=p[n)?’

which, for each trial of the experiment, would happen with a probability of

2 2AT
|m<¢|w>m T

m

3 3
ovRe (T -z 1AM 3.87
(Wm) V1 =[(=pn)|? (3:87)

And this would be the probability with which we can create a conditional state with an overlap of

P

at least 1 — € with the target.
From Eq. (3.87), we further notice that we should fix

7/w7n = 3/(277) (388)

in order to obtain a maximized success probability of

2 lpmP
18 TP

For each n, the maximum of P, is reached at 8 = /n. In Fig. 3.9, we plot P, for a range of 3, for

P, = (3.89)

e = 0.1, or a state overlap of > 90%. We can see that the probability of producing |n) decreases
rather quickly as n increases.

This dependence (3.89) on 8 comes from two sources, which we can understand better by going
to the phase-space reference frame centered at the equilibrium position of the oscillator when the
photon is inside the cavity. In this reference frame, the complex amplitude of the coherent states
being superimposed are located on a circle with distance 3 away from the center, while the target
we would like to prepare is simply the Fock state |n). Although the photon’s wave function selects
out an oscillator state proportional to |n), this post-selection does not improve the intrinsic overlap

between all those that participate the superposition, which is actually proportional to

(=B’ [n)* = [(=Bln)|*. (3.90)
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This explains the dependence of 1, (¥)|1)), on beta. The other factor of dependence on 3 is that when
the target state has a very low overlap with the individual members |3e?) of the superposition, the

requirement for accuracy of photon arrival time, or A7, increases, as shown in Eq. (3.86).

3.4.3 Preparation of an arbitrary state

Since the displaced number states form a complete basis we can expand any target state as

|wtg ZCMTL Z |Cn|2 (391)

Since a linear combination of F’s leads to a linear combination of conditional states, we simply need

to apply the result of the last subsection and have

(v/2ifwm)z $o°
Fa) = Y 3 Eeineme, (3.92)

g n=0
with
2 Dy v B
A iR |
o =y VA e o

This is an additional periodic modulation (with period 27 /wy,) of the photon’s wave function. We
caution that in order for the summation in Eq. (3.92) to converge, if ¢, does not go to zero for all
n > N, then it must decay very fast when n — +o0, due to the presence of the v/n! factor (which
grows faster than ™).

As in the previous subsection, we obtain the conditional state at 7 = w,,t = 27, 4m, ..., as well

as any 7 that is substantially large. Again, let us consider 7 = 27; this gives the conditional state of

7.‘.,}/3/ wm 6271'1[3

|w>m =

[ttg) - (3.95)

wmZ

We can use the same approach as the previous subsection to evaluate the probability with which

this conditional state is achieved with a high overlap. For a minimum overlap of 1 — €, we require

8me

[0 | VI B

27 — 7| < AT = (3.96)

Note that this A7 diverges if Z = 0, because in this case the overlap does not vary at

mOm

O|(7 — 2m)?] order. Assuming the target state to be generic, then the probability for obtaining this
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Figure 3.9: Minimum success probability for states in Hilbert spaces Hi 2. .7 (solid curves with
markers), together with success probability for producing single displaced Fock states, Fo1,2,..7

(dashed curves without markers). Fidelity is fixed at 10%. Note that Py would become greater than
1 at low values of 8 — but in this case our approximation in obtaining A7 breaks down.

2} —1/2

state is

::)<_6|n>25n

3 2my
(22) % [1_‘
Wm,

‘ +<>o ~ ’2: CJCk
(J—k)wm kwm
7,k=0 L+

Py = 2V8¢ (3.97)

Here the choice of v/w,, depends on the target quantum state, but if we assume this dependence is

weaker than the pre-factor, and continue to use Eq. (3.88), then we obtain

97 —1/2
6[1\ s

GG
‘Z Cm‘ Z 271"L(j k)

jk‘O

(3.98)

As it turns out, P}y depends on the detail of |¢)) — even if we only try to create a combination of
|0) and |1), the combination coefficients would lead to very different success probabilities. In order to
provide a concrete measure of the ability of our state-preparation scheme, we have chosen to compute
the minimum success probabilities of creating all the states in the mechanical oscillator’s Hilbert
subspaces spanned by the lowest displaced Fock states, e.g., H; = Sp{|0), |1)}, Ha = Sp{[0), |1), |2)},
etc. We define

J
Py = P H; = :ap€Cp . 3.99
M, = min Py, M {gam @ } (3.99)
In Fig. 3.9, we plot Py,, Pp,, ..., Py, as functions of § (in solid purple curves). Because

HiCHy C---

therefore Py, > Py, >

C Hr, it is increasingly difficult to create all states in H; with higher values of j, and
.. Py, namely our success probability decreases globally when j increases.
In fact, as we overlay the single-Fock-state success probabilities Py, Py, ..., P5, we also discover
that for any Py, (83), it asymptotes to Py at higher 3, and to P; at lower (3; moreover, the transition

between these two asymptotic regions are brief, and the Py, (3) curves do not lie much below the
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minimum of Py and P;.

This asymptotic behavior can be understood from the behavior of P,,, the success probability for
single (displaced) Fock states. For smaller (3, it is much more difficult to prepare a higher Fock state,
therefore, if 3 is sufficiently small, the difficulty of preparing H; is dominated by the preparation
of |§>7 the single most difficult state in the space to prepare — and therefore Py, agrees with P;.
Vice versa, for sufficiently large (3, the difficulty of preparing H; lies in the preparation of (~)>, and
therefore Py, would agree with Py. The fast transition between the two extremes indicates that
when trying to prepare states in ;, the difficulty either lies in |0), or in |5), and only for a small
region of 3 the two difficulties might compete with each other — while none of the intermediate
states contribute to the difficulty of state preparation. This is consistent with the relative locations
of the P, curves in Fig. 3.9: (i) for any 3, Py . ;—1 are always much greater than the minimum
of Py and P;, and (ii) as we move away from the 3 at which Py and P; cross each other, their
discrepancy increases quickly.

As a matter of practicality, we see that if we choose 5 & 0.87, the probability of achieving, with
an overlap (or fidelity) above 90%, any superposition of |0) and |1) (i.e., any member of the subspace
H1) is guaranteed to be above 6.3%. On the other end, with a probability of at least 0.1%, we can

produce all states in the 8-dimensional subspace of H.

3.5 Practical considerations

In order to realize such a state-preparation scheme, we need to fulfill the following three requirements.
The first requirement is that the series in Eq. (3.92) be converging. This can be satisfied if 5 > 1.
To see what this means, we restore all the physical units:

8=

o) _ heo] [T me]l | (3.100)

hmw,y, /2 c MWy,
It characterizes the momentum kick of photon fiwg/c to the oscillator during one oscillation period
compared to the ground state momentum uncertainty y/Amw,,/2. The momentum kick from the

photon needs to be big enough to substantially change the mirror state. The second requirement is

that the cavity bandwidth be smaller than the mechanical frequency
Y < Wi (3.101)

This is because we need to wait at least several oscillation periods to approach the asymptotic state,
and the photon should have sufficient duration such that we have a finite probability of detecting a

photon at t > w,!.
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Combining the above two conditions, we obtain the following relation

A_ R
f

3.102
2mwp, ( )

where X is the optical wavelength of the photon, F is the cavity finesse. This means the cavity
linear dynamical range must be less than the zero point uncertainty to realize the optomechanical
nonlinearity. An alternative scheme has been proposed to make it more achievable experimentally
[16].

The third requirement is that the thermal decoherence effect be small within one mechanical

oscillation period, namely [cf. also Eq. (5) in Ref. [7]]:

kTg

Q> 3= (3.103)

where (@) is the mechanical quality factor of the oscillator and T is the environmental temperature.
These three requirements can be achieved experimentally, e.g., the current setups shown in Refs. [3, 4]
and the one proposed in Ref. [6].

Finally, we require the the capability of generating a single photon with an arbitrary wave
function with duration comparable to the mechanical oscillation frequency of the photon. This is

possible with cavity QED systems, as has been discussed by Ref. [17-19].

3.6 Conclusions

We have presented an exact solution to the open quantum dynamics of an single-photon interferom-
eter with a movable mirror. Since the photon number is preserved, we have been able to write the
total wave function of the photon as three components: incoming photon, inside-cavity photon and
out-going photon. We analyzed the details of how the photon exchanges between the cavity mode
and the external continuous field.

We studied the fringe visibility of the interferometer in a specific case by injecting a single photon
with exponentially decaying profile and with the movable mirror initially prepared at the ground
state. This scheme has been proposed by Ref. [7] to explore decoherence of a macroscopic oscillator,
although in that proposal the photon has been assumed to start off from inside the cavity. In the
limit when the photon pulse is short (or a > ), we did recover the result of Ref. [7], although our
result deviates significantly when a becomes comparable to v. We believe this is experimentally
relevant, because in the case a > ~, the probability of the photon exiting from the detection port is
very small, and therefore the experiment may suffer significantly from imperfections.

We have also studied the use of such nonlinear optomechanical interactions to prepare the me-

chanical oscillator into an arbitrary quantum state — similar to the proposal of Ref. [12], although



120

not having the requirement that the photon starts off from within the cavity. To realize this, we
require that: (i) the optomechanical cavity must be working in the nonlinearity regime [i.e., the
cavity’s spatial line width must be less than the oscillator’s zero-point position fluctuation, see
discussions above Eq. (3.102)], (ii) the cavity’s frequency width must be less than the mechanical
oscillator’s angular frequency, (iii) the thermal decoherence time must be less than several times the
mirror’s period of oscillation, and (iv) we must be able to engineer the single-photon wave function
arbitrarily, at a time scale comparable to the mirror’s oscillation period and with coherence time
longer than the cavity storage time. Although we have shown mathematically that all quantum
states whose expansion coefficients in the displaced Fock states |n) drop sufficiently fast as n — +o0
can be prepared by modulating the wave function of the incoming photon and conditioning over
the arrival time of the returning photon, in practice we will be confined to the superposition of a

handful of nearby displaced Fock states.
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Chapter 4

Towards understanding
non-Markovian quantum
measurement

In quantum measurement or control processes, there are often auxiliary modes coupling
to the quantum system that we are interested in—they together form a bath or an envi-
ronment for the system. The bath can have finite memory (non-Markovian), and simply
ignoring its dynamics, i.e., adiabatically eliminating it, will prevent us from predicting the
true quantum behavior of the system. We generalize the technique introduced by Strunz
et. al. [Phys. Rev. Lett 82, 1801 (1999)], and develop a formalism that allows us to elim-
inate the bath non-adiabatically in continuous quantum measurements, and obtain a non-
Markovian stochastic master equation for the system which we focus on. This formalism
also illuminates how to design the bath—acting as a quantum filter—to effectively probe

interesting system observables, e.g., the Quantum-Nondemolition (QND) observable.

Based on paper by H. Yang, H. Miao and Y. Chen, Phys. Rev. A 85, 040101 (R) (2013)
and an unpublished note by the same set of authors. Copyright 2013 by the American
Physical Society.

4.1 Introduction

Non-Markovianity naturally arises in many interesting quantum systems, e.g., cavity QED. In the
theoretical side of the study, the common approach is to investigate the decoherence of the quantum
system by using either the non-Markovian stochastic Schrodinger equation (also called the state
diffusion equation) or equivalently the master equation [1-3]. The underlying assumption usually
made is that no information concerning the environment (i.e., the bath) is collected; however, in

most experimental setups, the measurement device is an indispensable part, especially when we want
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to have good control over the dynamics of the system by implementing feedback control [4]. There
are some ambiguities concerning how to correctly quantify the system dynamics under a continuous
measurement when there is non-Markorvianity involved. Recent interesting discussions among Didsi
and Wiseman et. al. [5, 6] highlight this issue. Didsi tried to give a quantum trajectory interpretation
of the non-Markovian stochastic Schrodinger equation (SSE), i.e., claiming that it describes a pure
state evolution under a continuous measurement of the system operator. It is now clear to us that
this is not case, as shown explicitly by Wiseman et. al. and later by Didsi.

In this note, instead of trying to find the measurement correspondence of non-Markovian SSE,
we start with a physical model for the continuous quantum measurement, and study two important
scenarios in which non-Markovianity can arise: the first one is an indirect measurement of the system
via a measurement of its bath which has finite memory; the second one is a direct measurement
of the system, but where the measurement device initially has non-trivial quantum correlation.
By clarifying the issues in these two scenarios, we try to develop a better understanding of non-
Markovian quantum measurement in more general cases.

The outline of this note goes as follows: in section 11.2, we will build a physical model for
a continuous measurement process, and point out the above scenarios in which non-Markovianity
can arise; in section 11.3, we first use our model to reconsider a direct Markovian measurement of
cavity mode, and recover the result in the literature; in section 11.4, we consider the first scenario
of indirect measurement and derive the stochastic master equation, instead of pure-state SSE which
generally does not exist for a non-Markovian measurement, as pointed out by Wiseman [6]. We
solve two interesting examples in cavity QED and optomechanical systems exactly, and also present
a perturbation method for more general systems when the coupling is weak; in section 11.5, we
consider the second scenario of correlated measurement and derive the Wigner function by using a
path-integral approach developed in Ref.[7]; in section 11.6, we will briefly mention more general

scenarios of non-Markovian quantum measurement, and finnally conclude in section 4.7.

4.2 Quantum-classical interface: the measurement device

bath

classical
domain

Figure 4.1: A schematic showing a general class of quantum measurement process. The probe and
the detector together forms a measurement device that serves as a quantum-to-classical interface.
The output of the quantum probe Z(t) becomes a c-number Z(t) after the detection.
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In this section, we will build a physical model for continuous measurement and derive the essential
elements for an appropriate mathematical description. A general quantum measurement process is
shown schematically in Fig.4.1. The system is interacting with its bath which can have finite or
infinite degrees of freedom (field). The bath degrees of freedom are partially or entirely coupled
to a quantum probe. In order to be an adequate quantum probe, its output needs to be precisely
measured by the detector (i.e., a von Neumann projective measurement), and there is no further
quantum back action of the detector on the probe '. For this to be true, the probe output Z(t) has

to commute at different times in the Heisenberg picture [9, 10], namely
[2(1), Z(t')] = 0. (4.1)

A continuous projective measurement of it by the detector gives a classical c-number data string
Z(t), which is then processed in the classical domain. This condition puts a rather tight constraint
on the property of the probe. As shown in Ref.[9] and briefly discussed in appendix 6.4, in a
continuous linear quantum measurement, the probe that links the quantum and classical domains
needs to be a continuous field with different degrees of freedom at different times. Measurement
performed on the probe by the detector at one moment will therefore not have any dynamical back
action on the measurement results at later moments. Its output gives rise to a well-defined measurable
trajectory that has a classical reality. To make it more concrete, in the later discussions, we will use
a continuous optical field as a model for the probe field, of which the canonical quantities are the
amplitude quadrature 6; = (6 + 6)/v/2 and the phase quadrature 6o = (6 — 6')/(iv/2) with 6 being

the annihilation operator, which satisfies 2:
[01(t), 01()] = [02(t), 62(t')] = 0, [01(t), 02(t)] = i 6(t —t'). (4.2)

Those different degrees of freedom, even though they are dynamical independent, can be statistically
correlated. There are two cases: (i) the input probe field (before interacting with the bath and
system) are uncorrelated; (ii) the input probe field are either classical or quantum mechanically
correlated (quantum entanglement). Give such a model for the measurement device, there are three
scenarios in which the effective dynamics of the system can be non-Markovian (after tracing out the

bath and probe field):

1. The input probe field is uncorrelated, but the bath has a finite memory, i.e, non-Markovian

dynamics.

1If it were not the case, we have to insert another additional probe in between the original probe and the detector
such that this becomes true, and enlarge the original system. This serves as the Heisenberg cut [8], which is essential
in order to have an unambiguous interpretation of the measurement result.

2We have neglected the spatial dependence of the field, as we use the interaction picture of the free Hamiltonian
for the field, and compare the field at the same location but at different times. The propagation of the field is encoded
in the time delay.
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2. The input probe field is correlated, but the bath has no memory 3.

3. The input probe field is correlated and the system-bath dynamics is non-Markovian.

We will consider the first two scenarios by using physical models for the system and bath, and briefly

discuss the last scenario.

4.3 Markovian measurement of a cavity mode

cavity ‘\ detector

N Laser

Q
detector input probe field

Figure 4.2: Schematics showing a Markovian measurement of a cavity mode with setup (left) and
model (right).

Before considering non-Markovian measurement, we first study Markovian measurement of a
cavity mode. From this example, not only can we recover the previous result in the literature, but is
also an important step in studying the non-Markovian case in later sections, when the cavity mode
acts as a intermediate bath that couples to the system. The Hamiltonian for such a measurement

process in the rotating wave approximation is given by
H = hweata+ hyAlaot (t)e™ot 4+ al o(t)ew0t). (4.3)

Here a is the annihilation operator for the cavity mode (system) and [, af] = 1; w, is the resonant
frequency of the cavity mode; 6(t) is the annihilation operator for the external continuous optical
field (probe field) in the interaction picture; wy is the laser frequency. In the rotating frame of the

laser frequency wy (i.e., in the interaction picture of hwga’a), it can be rewritten as
H=nAata + hyAlast(t) +alot)], (4.4)

where detune frequency A = w, — wy describes the offset between the laser and cavity resonant
frequency.

We assume that the amplitude quadrature 6; of the optical field is measured by using a homodyne
detection, and y(t) is the measurement result. The evolution of the joint density matrix from ¢ to
t + dt is given by

p(t+dt) = PUH(UTP/Ply(t)). (4.5)
3In this case, the bath degrees of freedom can be adiabatically eliminated; the system can be viewed as direct

coupling to the probe field. One particular example of this scenario was considered by Didsi [5], which assumes a
Gaussian correlated input probe field.
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Here the projection operator P = |y(t))(y(t)| with |[y(¢)) is the eigenstate of 6;; the evolution operator
U = e~iHdt/h; Ply(¢)] is the probability for measurement result. By tracing out the probe field, we

obtain the reduced density matrix for the cavity mode conditional on the measurement result:
palt +dt) = Trg[p(t + dt)] = T, {8loy — y()UANUT} /Ply(t)) (4.6)

where we have used the fact that Tr[PpP] = Tr[Pp] = Tr {6[61 — y(t)]p}. Before the interaction, we
assume that the probe field and the cavity mode are separable, i.e., p(t) = pu(t) ® po(t), and the
input probe field is in vacuum state p,(t) = [0)(0] . Up to the first order of dt, we have

palttd) = / de e~ EvOTy, { i€o1(1) { S(t) — LA, podt — #[ﬁmt, [HLine. ﬁ(t)]]dtQH +o[dr),
(4.7
where we introduce an auxiliary parameter ¢ to rewrite the delta function; Hi, = hy/v[a ot (t) +
a' 6(t)] and it is kept up to the second order in dt, because (676) ~ dt~! and [6(t), 6 ()] = 6(t —t').
After some lengthy but straightforward calculations, as shown in the Appendix 6.B, we obtain the

stochastic master equation (SME):

dpa(t) = —i[Aata, pa(t)]di—y[a"apa(t)+pa(t)a a—2apa (t)a"]dt—in/2y[apa(t)—pa(t)al —(a—a')pa(t)]AW,

(4.8)
where (@) = Tr,[po(t)a] and dW is the Wiener increment and dW? = dt. The measurement result
y(t) satisfies

y(t)dt = —iy/A(a — al)dt + dW/v2. (4.9)

This simply recovers the result obtained by Wiseman and Milburn [34] but from a different approach.
If we ignore the fact that the measurement result and mean of dW is equal to zero, we simply obtain
the Markovian master equation. We therefore can call the above SME Markovian SME.

Since, for this Markovian measurement, a pure initial state for the cavity mode will remain pure,
we can write down the corresponding stochastic Schrédinger equation (an stochastic unraveling of

the SME):

dly) = —iAata|p)dt — y(ata — 2" a + (@) (a))|)dt —in/2v(a — (a))y)d (4.10)

with |¢) defined through |¢)(¥| = pa.

4One should not be confused by the time dependence of j, (t), as we are in the interaction picture. It can be viewed
as introducing a new degree of freedom to interact with the system at each moment, and tracing it out afterwards
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4.4 Non-Markovian quantum measurement: the first sce-

nario

In this section, we will consider the first scenario of non-Markovian quantum measurement—an indi-
rect measurement of the system via a measurement of its bath which has non-Markovian dynamics.
To be concrete, we will consider specific examples to illustrate the measurement process. In sub-
section 4.4.1, we study the cavity QED model with atom-cavity interaction; in subsection 4.4.2, we
consider a typical cavity-assisted optomechanical device, in which a mechanical oscillator is coupled

to a cavity mode via radiation pressure.

4.4.1 Cavity QED: atom-cavity interaction

input probe field

o
detector

Figure 4.3: Schematics showing the cavity QED model under consideration. A two-level atom
interacts with a cavity mode that is continuously interacting with an external continuous field.
The cavity mode now becomes a bath instead of system as considered in the previous Markovian
measurement, case.

The model is shown schematically in Fig.4.3. A two-level atom (system) is coupled to a cavity
mode (bath) which, in turn, is coupled to the external continuous optical field (probe field). Such
a system can exhibit a strong non-Markovianity if the cavity bandwidth is small—a long memory.

The Hamiltonian can be written as
ji g h%&z +hAata+ hg(6_aT +6.a) + hyAlast (t) +al (1)), (4.11)

where 6, is the Pauli matrix and 6_ = 6, —i6, and o = 6, +i0,. Apart from the last additional
term, it is the famous Jaynes-Cummings model. We again assume that the amplitude quadrature of
the optical filed is measured. By using the result obtained in the previous section, we can immediately
write down the stochastic master equation for the atom and the cavity mode:

7

A [I:Io’""_ﬁa'i_f{inta ﬁoa]dt_’y[&Tdﬁo’a"‘ﬁo‘a&T&_Q&ﬁaa&T]dt_i V 2’7[&ﬁo’a_ﬁo’aaﬁ_<d_&T>ﬁ0'a]dW-

(4.12)

dﬁaa = -

In order to obtain the equation for the atom only, we need to trace out the cavity mode. We

will use the technics developed by Didsi and Strunz[3]. We first write the above equation in the
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non-normalized Bargmann coherent state basis |a) = eod! |0) and obtain

dpgq = — %[f[g, Doa)dt — iIA(a* O+ — aOu)poadt — 1 g(G_™ + 6100+ )poadt + 1 §(Prab+0 + OnPoad—)dt

- 7(04*604* + aaa - 2aa6a*)ﬁoa dt —1 V 27[804 - aa* - <d - dT>][)oa dw. (413)
The reduced atom density matrix is given by
Do = /d2a e_‘a2‘<a|ﬁm|a> = /d2a e_lo“zﬁm(oz*,oz). (4.14)

Instead of interpreting this as the standard tracing procedure, in Ref.[2], the authors interpret
poa(a, ) as the system state under a different parametrization of the Hamiltonian H (o) with «
being the parameter, which is a random variable with the joint Gaussian distribution P(a,a*) =

e~1I’ and Eq. (4.14) is a classical ensemble average, namely

po = / 2 P(a)ps(a*, ) = My [ps(a*, a)]. (4.15)

By using the fact that, for a Gaussian probability distribution, My [a p. (o, @)] = My [0n= pu(a*, @)],

we have

dpy = f%[ﬁg, po)At—ig(6_ Do+ 400+ ) podt-+i §(Dax ot ++0apet—_ )dt—ir/2y[0a—a- —(a—a")]padW,
(4.16)
where we have defined 0y« p, = My [0n- pu(a*, a)].

To obtain something meaningful for the study of the state of atom, we need to replace d,+ in the
term of the operator for the atom. This has been extensively studied in Refs. [2, 33| for deriving SSE
unraveling of the master equation. Here we will apply this technic. We first assume the following
ansatz:

Do pu(a*, @) = —iO(t, ) pu(a*, @) (4.17)
where O is only a function of the operators for an atom. The exact form for O can be derived by

using the consistent condition:

%[am pu(a*, Q)] = O [%ﬁx(a*, a)l. (4.18)

As shown in Appendix 4.C, we obtain

O(t,a*) = e wWa=ATM £(1)5_ = Oy (1), (4.19)
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where function f(t) satisfies the following nonlinear Riccati equation:
(1) = gemerm At g g pilen=asi g2y, (4.20)

with initial condition f(0) = 0. There is a closed-form solution for f(t), but it is too cumbersome
to show. Since O(t,a*) = Oy(t) is independent of a* we can easily obtain da-p, = Ogp,. Finally,

we obtain the non-Markovian stochastic master equation for the atom only:

dpy = =i | 562 po | dt = g (500 + pn 06— — Oty = G- paO} )

+/27[00ps + psOf — (Og + OF) ps1dW. (4.21)

This equation describes a quantum measurement of Oy +OT which is equal to the atomic polarization
6, filtered by the cavity mode, or a retarded observable in the description of Diési [5].

It is rather remarkable in the sense it only involves the time-local density matrix, and this
significantly reduces the computation effort for studying the atom dynamics. Instead of evolving the
cavity mode and the atom all together as in the usual approach, we only need to consider a finite
dimensional density matrix for the atom.

In addition, there is an important difference from the usual Markovian SME in the fact that
the decoherence part is not exactly in a Lindblad form, and it can be effectively viewed as a non-
Markovian quantum measurement of 6_. We can recover the Markovian case by taking the large
cavity bandwidth limit v > A, wg, g. In this case, the cavity mode enslaves to the dynamics of the
atom, and it is easy to find

Oo(t) ~ L5_, (4.22)

and we simply have

Apo == i [SL60. fu| At = (4%/7) (66 po + pa5— = 26_py51) dt

+V2G2/A6— o + Pobs — (6 + 64)polAIW. (4.23)

This also recovers the result with adiabatic elimination of the cavity mode in the literature, which
corresponds to a direct Markovian measurement of &, with an effective measurement strength given
by ¢°/7.

To confirm that Eq. (4.112) is the SME that correctly describes the conditional dynamics of the
atom, we numerically solve and compare (i) the Markovian SSE for the joint atom-cavity wavefunc-
tion and (ii) the non-Makovian SME for the atom density matrix, to see whether they both give
the same conditional means of 6,, 6, and ¢,. The numerical results are shown in Fig. 4.4. We have

chosen w, = 1, A = 1 and 7 = 2, and the atom-cavity initial state is [|+), + |—).]/v/2 ® |0). They
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Figure 4.4: (Color online.) The top panel shows simulation results for the time evolution of (o,),
(oy) and (o) for one realization of dW. The bottom panel is the convergency of the accumulated

numerical difference between the SSE and SME simulation results given different number of grid
points for the cavity mode.

indeed agree with each other as shown by the convergency of their accumulated numerical difference.

4.4.2 Optomechanical device

cavity !
w f—H-—o= (bt
= 3 a
oscillator detector | input probe field

Figure 4.5: Schematics showing a typical optomechanical device. The displacement & of the me-
chanical oscillator is coupled to the cavity mode via radiation pressure.

There is another interesting system that has been studied extensively in the literature recently—
an optomechanical device, which is shown schematically in Fig.4.5. The interaction between the
oscillator (system) and the cavity mode (bath) is mediated by radiation pressure. For a small cavity
bandwidth (smaller than the mechanical oscillator frequency), the information can slosh back and
forth between the oscillator and the cavity mode for many mechanical oscillator periods—again a
strong non-Markovianity. The procedure to derive the reduced dynamics for the oscillator is similar
to the atom case.

The corresponding Hamiltonian can be written as

N 21 . R
zy:g—+im@mﬁ+hAﬁa+hmﬁm+ﬁ¢ﬂme+aw@» (4.24)
m

Usually, the cavity mode is pumped by the laser with a large steady-state amplitude @, and we can
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then obtain the linearized Hamiltonian by studying the change around a:

N | R .

= ;4 + gmwni? + hAata+ hGi(al +a) + hyFlabl (5 +a' b(e)] (4.25)
m

with G = ga. This is the quantum Brownian motion with a single-degree-of-freedom bath under

continuous measurement. We again assume that we measure the amplitude quadrature of the optical

field. Similar to the previous case, after tracing out the cavity mode and continuous optical field,

the reduced non-Markovian SME is given by

2

dpe = —+ | —— + =mw?,22, py| dt — G(#0p, + p.OT& — Opyi — 2p,OF)dt
h|2m 2
+/29[0ps + p.OF = (O + ON) p,)dW, (4.26)
where
Opz = [01(8)p20f + Oop.]/[1 = |01 ()], (4.27)
p=0" = [07(t)O0pa + p=Of]/[1 — [O1(£) ] (4.28)

with details of Oy and O;(t) shown in Appendix 4.D.

In the large cavity bandwidth limit v > wy,, A, and G, O is simply given by:
O =Gi/, (4.29)

and we again recovers the Markovian SME:

. /\2 1
dpo = — |5+ mwhi?, ﬁz} dt — G?Jy[#, [£, palldt + /2G2 [ [#hs + pud — 2(2)pa]dW. (4.30)

If we ignore the the measurement result (by averaging over dW which has zero mean), we have

. ~D 1 GQ
dp, = _% [in + imw?n£2, he | dt — 7[55, [, pr]]dt, (4.31)

which recovers the Markovian master equation for quantum Brownian motion.

4.4.3 Generalization to bath with many degrees of freedom

In the previous two sections, we used two specific examples to illustrate non-Markovian measurement
in the first scenario—due to non-Markovian dynamics between the system and bath, a measurement
on the bath gives rise to non-Markovian stochastic (conditional) evolution of the system quantum

state. In those examples, the cavity mode serves as the bath, and it only has one degree of freedom.
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In this section, we will generalize the result to the case with a many-degrees-of-freedom bath which

is linearly coupled to the probe field. We consider the following Hamiltonian for such a case:
H=H,+> hwpalar+ Y hge (Laf + Ltay) + > hyAlaw of () + af, o(t)]. (4.32)
k k k

Here H, is the free part of the system Hamiltonian; L is an arbitrary operator of the system; g
is the coupling strength between the system and the bath which consists of different modes with
frequency wg; vk is the coupling strength between the bath and the probe field 6. Note that this
Hamiltonian is still quite special. It excludes other possibilities: (i) some of the bath modes might
not be coupled to the probe field, in which case we cannot access the information of those modes and
they will contribute to decoherence of the system; (ii) different modes might be coupled to different
probe fields, in which case we have multiple measurement output channels. In principle, we can
include those complicated cases, but right now, we will just focus on this specific Hamiltonian, and
postpone the discussion of more general cases until later.

The derivation of non-Markovian SME for the system is almost parallel to the single-degree-

of-freedom case, and we can formally write down the reduced stochastic master equation for the

system:
. (T AL AL oAb S AL ai & A AL A A AT A
dpy = = [Ha, p) dt=_ gr(L10upatpuOf L—Oxp L= Lp.O)dt+Y | v/27k[On st s O~ (Ox+0}) piJdW.
k k
(4.33)
The operator Oy, is defined through the following ansatz:
Mg[0az ps(t, &)] = —iOx(t)ps(t). (4.34)

Generally, it is quite difficult to find a closed form for Oy, in terms of the system operator. Only in
the following two cases, can we obtain relatively a simple expression for O (i) L is a linear function
of the canonical variables of the system—Ilinear coupling case; (ii) gr/vx < 1—the weak coupling

case, which allows us to find a perturbative solution. We will discuss these two cases in more detail.

Linear coupling.— We use the atom as an example with H, = h%&z, and choose L = 6_. As shown

in the Appendix 4.E, we can obtain
Ok(t) = Z[ei(waiM)t]kk/fk/ (t)o_, (4.35)
with

Fe®) = gwle @M 0 — () Y g [ M g fron (1) (4.36)
o

k'K
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and initial condition f(0) = 0. Here we have introduced identity matrix I and matrix M:

w1 — i1 —hy/M72
M= | iy w—iv |- (4.37)

This recovers the result in subsection 4.4.1 when the bath has only one mode.
Similarly, if the system is a harmonic oscillator and L = b is the annihilation operator, we will end
with the same expression, expect that w, is replaced by the oscillator frequency and &_ is replaced

by b.

Weak coupling— When the operator L is a nonlinear function of the system canonical variables, there
will be no straightforward route to derive Oy. If the coupling is weak, we can use the perturbation

method and expand the solution in series of coupling strength. As shown in Appendix 4.F, we obtain
A~ t . A
0u) = [ e ™ luwgu L(-1)7.(0) + Ol (1.39)
k70

where L(—7) = e tHT/D ], giHsT/h ynder free evolution and the matrix element My = wy Opp —
i/ VkYk With O being the Kronecker delta. Basically, g5 is equal to ﬁﬁs convoluted with the
Green’s function of the bath. In other words, we are effectively coupled to a dynamical quantity of
the system that is shaped by the bath—a quantum filter. One can therefore engineer the bath to
measure desired observables of the system, e.g., a QND observable, as illustrated in the following
two examples.

The first example is measuring mechanical energy quantization considered in Refs. [16-19], aiming
at unequivocally demonstrating the quantumness of a macroscopic mechanical oscillator. In the
proposed experiment, the position of a mechanical oscillator is quadratically coupled to a cavity
mode, namely,

Hye = hgi(a+at). (4.39)
If the cavity bandwidth -~ is less than the mechanical frequency w,,, we expect a direct probe of

the slowly-varying part of 22 which is proportional to the QND variable (energy or equivalently the

phonon number N) Indeed, from &(—7) = & cosw,, T — Psinwy, 7,

¢
0= g/ dre 7@ (—1)p ~
0

I Kp, (4.40)
v

where we have ignored terms proportional to e~7%, as the characteristic measurement time scale is
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=1, The leading-order SME for the oscillator reads:

dp = — ilwm N, pldt — geg[X2, [N, plldt

+ V20 [{N, p} — 2(N)pldW (4.41)

with geg = g?/v. Note that such a measurement is not an exact QND measurement, because we
have [X2, [N, p]] instead of the usual Lindblad term [N, [N, j]]. This term describes a two-phonon
process that induces quantum jumps. However, after numerically solving this SME, we find that it
does not have significant effects, and a QND measurement can indeed be effectively realized. This
is in accord with the argument by Martin and Zurek [16]—the two-photon process happens at 2 wi,,
which is strongly suppressed due to a small cavity bandwidth ~.

The second example is measuring the QND observable of a free mass—the momentum p. This is
of particular interest in quantum-limited force measurement with mechanical probes, e.g., detecting
gravitational waves[20]. By monitoring the momentum change, one can detect the force signal
without quantum back action, enabling surpassing of the Standard Quantum Limit (SQL) [21]. To
achieve this, we can couple the position & of the free mass with two coupled cavity modes a; and

Go, of which the interaction Hamiltonian is given by:

Hin = hws(arad + alag) + hgi(ar +al), (4.42)
where w; is the coupling constant between two cavity modes. The cavity mode aq is coupled to
external probe field. From Eq. (4.8), we derive that:

WsT

t
0= 29/ d7 e cos (
0 2

) #(=1)p ~ 22 (0) p, (4.43)

where we have used the stationary-phase approximation by assuming ws > -, and also ignored terms
proportional to e~ 7. The effective observable is therefore equal to the momentum, as p = mi(O).
Indeed, such a coupled-cavity scheme has been proposed as the so-called “speed-meter” for advanced

gravitational-wave detectors [22].

4.5 Non-Markovian quantum measurement: The second sce-

nario

In this section, we will consider the second scenario: the system-bath dynamics is Markovian but the
input probe field is correlated before interacting the bath—such a correlation can be either classical

or quantum (entanglement). Since the bath would simply follow the system dynamics in this case,
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we will ignore the bath and consider a direct coupling between the system and the probe field.

In Ref. [5], Didsi tried to construct correlated infinity von Neumann detectors (correlated in-
put field in our model) in order to prove that non-Markovian SSE describes the this kind of non-
Markovian quantum measurement. Later on, Wiseman et al. [6] used two initially entangled de-
tectors to disprove this. He showed that measurement on the first detector can create quantum
entanglement between the system and the second unmeasured detectors. Therefore the system state
is not pure anymore once we trace out the unmeasured detectors, and hence can not be described
by non-Markovian SSE, namely, nonexistence of a pure-state quantum trajectory.

Here, we will use the formalism described in Ref. [7] to derive the system Wigner representation
of the density matrix, i.e., the Wigner function in two cases: (i) linear continuous measurement, and

(ii) nonlinear measurement of system energy, both with correlated input field.

4.5.1 linear continuous measurement

input probe field

Figure 4.6: Schematic showing a non-Markovian quantum measurement with correlated input field
(wiggly line denoting correlation schematically).

To be concrete, we study a continuous measurement of the position of an oscillator with the
following Hamiltonian

2

3 p

H=24

1
imwfnéEQ + h/7 1 61 (1). (4.44)
m

This is similar to what has been studied in Section 11.4, except that the cavity mode is now replaced
by the oscillator and also the input optical field is correlated, as shown schematically in Fig.4.6. To
derive the conditional quantum state of the oscillator, we follow the general formalism outlined in
Ref. [7]. The first step is to divide the process from 0 to ¢ into N segments with d¢ = ¢/N and then
to take the continuous limit. The n-th segment consists of: (i) a free evolution, which is described by
the evolution operator: U, = exp[—if{ndt /h] with o, being the entire Hamiltonian at ¢ = nd¢, and
(ii) measurement of the output phase quadrature § = 69, which is described by a projection operator:
Pn = |Yn) {(yn| With y,, the measurement result of 6. After the entire process and conditioning on
the measurement results y = (y1,--- ,yn), the oscillator is projected into a conditional quantum
state with density matrix:

pa(tly) = Tro[Pyp(0) Pyl/Plyl. (4.45)

Here Tr, indicates tracing over the optical field; 75y = PyUy - ~751[71; Ply] the probability for
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obtaining measurement results y. p(0) is the initial state for the system and input field, and here
we apply the usual assumption that the initial state is separable 5(0) = p,.(0) ® p,(0), but this is
not a necessary requirement.

To derive the analytical expression for p(¢|y), the usual applied approach is to use the path-
integral approach by expressing the evolution operator in terms of a path integral, and derive the
influence functional. Here, instead, we take the advantage of linear dynamics, in which case the
Heisenberg equation of motion can be solved exactly. By inserting identity operator I=U [(n —

1)dt]UT[(n — 1)dt] in between P,_; and P,, we obtain

Py =Ut)PNPN_, P = U(t)Py (4.46)

where U(t) = Hﬁ;lﬁn(dt) (time-ordered) and PH = §(jH — y,,) with g = Uf(ndt) § U(ndt).

To obtain the Wigner function, we first evaluate its Fourier transform—the generating function:

j[axa ap} = Tr, [6iaz£+ml)ﬁ ﬁx (t‘y)]
= Tr,o[PLUT (t)e! 102 T (£)PL 5(0)] / Ply]

= Tryo[e!*=* O+ PP 5(0)]/ Ply). (4.47)
Here we have used the fact that, for general linear measurement,
[&(t), g7 ()] = 0, V' < t; (4.48)

therefore Z(t), p(t) and 753 commute; we also use 735755 = 755 which is equal to a product of the

Dirac delta function [],, 6(yn — y») inside Tr. Since the output field at different times commutes
(5, yrh] =0, (4.49)
the projection operator can be written as a path integral and, in the continuous limit, it is equal to
R t
Py =160 —va) = /D[E] exp {2/ dt" {(¢)[9(t) — y(t’)]}- (4.50)
- 0

This is one of the most important steps for treating the correlated input field. Basically, instead
of tracing out the optical field at each moment, we sum up the measurement result in terms of a
tragectory in time and trace out the optical field all together after each moment.

The generating function is then

Tlowsan] = [ D16 e [exp fisat) + it +1 [ aveeate) - o]} 50)] Pluco. @5
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Given the Hamiltonian in Eq. (4.44), the Heisenberg equation can be easily solved, and we have

i@)::iqﬁ)+1AtdﬂGw@——ﬂ)hV§61@ﬂ, (4.52)
ﬁa)::pqa)+¥£ dt'Gp(t — ')Ay 01 (1), (4.53)

§(t) = 02(t) + VT E(0). (4.54)

Here #,(t) = 2(0) cos wint + (mwy,) ~1H(0) sinwy,t is the the oscillator position under free evolution
and G (t) = (mwy,) ! sinw,,t is the Green’s function, and similar for p; the time in 61 5() is only for
denoting the optical fields at different times, as we ignore their free evolution—optical detection is
made right after their interaction with the oscillator; therefore, the statistics of 61 2(t) are determined
by the initial quantum state p,(0) of the optical field.

Since all the Heisenberg operators can be solved exactly in terms of their initial value, the gen-
erating function can be solved once we specify the initial quantum state. In the special case of
50(0) =[] ®]0)(0], a vacuum input, we will simply return to the previous case of uncorrelated input

field.

Gaussian-entangled state—we now consider the first non-trivial case that is studied by Diési in Ref.
[5]; the oscillator is in a Gaussian state and the input field is initially in a Gaussian entangled state.
Since the linear dynamics will preserve the Gaussianity, the only relevant quantities are mean and
the covariance. To derive the generating function more easily, it is better to simplify the statistics
of the output field while keeping the information about the oscillator motion. We make a causal

whitening of its correlation function, and introduce 2 as

5(t) = /O o= 12(t, 1)§(t) (4.55)

where o(t, t') is the correlation function and o(t, t') = (§(¢)§(t')) = (62(¢)62(t)) +v(Z(¢)Z(¢')). From
its definition, Z satisfies

(z(t)2(t)) = 8(t — ). (4.56)

We can then decompose the oscillator position and momentum into two parts,

i(t) = Ry (t) + /0 t At K, (t, )2(t), p(t) = Ry(t) + /O t At K, (t, t')2(t"), (4.57)

where the residue parts R, (t) and R,,(t) are not correlated with the output field, namely (R, ,(£)j(t')) =
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0. K, and K, are the Wiener filter
Ko(t, t) = (#(0)2(t'), Kp(t, t') = (B(t)2(t)). (4.58)

With these new defined quantities, the generating function is proportional to (we ignore the

unimportant normalization factor and normalize the Wigner function in the final step):

Tia) o [ DIgI T, [exp {ia[Rm - ALK 1)) / Lt e)la) - y(t')]} ﬁ(@)}

0
x /D[é] Trao [exp {iaRT(t) +z’/0t A’ () [2(t)) — 2(t)] +z‘/0t dt' a K" (t, t’)z(t’)} ;3(0)}
(4.59)

where vectors a = (o, ap), K = (Ku, K,), £(t) = [dt'a'/?(t, Ve ) +aK T (t, t') and superscript

T denotes transpose. By using Eq. (4.56) and (em> = e~ (4")/2 for the Gaussian state, we obtain

jpyxjﬁwawp{—;uRﬂoR@»dP—;Acwéwq—ié(wéwp@u+ié<waKT@anm}

o exp {—;a(RT(t)R(t»aT + i/o dt’ aK*(t, t’)z(t’)} : (4.60)

Finally, the Wigner function for the oscillator W (x, p) is simply the inverse Fourier transform of

J and we can easily obtain:

1 1
W(z,p) = ———exp | —=(z — 2, p—pe) Ve Nz — 20, p—pe)t |, 4.61
(z,p) or AV D) p[ 5 ( P —De) ( e D — De) (4.61)
where the conditional covariance matrix
V.(t) = (R (t)R(2)), (4.62)
and the conditional mean
t t
%z/a%wwmw,mz/uwmjmw. (4.63)
0 0

We therefore obtain the expression for the oscillator Wigner function given a general Gaussian
correlated input field.
More explicitly, we can express the covariance matrix V.(¢) in terms of the correlation func-

tion among known quantities—z(t), p(¢) and §(t) in Eq. (4.52), Eq. (4.53) and Eq. (4.54). Taking
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(R, (t)R,(t)) for instance, we have
(Ra(t) R (1)) = (22(1)) — / AR 1) = (£2(1)) - / a’ / A" E (o V)R,
where

(#2(t)) = (#2(t)) + P>y /t dt’ /t dt"G,(t —t)Cri (', )G (t — "), (4.65)
0 0

EOIE)) = VT EOE)) = 7 (Eg(B)g(t) + h2r*? / ar / A7 Gy (t - 7)Cn (7, 7)Galt! — 7).
(4.66)

and Cy1(t', t") = Tr,[01(')01(t")p0(0)] is the initial correlation function for the amplitude quadra-
ture of the input optical field. Similarly, we can obtain (R, (t)R,(t)) and (R,(t)R,(t)). The key
is to invert the correlation function of the output field o(¢, ¢'). It amounts to, instead of a local
differential equation, an integral equation. This is the price we paid for solving the situation of a
general correlated input field. In general, we have to resort to numerical tools for solving it. When

the system approaches to a steady state with ¢ — +oo, this can be solved in the frequency domain

by using the Wiener-Hopf method, of which the details in such a stationary case is shown in Ref. [11].

Non-Gaussian entangled stat.—in the case of non-Gaussian entangled input field, e.g., a single photon
state, the optical field at different times has a non-trivial quantum correlation—mean and correlation
are not enough to quantify the quantum state. To treat this situation, we apply the same approach
outlined in Ref.[7], but with a small modification due to the fact that here we are considering a
non-stationary scenario with interaction starting from 0 instead of —oo.

In the same manneras Ref. [7], we assume an arbitrary function f(z) for the photon mode, and

define the corresponding operator for creating such a photon:

It = / " f(@)of(x) = / T at f()ol(t). (4.67)

— 00 — 00

The general non-Gaussian quantum state of such a photon mode, in the P-presentation, can be

written as

po(0) = / d¢10) (P (C) = / d¢ ST =S T 0y (0l ST+ T p((). (4.68)

By substituting it into Eq. (4.59) and using the Baker-Campbell-Hausdorff formula, we obtain
Tlad / d*¢ Dlg) €T By, [85,(0) @ [0) (0] (), (4.69)

with B = aRT(t) +i [y dt' Et)[E(t)) — 2(t)] + i [y dt' aKT(t, t')2('). Written in this way, B
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averaging over the non-Gaussian state is transformed into averaging over the vacuum Gaussian
state. The only addition term [¢*I' — ¢ T'T, B] is a c-number, as B is a linear function of the optical
field operator; we can therefore directly use the result that we obtain in the previous case with the
Gaussian input field.

Apart from the actual value for specific terms, the final result for the oscillator Wigner function

is formally identical to Eq. (16) in Ref. [7]:

Wia) = [ dcexp {;@ —eViie 20" -3 [ (o) - CIE. 200 + I, z(t')})g} P(0),

(4.70)
where V. is given by Eq.(4.62), vector & = (z,p) and z¢ = z. + ¢*[I, R(t)] — ¢[Tf, R(t)] with
@, defined in Eq. (4.63). This formula gives the conditional Wigner function for the oscillator as a
function of the initial non-Gaussian state of the input field. The dependence on the initial Gaussian
state of the oscillator is contained in the V().

To conclude, we have derived the conditional Wigner function of the oscillator in both cases of
correlated Gaussian and more general non-Gaussian input probe fields. The assumption that we
have made is linearity of the system dynamics such that the system operator can be solved by using
the Heisenberg equation of motion. It can therefore be easily generalized to a linear system with

many degrees of freedom.

4.5.2 Phonon number measurement

In the previous section, we consider position measurement with a correlated input field. Since posi-
tion is not a conserved quantity for the oscillator, it is difficult to gain a straightforward insight into
the final structure of the result. Here we consider a simpler example of phonon number measure-
ment, which is a quantum non-demolition measurement. In addition, the operator is a nonlinear
function of the oscillator position and momentum, though in a trivial way. The total Hamiltonian

is given by
mw? 2 +\/v/w2, (2]’ + 2mw;552> 01(t) = hwy N + hiy/7No6y (1), (4.71)
m

where N is the phonon number operator.
Similarly, we assume measurement of the outgoing phase quadrature. Most of the steps are
therefore the same as what as shown in the previous section, and the reduced density matrix for the

oscillator, in the number state basis, is given by

pun(t) = [ DIEITE., [U*<t>|n> (m]07(#) exp { [ arswiaw) - y(t')}} ﬁ(@} [Py(®). (472)

0
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Note here we again used the fact that UT(¢)|n)(m|U(t), which is a system operator at time ¢,
commutes with the previous measurement output, and we also used ’Pf P;I = 755 .

To make the analysis simple, we consider initially the oscillator and the input field are separable
and study only a Gaussian entangled input field, which can be generalized to the case with a non-
Gaussian input field as shown previously. Further, by using the fact that N is a conserved quantity,

we have

ponlt) [ DIEITr, [exp{wmm m)t + iy / at'(n — m)o (1) / dt () () — y(t )1}po<o>] prun(0)

0
(4.73)

where we again ignore unimportant normalization factor and §(t) = 02(t)—/yn. Again, for Gaussian

state, (e“i> = e‘<A2>/2, the tracing over the input field can be worked out, and we have

prntt) o [ Dlelexp {ismn—mit =i [ a1+ - [ av / 7T 0= (¢, 1)

- /otdt'/otdt”ﬁ(n—m)Clg(t', e —7/ ar / dt"(t") Caa (' t")&(t")}pmn(O)
(4.74)

where the correlation function for the input optical field is given by Cjx(t', t”) = Tr,[6;(t")0x(t") p0(0)].

After finishing the Gaussian path integral over &, we finally get

Pmn (t) xexp {iwn,(n —m)t} x

¢ ¢ 1
exp {— dt’/ dt’ [;(n —m)2C (', ") + §f(m, n,t,t")Coy (t, t”)f(m,n,t,t”)} } Pmn(0)
0 0

(4.75)

where f(m,n,t,t') = /yn+y(t') — zfo dr\/y (n —m)Cy2(t',7), To obtain py,,(t) explicitly, we
again need to invert the correlation function Cao(t',t"”) of the input field, and this is the same as
the case considered in the previous section, which is a general feature of non-Markovianity.

We can recover the result for Markovian measurement by plugging in the following correlation

function for the input field:
1
Cia(t, t") = Caa(t, t') = 55(1& —t"), Cra(t, ') =0. (4.76)

where the fact 1/2 arises from the normalization we have used that gives [61(t), 62(t')] = id(t — t').

In this case, Eq. (4.75) can be rewritten as

Pmn (t) o< exp {z’wm(n —m)t — %(n —m)%t — /0 dt'[\/yn+ y(t')F} Pmn(0). (4.77)



142

We can now recover the normalization factor P[y(t)] by using Tr.[p,] = 1, and we have °
t A~
Pl =exp{ = [ /v + 2. (@79
0
We therefore can write y(t) in terms of a classical random process
y(t)dt = —/F(N)dL + dW/V/?2, (4.79)

with dW? = dt the Wiener increment. From Eq.(4.77) and (4.79), we can obtain a differential

equation for the normalized density matrix, and up to the first order of dt, we get
P (t+ dt) = [1 + iwp(n — m)dt — %(n —m)2dt — \/27(n — <N>)dW} P (t) (4.80)

In the operator representation, we recover the standard Markovian stochastic master equation for

phonon-number measurement:

dﬁm<t) = _%[I:Ix» ﬁm(t)]dt - %[Nv [Nv ﬁx(t)]]dt - \/E(N - <N>)ﬁm(t)dw (481)

4.5.3 Nonlinear measurement with initially entangled detector state

In previous sections we solved the case for linear measurement and energy measurement. The energy
measurement example is instructive because the interaction is nonlinear although the calculation is
simple. Now we try to study the case with interaction term v (#)a;. The system density matrix in

the = representation at time t is

px,a') = Trsof|[2")(z]p]
- /Da2<;z:|<a2|U(t,t CAHP(t — ADU(t — At,t — 2A8)- - pi--- Pt — ADUL (¢, t — At)|a’)|as)

(4.82)

The nice thing one can see from the last formula is that the evolution and projection operators
can be viewed as acting on some initially factorized state |as)|xz). As a result, this part of expression
can be evaluated by using the usual stochastic Schrodinger’s equation method. Thus the density

matrix becomes

5To derive this formula, we have replaced n in the exponent directly by (1\7) This is due to the fact that for
continuous measurement the variance is of the order of dt~! at time t—a very weak measurement at any moment.
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pe,2") = Triep] / / dydrad(, 01, )0 w2, 1) (1| (g — 40l — 12 |ea)].  (4.83)

where ¢(z, x1,t) satisfies the free evolution Schrodinger’s equation

Ol -
ZW = Hy[t)
P(z, 21,t) = (21Y), ¢(z,21,0) = d(z — 21). (4.84)

4.6 Non-Markovian quantum measurement: General case

detector

bath
input probe field

Figure 4.7: Schematic showing non-Markovian quantum measurement in a more general case with
both non-Markovian dynamics and correlated input probe field.

After studying the first and second scenario, we now discuss briefly the general scenario: the input
probe field is correlated and the system-bath dynamics is non-Markovian, as shown schematically
in Fig. 4.7. There is no universal analytical method to solve the most general case. Only if the
dynamics of the entire system is linear, can we then directly apply the approach used for treating
the second scenario. We first solve the Heisenberg equation for the system, bath, and probe field,
and express the operators at time ¢ in terms of operators at ¢ = 0, of which the quantum statistics
can be easily determined from the initial quantum state. By tracing out the optical field and the
bath degrees of freedom, we can then obtain the conditional Wigner function for the system only,

in the same way as we derive Eq. (4.70).

4.7 Conclusion

To conclude, we have studied two important scenarios that give rise to an effective non-Markovian
quantum measurement of the system: (i) a direct continuous measurement of the bath which couples
to the system with non-Markovian dynamics; (ii) a direct measurement of the system with correlated
probe field. For treating the first scenario, we used Strunz’s method to eliminate the bath degrees
of freedom to derive an effective non-Markovian stochastic master equation for the system. We
explicitly worked out two interesting examples in cavity QED and optomechanical devices. In

addition, we showed the perturbation approach for treating more general nonlinear system-bath
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interaction. For the second scenario, we consider both a Gaussian and a non-Gaussian correlated
input field. By taking advantage of linear dynamics and converting the influence of measurement
in terms of a path integral, we can study non-local correlation of the input field, and derive the
conditional Wigner function for the system. It seems to us that there is no transparent way to
rewrite it in terms of a solution to a differential equation or Wigner transformation of some master
equation, in contrast to the Markovian case. By studying these two scenarios, we can gain a better

insight into non-Markovian quantum measurement for more general cases.
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4.A Linear continuous quantum measurement

Here we will show how the condition in Eq. (4.1) imposes the requirement that the probe should
be a field in a linear continuous quantum measurement. This is adapted from Ref. [9] with small
modifications to fit into the context of quantum measurement.

In a linear measurement, we couple the system and the probe linearly. The total Hamiltonian of

the system and the probe can be then written as

Hyw =H,+H,+hgL®F. (4.85)

Here H, and I:Ip are the free Hamiltonians for the system and probe; L and F are some arbitrary
operators for the system and probe, respectively; g is the coupling constant.

In order to obtain information about L, the output needs be another operator of the probe,
e.g., we denote it by Z and it does not commute with E; otherwise, Z will simply undergo free
evolution and contain no information about L. We can then study the dynamics of the output from

the Heisenberg equation of motion, and in the interaction picture, it is given by
Z1(t) = [Z1(t), Hi(1)]. (4.86)

The solution reads

216)= 20)+ g [ @120, @A) (187)
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Similarly for Fy(t) and L;(t), we have

i) = E)+ g | LB, BOIL), (158)
L0 = 1) + i [ a0, L@ @) (189)

Due to the interaction term being bilinear—L ® F , we have

(Z1(t), Fr(t)] = Czr(t,t), [Fi(t), Fr(t)] = Cpp(t,t'), [Li(t), Li{t")] = Cro(t,t),  (4.90)

which are all c-numbers. Eqs. (4.87), (4.88), (4.89) are therefore a set of linear equations, and can
be easily solved.
By applying a linear causal filter K (t) to the output Z;(t), we can introduce a Z(t) that is

directly equal to I:(t) plus additional noise terms, and

t i
Z(t) :/ dt' K (t —t')Z;(t) :g—lﬁ(t)+20(t)+z’g/ dt'Crr(t, ) Fo(t') (4.91)
0 0
where
Crp(t, t') = [Lo(t), Lo(t')] = [eo/M Le= Hot/h | giflot' /I [, e=iHot' /Iy (4.92)

is the response function. In general Cpr,(¢,t’) is non zero, one example being the harmonic oscillator
and Cp(t,t') = [2(t), 2(t')] = (mwp) L sinw,, (t —t') with w,, being the eigenfrequency.

Since Z(t) commutes at different times, Z(t) also commutes at different times:

0=[2(t), Z2(t")]) = Crr(t, ') + [2(t), ﬁ(t’)]ﬂ‘g{/o dr Co(t', 7)[2(t), A(T)]+/O dr Cpi(t, 7)[F(7), ﬁ(t’)]}
— /O /O drdr’ Cpp(t, 7)Cr(t', 7)) [F (1), F()]. (4.93)

As those terms on the left-hand side are different orders of some arbitrary coupling constant g, in

order to for this to be satisfied, we therefore require
[Z2(t), Z)] =0, [F(1), Ft)] =0, [2(t), F(t)]=id(t—1), (4.94)

which has been proved in a more rigorous way in Ref [9]. This basically means that we can treat z (t)
at different times as different degrees of freedom (a continuous field); Z and F are the corresponding

canonical conjugate variables.
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4.B SME for measurement of cavity mode

Here we add the details for deriving SME as shown in Eq. (4.8). We start from Eq. (4.9):

pa(t + dt) :W / dge Oy, {eiﬁéﬂt) {ﬁ() ?._L[}AI p(t)]dt — 222[ int» [Ffim,ﬁ(t)ﬂdtQH

+ O[de?]. (4.95)
By plugging in the expression for H and ﬁint, we have

Tr, {€%p} = (%) pq, (4.96)

T, {0 (Hine, 4]} = hyA((E061)apq + (€916)a1p, — (6101 pad — (66 D) pal),  (4.97)

and

Tro {eigél [ﬁinta [I:Iinta pAH}
= 12y ((e%%161)a% + (€91 67o)aal + (e o1o)aal + (%1607 )ata + (€75916%)a?)p, (4.98)
+ 12ypa (%% 612)a? + (€21 6T 6)aal + (e™*%166)aal + (e 60')ala + (€701 6%)at?)
i

+ 227 ((67e%1 6N apaa + (6 €01 6N apaat + (67e%16)a pad + (6e%16)al paal) (4.99)

where the average (A) = Tr,[Ap,(t)] is over the continuous optical field. Since we assume that the

optical field is in a vacuum state®, we have (6?) = (63) = ﬁ7 and those averages over the optical

field can be easily worked out explicitly. Specifically,

<ei£61> :e%ﬁf7 (e €015 = 0, <ei£615T> = S eZTf

(@0t —0, (€512 = — & @ (eorgahy - Lo
’ 2dt? ’ 2dt ’
o . 1 2 —¢2 . 2 2
(€015t6) =0, (6e%16T) = (dt - iu) o, (§1e0) = et

All the other terms, e.g. (6€¥°1), can be obtained by taking the complex conjugate of (€¥¢%161) and

setting & — —&, so we will not list all of them. We then need to integrate over &, and we have

. 2
/ dee~ € —dam ¢ = —diydtV/rdt e~V U, (4.100)
. 2
/ déei6v—dam €2 = 4(dt — 2y2dt2)Vadt e ¥ . (4.101)

61n reality, it is a coherent state, but we are only interested in fluctuation around the steady-state amplitude.
"We have used the fact that §(0)dt = 1
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By taking the trace of Eq. (4.95) and using the fact that Tr,[p,(t)] = 1, we obtain, up to the order

of dt,

dt ar o
Ply(t)] = /= e V(1 — 2iy/3(a + al)ydt) ~ | = e~ wHivata—ah)*ar, (4.102)
™

™

Therefore, the measurement result can be viewed as a classical random process, as written in Eq.
(4.9):
y(t)dt = —i/Ay(a — at)dt + AW /v/2 (4.103)

where dW is the Wiener increment and dW?2 = dt. After replacing y(¢) inthe above formula by
Eq. (4.95), it turns out all the counter rotating terms vanishe because the right-hand-side of Eq.
(4.101) vanishes to the first order of d¢, and finally we get the stochastic master equation for the

cavity mode, shown in Eq. (4.8):

dpa(t) = — i[AaTa, pa(t)]dt — v[dT apa(t) + pa(t)a’a — 2ap,(t)a’]dt
—in/29[apa(t) — pa(t)a’ — (@ — aT)pa(t)]dW. (4.104)

4.C Operator O in the linear coupling case

To derive the operator O, it is most convenient to use the stochastic Schrodinger equation counterpart

of Eq. (4.12) and derive directly O,

(a*)). The stochastic Schrédinger equation reads

L+ B+ Fi)[0)dt —A(aha - 2(aNa+ @) (@)t — iv/Z(a — (@) |e)dW. (4.105)

dly) = —+

We move into the interaction picture of H,+ H, + ihyata, and define the evolution operator

U(t) = exp f%(m + H, —ilyata)t| . (4.106)
The wave function in the Schrodinger and the interaction picture are related by

) = U@)[)r. (4.107)

In contrast to the usual interaction picture, U is not unitary and the operator transforms as a;(t) =

U=1(t)aU (t), instead of a; = UtaU. In the interaction picture, we have

Ay = —ig(Lral + Liar) +y(2(ahar — (at)(a))|w)dt — i/2v(ar — (a))[e)d (4.108)
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In the coherence basis of the cavity mode, it can be rewritten as

dlp(a”))r = —ig(Lie" At + Lie A=t )| (a")) pdt
+ 267 AN — (@) (a)] |1 (a*)) rdt (4.109)

—iy/29[e7 AT, — (@)][(a®)) 1AW = Heg (o) [00(a*)) 1dt. (4.110)
We use the following Ansatz:

Dae () = —iO1 (t, o) |th(a*)) . (4.111)

By comparing the resulting equation, we find out that the Schréodinger picture operator O(t,a*),

which is defined in Eq. (4.17), and the interaction picture operator O;(t, a*) are related by
O(t,a*) = e_i(A_”)te_%ﬁmtOAI(t, a*)e%ﬁmt. (4.112)

To derive O, we use the consistent condition [2]:

4
dt

d

v =0 |

[Oa dt

|w<a*>>1} , (4.113)

which gives

d » . » * » * A *
aOI(t,a*) = 1 Oq Hot (@) + [Hesr (™), Or(t, a™)]

= gLre" A=t 1\ 27 A= (aT) — i\ /27d W), O(t, )
—ig[Lre!A= Mt — LT A= (¢ o), Or(t, a*)]. (4.114)

For the case considered in the main text, L = 6_ an

o,

61 = 6 e~™wat, We assume that

O1(t,a*) = f(t)o_ = Oy(t), (4.115)

which is independent of a*. A more systematic approach is to expand O[(t, «*) in terms of a* as

in Ref. [33]. From the consistent condition, we obtain
f(t) — ge—i(wq—A-i-i'y)t + gei(wm—A—&-i'y)tf2(t) . (4.116)
with initial condition f(0) = 0. Finally, by using Eq. (4.112), one can easily find out that

Op(t) = el@a=2TMt f(H)5 (4.117)
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4.D Operator O for optomechanical interaction

Here we show the details for deriving the O operator for the optomechanical device considered in
Section 11.3. The general procedure is similar the atom-cavity case, and the only complexity arises
due to the dependence of O on a*, but only to the linear order.

We again use the stochastic Schrédiner equation in the interaction picture of A(wy —i7)afa which
is

. A2 1 )
(e =~ (4 + gt ) [0l = igle o 4 =i, Jafu(a))

T al2e a9, — @) @) lo(at)rdt - iy/27le AT, — (@)]|p(at)) AW
(4.118)

The O operator is similar to that which was obtained in Ref. [2] and it is a linear function of &, p

and a*. We use the following ansatz and derive those functions by using the consistent condition:

Da [W(a)) 1 = =il fo(t) + fo(0)2 + fo()D + fr(Da |[¥(a"))r = —iOr(t, @)[p(a™))r.  (4.119)

The Schrodinger picture operator O(t, a*) and the interaction picture operator O;(t, a*) here are

related by
O(t,a*) = e A= fo(t) + fo ()7 + fo(t)p+ e A ("] = Op(t) + O1(t)a*,  (4.120)

in which we define operator Oy and function O; by using the notation similar to Ref. [33]—subscripts
0 and 1 indicate the power dependence of o. From the consistent condition, those functions f satisfy

the following equations

fo(t)dt = e " A= 25(al) f1 ()dt — i\/2y f1(£)dW — i g fo(t) f,(H)dE], (4.121)
fo(t) = wm fp(t) + ¢ ei(A_”)t —ige AT L(1) + £ (8) f(1)] (4.122)
Fot) = —wm fult) —ig [y (£)e A7, (4.123)
fr(t) = g f2(0)e" A7 —ig fot) fa(t)e B! (4.124)

with null initial condition.
To derive the SME, we need to average over a. By using the fact that M,[a*p,(a*, a)] =
My [Bape(o*, )] = pOt, we obtain

Op = Opp + 0107, (4.125)

pO" = pOl + 010} p. (4.126)
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We can then obtain Eqs. (4.27) and (4.28), namely
Op = [01p208 + Oop.]/[1 — 0117, (4.127)

prT [O OOpm + sz ]/[1 - ‘01|2] (4128)

4.E Operator Oy in the linear coupling case

Here we derive the Oy, in the linear coupling case. The corresponding stochastic Schrodinger equation

reads
d¢) = (H + Ho)[)dt — iy gr(Laf + Llag)[)dt
k
=S VAdw @har — 26l aw + @) (a)l)dt + 37 v/2(ar — (@) [¥)dW.  (4.129)

kK’

Similar to the single-mode case, we move into the interaction picture of I;Lv—kﬁa +ihY g /%’We/dlﬁk/,

and define the evolution operator

U(t) —expl 7 <H +H, —|—th \/’W%%/) ] (4.130)

kk/
The wave function and the operator in the Schrédinger and the interaction picture are related by
|y = U, o5 =0U"16U. (4.131)
Specifically, the annihilation operator for the bath a; transforms as

Ut )a Ut) =Y e ™Mty U (t)a] Ut) Zelek’tT (4.132)

where the dynamical matrix M is defined in Eq.(5.9). By using the coherent state basis for the

bath, the stochastic master equation in the interaction picture reads

dpp(@))r=—i Y g (Lre™etal, + Lhe ™o, ) (@) rdt + Y Ao (2(al)e ™Moo,
kK’ kk'k"
— (@) (@) (@) rdt 4 Y /2y (€™M Do, — (1)) |()) 1 AW = Hegr (6 [1o(&")) 1.
kk’
(4.133)

Similarly, we use the following ansatz

Dui (6 1 = —iOlpy (1, G 1(6)) 1 (4.134)

k
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It is related to the Schrodinger picture operator O; (t,a*) by

Op(t,a*) =3 e ™Muwte it O (1, G*)etflat, (4.135)
k/

From the consistent condition:

d N d — %
0u 1@ = 00 [ 0@ (1.136)
we get
d A1 * . » —x » =% A1 =%
pn k(1 a") = 1 0oy He (A7) + [Hegr (@), O (t, &%)
= ng/ijeiMkklt —1 Z gk’ {i[eiMk,k,/tOéZ// — ii}eiiMk/k”tOA/Ik// (t7 &*), O}k(t7&*):| .
k./ k/k//
(4.137)
For the simple case considered in the main text, L = b, it is straightforward to get
Ol (t, @) = fu(t)d (4.138)
with
fu(t) = ng/efi(w’"*M""“')t — fr(t) Z grre'@nt=Mt £, (1), (4.139)
k/ k/k//
By using Eq. (4.135), the Schrodinger picture operator is given by
Ok(t) =Y e'm Ml £ ()b, (4.140)
k)/

This gives rise to Eq. (4.117) in the single-mode case.

4.F Perturbative solution of Ok

In this section, we will try to derive Ou:p, and (a) in the case of the many-degrees-of-freedom
bath. To illustrate the procedure, we first consider the case of the single-degree-of-freedom bath.

The corresponding stochastic Schrodinger equation in the coherence basis of the cavity mode reads

Al(a) = = 3 (f + Ho) w(a"))dt — ig(La” + E10a)

(o))
(0" B — 2(a") D + (@) () (0}t
V290 — (@) (")) dW. (4.141)
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We do not use the interaction picture, as it is more convenient to study in the Schrédinger picture
for this case.

In order to seek a perturbative solution to Ju+|1(*)), we need to find a small dimensionless
parameter. We notice that the characteristic memory time scale for the oscillator interacting with

—1 after which the cavity mode is refreshed by the external field. Since the

the cavity mode is 7y
coupling strength between the oscillator and the cavity mode is g, the small dimensionless parameter
is € = g/7. In addition, we know that g enters |¢)(a*)) as of ga* (from the interaction term), we can

make a Taylor expansion of |[¢)(a*)) as a, which is equivalent to expansion in terms of € 8, i.e.,

() = [$)(e°) + " D

1
Y)(€) + 50" 05 1)) + - (4.142)
By taking the partial derivative of Eq. (4.146), up to the first order of g, we have

D)) = — L (B, + A — i) (8- |))dt — igL ), (4.143)

(D ;

and we obtain

(8a*

¥(1))) = (Do

t ) o
’L/)(O)>) . ig/ dt/e—i(A—i'y)(t—t’)e—in(t—t )/hLlw(t/»
0
t
= —ig / At e A=ME L — )| (t)) (4.144)
0
with L(t' — t) = e #He(—t)/h[eif(t=t)/h Ve assume that the oscillator and the cavity mode are

separable initially, and the cavity mode is in a vacuum state, in which case [¢(0)) is independent of

o and Oy«

(0)) = 0. Up to the first order of the interaction strength, we get
= g/ At e A=MCE= L — ) + O[g?). (4.145)

Now, we can move on the the case of the bath with many degrees of freedom. The corresponding

stochastic Schrodinger equation in the coherent state basis is

dlp(a®)) = — L(H, + H,)l(a") it =i S autla + Loy

Y(a")dt =Y e (05 0ar, — 2(a})Oar,

kK’

+ (af) ()| (a))dt + Z V27 (0az — (ar))|w(a”)) dW. (4.146)
Up to the first order of interaction strength gi, we have

Y))At — g L|y)dt + O[g?].  (4.147)

A0u 9) = — 3 (Lo + o) (D 1))t — V3 3 /i (0o
-

8This is identical to Ting’s expansion of O in terms of the random process [33].
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It is a linearly coupled equation for dnx ). The solution can be formally written as

ot i . Y
Oa- (1)) = —i /O dt’exp [—h(HthM)(t—t’)] gLIp()) = —i /0 av'e MG L) (1)),

(4.148)
where matrix M is defined in Eq. (5.9). We therefore obtain

t
o)y=>" /0 At e ™uw ) g T8 — 1) py + Olgd). (4.149)
k/
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Chapter 5

Revealing non-Markovianity of
open quantum systems via local
operations

Non-Markovianity, as an important feature of general open quantum systems, is usually
difficult to quantify with limited knowledge of how the plant, which we are interested in,
interacts with its environment, the bath. It often happens that the reduced dynamics of
the plant attached to a non-Markovian bath becomes indistinguishable from the one with
a Markovian bath, if we let the plant-bath system freely evolve. Here we show that non-
Markovianity can be revealed via applying local unitary operations on the plant—they
will influence the plant dynamics at later times due to memory of the bath. This not
only allows us to show non-Markovianity in those systems that are perviously considered
as being Markovian, but also sheds light on protecting and recovering quantum coher-

ence in non-Markovian systems, which will be useful for quantum-information processing.

Based on preprint by H. Yang, H. Miao, and Y. Chen, arXiv:1111.6079

5.1 Introduction

Recently, there have been many important theoretical and experimental studies of non-Markovian
open quantum systems in the literature [1-5]. This is largely motivated by the quest for quantum
information processing protocols that are robust under decoherence, as the basic information stor-
ing unit—the qubit—often interacts with a non-Markovian environment with which the noises at
different times are correlated. If we can arbitrarily control the plant, e.g., the atomic spin, the
non-Markovianity of the bath, in principle, allows us to completely decouple the spin from the envi-
ronment, which is known as dynamical decoupling [6-8]. A good understanding and quantification of

non-Markovian dynamics in open quantum systems can therefore lead to novel designs of quantum
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devices that are less susceptible to environmentally-induced decoherence.

To quantify non-Markovianity, Breuer et al. proposed a measure based upon the evolution of the
trace distance Tr|p1(t) — p2(t)|/2 between two different initial quantum states of the plant p;(0) and
p2(0) [3]. An increase in the trace distance gives a unequivocal signature of non-Markovianity, as it
indicates that information flows from the environment back to the plant. There is another measure
proposed by Rivas et al.[4]. The authors introduced an ancilla to entangle but not interact with the
plant, whereas the plant is still interacting with the bath—an increase in the entanglement between
the plant and the ancilla during evolution signifies the existence of non-Markovian dynamics between
the plant and bath. Both measures have been compared theoretically [9, 10] and also tested in a
recent novel experiment by Liu et al. [5].

These two measures focus on the reduced dynamics of the plant and do not provide details on how
the bath and plant interact with each other. As the reduced dynamics contain limited knowledge of
the bath and also critically depend on the initial state, it often happens that the plant dynamics is
highly degenerate among different non-Markovian systems. In other words, the plant can effectively
behave in the same way even when it is attached to vastly different baths—e.g., one a Markovian bath
and the other a non-Markovian bath. In this letter, we propose a new criterion for non-Markivianity
by exploring the memory effect in non-Markovian dynamics: the dynamics is non-Markovian if a
local unitary operation on the plant at a given moment can induce non-local influence on the plant
dynamics at later times. This allows us to reveal non-Markovianity in systems in which the reduced
dynamics of the plant appear to be Markovian before applying local operations—e.g., it satisfies the

time-local master equation with effective damping rates ;(¢) > 0:

pp(t) = —(/WH, (1), pp(D] + () Lipp(t) (5.1)

where Lindblad terms ﬁiﬁp = Q/LﬁPA;r — {AI/L, pp} with A; being plant operators [11, 12].

b (i)
oD Pt U@ o
Vv YTr YT,
ﬁp(O) &Ai(t) --------- M Ap(T)

Figure 5.1: (Color online.) A schematic showing how the reduced dynamics of the plant emerges
from the full dynamics of the plant-bath system by tracing over the bath state at each step.
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5.2 Plant — bath dynamics

Reduced dynamics of the plant.—To introduce our new criterion for non-Markovianity, we first con-
sider the reduced dynamics of the plant. Suppose the plant-bath system evolves fromt =0tot =T.
We divide this process into N small segments with increment d¢ = T/N. The plant-bath system

undergoes a unitary evolution:
pov(T) = Un(dt) - - - Uy (dt) ppp (0) U (dt) - - - U (dt) (5.2)

where ppp, is the plant-bath density matrix and Ui(dt) is the unitary evolution under the total
Hamiltonian at t;. The plant reduced dynamics is obtained by tracing over the bath at each step,

as shown schematically in Fig. 5.1, and the reduced density matrix for the plant evolves as:

Pp(T) = By (dt) - y(dt) - &1 (dt) oy (0) (5.3)

where p, = Trp[pps] and the super-operator é)i(dt) is a trace-preserving dynamical map at t = ¢;.

For general non-Markovian dynamics, the dynamical map d, (dt) relies on the history of the plant-
bath state ppy(tx) (tx < t;). For Markovian dynamics, ®;(dt) only locally depends on the plant-bath
state, i.e., no memory, in a similar manner to the classical Markovian process. In the simplest
case, <i>,-(dt) is independent of time and the plant state—the dynamical map forms a semigroup
with ®(t + 7) = &(¢)®(7). The corresponding generator is the Lindblad super-operator £, namely
(1) = ¢£t, and the master equation for the plant is in the standard Lindblad form: pp(t) =
(/) Hy, ppl0)] + Ly (0).

Criterion for non-Markovianity—to explore non-Markovianity, the key is to show the memory
effect—the non-local dependence of the dynamical map on the plant-bath state. A natural way is to
apply a certain local unitary operation on the plant-bath system at one moment and to study how
it influences the plant dynamics at later times. In usual cases, only the plant can be manipulated
and the bath, i.e., the environment, is not fully controllable. This leads to our new criterion for
non-Markovianity in general open quantum systems:

The plant dynamics is non-Markovian if its dynamical maps at later times change under any
local unitary operation Up ® I on the plant at any earlier moment tj (fb is the identity operator for

the bath), namely, when ppy(ty) — Up ® I ﬁpb(tk)Ug ® I, the plant state at T:
5olT) £ By (dt) -+ By(dt) -+ By (AT oy (81)T. (5.4

Here & are dynamical maps before applying Up ® I,. The fact that the dynamical maps change at

later times clearly indicates non-Markovianity, as we know for Markovian dynamics the dynamics
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maps are invariant under such operations. If the dynamical maps do not change, it means that
all the dynamical variables of the plant will follow the same equations of motion, before and after
applying the unitary operations. Solely from the dynamical point of view, the dynamics cannot be
treated as non-Markovian, as it is difficult to reveal the memory effect by studying dynamics of the
plant variables alone. In the following, we will use two examples to illustrate this new criterion,
and show that it can reveal non-Markovianity in systems inwhich the unperturbed dynamics (before
applying the unitary operation) is indistinguishable from the Markovian one.

The first example—the first such example is the interesting spin-cavity system as shown in
Fig. 5.2—a two-level atom coupled to a cavity mode which in turn couples to external continuum—a
quantum Wiener process that is equivalent to a zero-temperature Markovian bath [13]. If we view
the cavity mode and the external continuum together as the bath, the two-level atom—the plant—
is effectively coupled to a damped cavity mode which is a non-Markovian dissipative bath. The

corresponding Hamiltonian for this system is given by [14]:

H =h(w,/2)6. +hAata+hg(6_al + 64a)

+ hy/Ala bl () + af bin(t)]. (5.5)

Here &, is the Pauli matrix and 64+ = 6, +146,; @ and bin are the annihilation operators of the cavity
mode and the in-going field of the external continuum with [a, a'] = 1 and [bi, (¢), Efn(t’)] =4(t—t);
wq is the atom transition frequency and A is detune frequency of the cavity mode; g and v are
the corresponding coupling constants. After tracing over the external continuum, the joint density

matrix of the atom and cavity satisfies the following Markovian master equation:

p(t) = — i [(wg/2)6. + AdTa + g(6_a" + 6.a), p(t)]
+Al2ap(t)a — {ata, p()}). (5.6)
To further obtain the master equation for the atom by eliminating the cavity mode, we need to

know the initial state of the atom and the cavity mode. In the simplest case when they initially are

separable and the cavity mode is in the vacuum state, namely |¢) = |[¢),) ®|0), as shown in Ref. [14],

cavity i
i
atom !

Figure 5.2: (Color online.) A schematic showing the atom-cavity system. The cavity mode is
coupled to the external continuum field (a Markovian bath), and they together form an effective
non-Markovian bath for the atom. (Adapted from Ref. [14]).
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the reduced density matrix of the atom pj,(t) satisfies a time-local master equation:

palt) == [ 26 + gS{ (O} 645-, pul)]

+gR{f ()} [26-pa(t)o+ — {616, pa(t)}], (5.7)

where the time-dependent function f(t) satisfies a Riccati equation: f(t) — i(wg — A + iy) f(t) —
g f?(t) = g with an initial condition f(0) = 0, of which the solution is well-known. In the case with
wg = A and strong dissipation v > 2g, f(¢) is real and positive, and we simply have

“Wq

palt) = =i [ 2262, pal®)] + 9 (O Lha() (5.8)

with £p,(t) = 26_pa(t)64 — {616, pa(t)}. Such a master equation can also describe the case
when the atom is directly coupled to the Markovian bath but with a time-dependent coupling rate,

of which the Hamiltonian is

H = h(wg/2)6- + h/gf (£)[6— bl (1) + 61 bin(2)]- (5.9)

Basically, from this reduced dynamics alone, we cannot tell whether the underlying dynamics is
Markovian or not, even though the atom-cavity interaction is highly non-Markovian when the cavity
decay rate y becomes comparable to the atom transition frequency w,. This master equation is
simply an artifact of a specially-chosen initial state for the atom and the cavity. If we perturb the
atom, e.g., by applying a w-pulse, the dynamics of the atom will deviate from the one described by
Eq. (5.7) due to the memory of the cavity mode.

To show the change in the dynamical map for the plant after applying local operations, we

1.0 trace distance 1.0 concurrence
0.5 0.5
0.0 ‘ ‘ ‘ ‘ ‘ ‘ s
0o 1 2 / 3 4 5 O'OO 1 2 ; 3 4 5

Figure 5.3: (Color online.) The left panel shows the change in the trace distance after applying
a local unitary operation; the right panel shows the concurrence for the entanglement between
the atom and a two-level ancilla. The black line shows the Markovian dynamics described by
Eq.(5.8). We have chosen w, = A = g = 1, and v = 2g. For evaluating the trace distance
Tr|p1(t) — p2(t)]/2, the two initial quantum states of the atom are p1(0) = |1)(1] and p2(0) = |0)(0].
For evaluating the concurrence, the atom and ancilla are initially in the maximally entangled state:
Z0)[®0) + [1)] @ [1)].
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1.0 T . ‘
time evolution of (6.)
0.5¢ 1
0.0 1
-0.5¢} 1
~1.0g 1 2 3 4 5

t

Figure 5.4: (Color online.) Plot showing the time evolution of (5.) according to Markovian dynamics
given in Eq. (5.10) (black) and to non-Markovian dynamics (red) with 6, ® I, applied at ¢t = 1. The
initial atom-cavity state is (|0) + [1))/v/2 ® |0).

numerically solve the master equation in Eq. (9.54a) for the joint atom-cavity density matrix. We
use the same initially-separable quantum state for deriving Eq. (5.8) and in addition impose v = 2g,
so that when there is no unitary operation on the atom, the reduced density matrix of the atom
simply follows Eq. (5.8) with f(¢) > 0, which is a time-local Markovian master equation. In Fig. 5.3,
we show the change of the trace distance and also the concurrence with and without introducing a
local unitary operation on the atom U=6. @1 att=1 (fc is the identity operator of the cavity
mode). As we can see, after introducing a local operation on the atom, there is an increase in both
the trace distance and the concurrence, which manifests the memory effect of the cavity mode. In
contrast, if the atom were coupled to a Markovian bath with Hamiltonian given by Eq. (5.9), a local
perturbation as 6, ® fc will change neither the trace distance nor the concurrence.

Apart from the change of the trace distance or the concurrence, the change in the dynamical map
can also show up in the expectation values of plant dynamical variables. Here, we take (6,) = Tr[p 5,]
for illustration. In Fig. 5.4, we show the non-Markovian evolution Tr[p&.] due to the full dynamics

described in Eq. (9.54a) and the Markovian evolution Tr,[$,6.] from Eq.(5.8) which gives:

(62) = —29f (D)1 + (62)]. (5.10)

Before applying the local operation there is no difference between them, as the reduced dynamics
is indistinguishable from the Markovian case. They start to deviate from each other after the local
unitary operation.

The second example—this new criterion can also be applied to study the recent experiment by
Liu et al.[5]. In their setup, the polarization degree of freedom of photons acts as the plant, and
it couples to the frequency degree of freedom which acts as the bath. They jointly undergo the
following unitary evolution:

TN ® w) = ™) @ |w). (5.11)

Here A = H,V representing the horizontal and vertical polarization states and |w) is the frequency
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1.0 trace distance 1.0

0.9

0.8
07 05
0.6 / | /'
0.50 i 5 3 O.OO

Figure 5.5: (Color online.) The left panel shows the time evolution of the trace distance of directly
decoupling at t = 1 by applying a sequence of unitary operations on the plant in a short time
interval, or a delay decoupling after applying 6, ® I. in the atom-cavity example; the right panel
shows that the maximal recovering is achieved when the atom and cavity mode are disentangled
[solid curve is the trace distance (same as left panel) and the dashed curve is the concurrence for
the atom-cavity entanglement].

eigenstate. In the experiment, the intial polarization state |¢) = (|H) £|V))/v/2 and the bath state
IX) = [dwg(w)|w). After evolving for duration ¢, the joint state is U(t)|¢) @ |x) which forms an

entangled state:

1 ingwt einth w
7 /dwgw)(e H) £ ™YV @ |w). (5.12)

If we trace out the bath state |w), the polarization state starts decohering and its dynamics depends
on the actual form of g(w). By controlling g(w), the time evolution of the trace distance can either
monotonically decrease or oscillate. This was claimed to be the signature of switching between
the Markovian and the non-Markovian regime in Ref.[5]. Interestingly, if we apply the unitary
operation 6, ® I, on the polarization at ¢ and let it evolve for another time ¢, the final state is given

by U(t)(6, @ 1,)U(t)|¢) @ |x) which is equal to
6) ® / dw g(w)eiH ety (5.13)

It is a separable state and the polarization state returns to its initial value |¢), independent of the
actual form of g(w). This indicates that the dynamics is indeed non-Markovian regardless of the
initial state of the bath, otherwise we would not recover the plant initial state at later times after
applying the local unitary operation.

Dynamical recoverin—the increase of quantum coherence, when the plant is perturbed with local
unitary operations, can be important for quantum-information processing. This allows us to recover
information concerning the plant that is stored in the bath, which we can call dynamical recovering.
More importantly, by combining local operations with the dynamical decoupling protocols [6-8], we
can characterize the bath dynamics by studying the maximal amount of information that we can

recover at any given moment, which can help us find the optimal strategies for maintaining quantum
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coherence. Take the atom-cavity system for example, in the left panel of Fig. 5.5, we show the time
evolution of the trace distance for two different dynamical decoupling procedures—the first one is
a direct decoupling at ¢ = 1 while the second one is a delayed decoupling after a local operation at
t = 1. The maximal difference in the trace distance not only can tell us the memory time scale of
the bath but also information about the plant-bath entanglement dynamics. Indeed, we find that
in this atom-cavity case, the maximal difference is achieved when the atom becomes disentangled
with the cavity mode as shown in right panel of Fig.5.5. In general, starting from any time ¢ in
the evolution, there should exist an optimal sequence of local operations on the plant for maximally
recovering its information, which critically depends on the details of the plant-bath interaction.
Operationally, one can also define a measure for non-Markovianity based on such dynamical
recovering. We introduce the set of plant state pairs with the initial trace distance D that is equal
to 1: M = {{p1(0), p2(0)}, ¥ D{p1(0), p2(0)} = 1}. Suppose at moment ¢, D{p1(t), p2(t)} = a < 1,

the measure is:

N, = max D{®y, p1(t), Py, pa(t)} — @

VU, 1—a ’ (5.14)

where &y_p(t) = Try[U,(7) © I, ﬁpb(t)f]; (1) ® Ip] is a sequence of unitary maps for the plant from
t to t + 7. Obviously for Markovian systems A is equal to 0, and for the non-Markovian systems
in which the plant can recover its initial states via local operations, the measure is equal to 1. In
general, A, ranges between 0 and 1 depending on how strong the bath memory is, and also the
moment ¢ at which we start to apply unitary operations.

Ezperimental test—this new criterion can be tested experimentally, e.g. using the existing setup
of Liu et al. [5]. The first step is the same as the one outlined by Breueret al. [3]—one needs to carry
out state tomography of the plant to measure the trace distance as a function of time. If there is an
increase of trace distance, one can assert that the dynamics is non-Markovian by using the criterions
of Breueret al. However, if the trace distance decreases monotonically, one will need to take the next
step by applying different unitary operations onto the plant at different times, and then repeat the

tomography procedure to see whether the trace distance increases.

5.3 Conclusion

We have presented a new criterion for the existence of non-Markovianity in general open quantum
systems—the non-Markovianity manifests in terms of non-local change in the dynamical map after
applying local unitary operations on the plant. With this criterion, we can tell whether a time-local
positive map is only an artifact of a special initial quantum state of the plant-bath system or not,
and we have used the analytical solvable atom-cavity model and a recent experimental scheme to

illustrate this point. This work, on the one hand, helps clarify some subtleties of non-Markovianity



in open quantum systems; on the other hand, it sheds light on designing appropriate non-Markovian
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baths for enhancing coherence in quantum information processing.
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Chapter 6

Quantum back-action in
measurements of zero-point
mechanical oscillations

Measurement-induced back action, a direct consequence of the Heisenberg uncertainty
principle, is the defining feature of quantum measurements. We use quantum measure-
ment theory to analyze the recent experiment of Safavi-Naeini et al. [Phys. Rev. Lett.
108, 033602 (2012)], and show that results of this experiment not only characterize the
zero-point fluctuation of a near-ground-state nanomechanical oscillator, but also demon-
strate the existence of quantum back-action noise — through correlations that exist
between sensing noise and back-action noise. These correlations arise from the quantum
coherence between the mechanical oscillator and the measuring device, which build up
during the measurement process, and are key to improving sensitivities beyond the Stan-

dard Quantum Limit.

Based on paper by F. Khalili, H. Miao, H. Yang, A. Safavi-Naeini, O. Painter and Y.
Chen, Phys. Rev. A 86, 033840 (2012). Copyright 2013 by the American Physical
Society.

6.1 Introduction

Quantum mechanics dictates that no matter or field can stay absolutely at rest, even at the ground
state, for which energy is at minimum. A starting point for deducing this inevitable fluctuation is

to write down the Heisenberg uncertainty principle

£, ] =ik, (6.1)
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which leads to:
Ax-Ap>Hh/2. (6.2)

Here & and p are the position and momentum operators, while Az and Ap are standard deviations
of position and momentum for an arbitrary quantum state. Eq. (6.2) means we cannot specify the
position and momentum of a harmonic oscillator simultaneously, as a point in a classical phase space
— the oscillator must at least occupy h/2 area in the phase space. If the oscillator has mass of m

and eigenfrequency of w,,, then in the Heisenberg picture we can write

(1), 3q(t)] = TSmOnE 20 (6.3

MW,

which leads to:
B sin wy, (t' —1)|

Axy(t) - Axy(t') > S

(6.4)

with &4(t) the Heisenberg operator of the oscillator’s position, quantum-mechanically evolving under
the free Hamiltonian. Here Ax,(¢) is the standard deviation of Z,(t) for an arbitrary quantum state.
Eq. (6.4) means the position of a freely evolving quantum harmonic oscillator cannot continuously
assume precise values, but instead, must fluctuate. This fluctuation carries the zero-point mechanical
energy of fiw,, /2.

As a key feature of quantum mechanics, zero-point fluctuation of displacement is an impor-
tant effect to verify when we bring macroscopic mechanical degrees of freedom into their ground
states [1-8]. Needless to say, a continuous observation of the zero-point fluctuation of a macroscopic
mechanical oscillator requires superb displacement sensitivity.

However, what constitutes an “observation of the quantum zero-point fluctuation” is conceptually
subtle. Egs. (6.3) and (6.4), which argue for the inevitability of the zero-point fluctuation, also
dictate that the “exact amount” of the zero-point fluctuation cannot be determined precisely. More
specifically, if we use a linear measurement device to probe the zero-point fluctuation, which has an

output field of §(t), then we must at least have

[9(2), 9(t)] =0 (6.5)

at all times, in order for y to be able to represent experimental data — with measurement noise
simply due to the projection of the device’s quantum state into simultaneous eigenstates of all

{g(t) : t € R}. This means § must be written as
G(t) = é(t) + 24(t) (6.6)

with non-vanishing additional noise (error) é(t), which consists of degrees of freedom of the mea-
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3. In addition, during the

surement device and compensates the non-vanishing commutator of 2,
measurement process, actual evolution of the mechanical displacement # must differ from its free

evolution Z,. This is because

=x({t' —1t) (6.7)

is also the classical response function of x to an external force: any device that attempts to measure
Z by coupling it with an external observable F, e.g., by adding a term proportional to #F into
the Hamiltonian, will have to cause non-zero disturbance. For this reason, we can expand the
measurement error € into two parts: Z — the sensing noise that is independent of mechanical motion,
and £ga — additional disturbance to the mechanical motion from the measurement-induced back-

action, and rewrite ¢(t) as:

G(t) = 2(t) + pa(t) +a,(t) = 2(t) + 2(t). (6.8)
é(t)

|

The mechanical displacement under measurement is therefore a sum of the freely-evolving operator
%4 plus the disturbance Zpa due to back action noise, namely, Z(t) = Z4(t) + Zpa(t).

The above lines of reasoning lies very much at the heart of linear quantum measurement theory,
pioneered by Braginsky in the late 1960s and aimed at describing resonant-bar gravitational-wave de-
tectors [11, 12], and later adapted to the analysis of laser interferometer gravitational-wave detectors
by Caves [13]. A key concept in linear quantum measurement theory is the trade-off between sens-
ing noise and back-action noise, which gives rise to the so-called Standard Quantum Limit (SQL).
For optomechanical devices, sensing noise takes the form of quantum shot noise due to discreteness
of photons, while the quantum back action is enforced by quantum fluctuations in the radiation
pressure acting on the mechanical oscillators [13], which is therefore also called quantum radiation-
pressure noise. It has been shown that the SQL, although not a strict limit for sensitivity, can only
be surpassed by carefully designed linear measurement devices which take advantage of quantum
correlations between the sensing noise and the back-action noise.

Observing signatures of quantum back-action, achieving and surpassing the associated SQL in
mechanical systems are of great importance for the future of quantum-limited metrology, e.g.,
gravitational-wave detection [14-22]. At the moment, it is still experimentally challenging to di-
rectly observe quantum radiation-pressure noise in optomechanical devices due to high levels of
environmental thermal fluctuations, and significant efforts are being made [4-8, 23]. One approach
proposed by Verlot et al.[4] is, instead, to probe the quantum correlation between the shot noise

and the radiation-pressure noise, which, in principle, is totally immune to thermal fluctuations.

3We note that Ozawa has developed a different formalism to quantify the issues that arise when attempts are made
to measure non-commuting observables like #4(¢)[9, 10]. However, we have chosen to adopt the Braginsky-Khalili
approach [11], because it is immediately applicable when the non-commuting observable is acting as a probe for an
external classical force.
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In this article, we analyze a recent experiment performed by Safavi-Naeini et al. [24], in which a
radiation-pressure-cooled nanomechanical oscillator and a movable mirror of a high-finesse cavity is
probed by a second beam of light, which is detuned from the cavity, for its zero-point mechanical
oscillation. The out-going power spectrum of the second beam, near the mechanical resonant fre-
quency, serves as an indicator of the oscillator’s zero-point motion. It was experimentally observed
that when the second beam is detuned on opposite sides to the cavity resonance, the out-going
power spectra turn out to be different. Using theory of linear quantum measurements, we will
show that this experiment not only probes the zero-point fluctuation of the mechanical oscillator
at nearly ground state, but also illustrates vividly the non-trivial correlations between sensing noise
and back-action noise — a much sought-after effect in the gravitational-wave-detection community.
We further argue that what Ref. [24] observed is generic for attempts to measure the zero-point
fluctuation: as soon as one tries to directly probe quantum zero-point fluctuation, that experiment
will automatically introduce back-action noise, whose correlation with the sensing noise may give
rise to an additional noise contribution at a similar level to the zero-point fluctuation of the oscilla-
tor. In the experiment reported by Ref. [24], this contribution is equal to the oscillator’s zero-point
fluctuation for one detuning of the readout beam, and exactly opposite for the other detuning. In
addition, we will discuss quantum measurement devices that use a near-ground-state mechanical
oscillator as a probe for an external classical force near its resonant frequency. We will focus on
limitations imposed by the mechanical oscillator’s zero-point fluctuation.

The outline of this article goes as follows: in Sec. 6.2, we will give a brief overview of the experi-
ment by Safavi-Naeini et al., and present an analysis of this experiment using quantum measurement
theory; in Sec. 6.3, we will more broadly discuss the nature of mechanical zero-point fluctuation, show
that in attempts to measure the zero-point fluctuation the contributions from sensing—back-action
noise correlations can generically be comparable to the zero-point fluctuation itself, and discuss the

connection between zero-point fluctuation and the SQL; we will conclude in Sec. 6.4.

6.2 A two-beam experiment that measures zero-point me-
chanical oscillation

In this section, we describe in Sec. 6.2.1 the experiment performed by Safavi-Naeini et al. reported in
Ref. [24], put its results into the framework of linear quantum measurement theory in Sec. 6.2.2, and
provide a detailed analysis in Sec.6.2.3. In Sec.6.2.4, we will comment on the connection between

this viewpoint from quantum measurement and the scattering picture presented in Ref. [24].
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6.2.1 Experimental setup and results

In the experiment, two spatial optical modes are coupled to a mechanical vibrational mode in a
patterned silicon nanobeam. One spatial mode — the cooling mode — is pumped with a relatively
high power at a “red” detuning (lower than resonance), and is used to cool the mechanical mode
via radiation pressure damping [2]; the other cavity mode — the readout mode — has a much lower
pumping power and is used for probing the mechanical motion. The readout laser frequency wy, is
detuned from the resonant frequency w; of the readout mode by either +w,, or —w,,. The observed
spectrum of the readout laser is asymmetric with respect to the detuning A = w,. — wy,.. Specifically,
in the positive-detuning case — A = w,,, the spectrum has a smaller amplitude than that in the
negative-detuning case. The area I, enclosed by the spectrum in the positive-detuning case, after
subtracting out the noise floor away from the mechanical resonant frequency, is proportional to the
thermal occupation number (n) of the mechanical oscillator, while, in the negative-detuning case, the
enclosed area is I_ o< (n) + 1. Such asymmetry is illustrated in Fig. 6.1. In Ref. [24], we introduced

the following figure of merit to quantify the asymmetry:

nEI;—lzi. (6.9)
Iy (n)

We interpreted this asymmetry as arising from quantized motion of the mechanical oscillator-phonon,
and is related to the difference between the rate of phonon absorption from the oscillator, propor-
tional to (n), and phonon emission rate, proportional to (n) + 1. It has been used for calibrating the
thermal excitation of the vibrational mode of ions or cold atoms in electrical/optical traps [25-28]. If
we view the measurement process as scattering between photons and phonons, the underlying physics
is similar to the Raman scattering, e.g., in the spectroscopic analysis of crystals [29, 30]. The absorp-
tion of a phonon from the mechanical oscillator at frequency w,, is associated with up-conversion of
a pumping photon at wy, to a higher-frequency photon at wy, + w,, due to energy conservation —

the so-called the anti-Stokes process; while the emission of a phonon into the mechanical oscillator

is associated with down-conversion of a pumping photon to a lower-frequency photon at wy, —w,, —

I x (n) T_oc(n)+1
Wr — Wi = W Wy — Wi = —Wm

Figure 6.1: Figure illustrating the observed spectra of the readout laser in the positive-detuning case
(left) and the negative-detuning case (right).
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Figure 6.2: Figure illustrating the relation among different parts of the optomechanical system in
the experiment. The thermal heat bath and the cooling mode together create an effective quantum
heat bath for the mechanical oscillator which in turn couples to the readout mode.

the Stokes process. To probe the rates of these two processes from which we can infer (n), we need
to take a photon-counting-type measurement to detect the emission spectra of (anti-)Stokes pho-
tons. However, in the experiment, we instead used the heterodyne scheme to measure the amplitude
quadrature of the readout mode, which is the most convenient to realize with the setup that we had.
Interestingly, by choosing the detuning A = 4w, and in the resolved-sideband regime, spectra of
the amplitude quadrature are equal to emission spectra of the (anti-)Stokes photons plus a constant
noise floor due to vacuum fluctuation of the light — the shot noise. We will elaborate on this point
in Sec. 6.2.4 and show explicitly such a connection. Intuitively, one can view the cavity mode as an
optical filter to selectively measure the emission spectra — for A = w,,, the anti-Stokes process is
significantly enhanced as the emitted photon is on resonance with respect to the cavity mode, and
one therefore measures the spectrum for the anti-Stoke photons; while for A = —w,,,, the spectrum

of the Stokes photon is measured.

6.2.2 Interpretation in terms of quantum measurement

Here we provide an alternative viewpoint to Ref. [24], but emphasizing more on the role of quantum
back-action and its relation to quantization of the mechanical oscillator. First of all, we separate
the experimental system into two parts. The cooling mode, the mechanical oscillator, and the
environmental thermal bath the oscillator couples to (the left and middle boxes in Fig. 6.2) together
is the first part, which can be viewed as providing an effective mechanical oscillator nearly at the
ground state, but with a quality factor significantly lower than the intrinsic quality factor of the
mechanical mode. It is the zero-point fluctuation of this effective oscillator that we shall be probing.
The second part of the system consists of the readout mode (the box on the right of Fig. 6.2),
which couples to the effective oscillator (the first part of the system) through displacement & alone.
The second part provides us with an output g, which contains information about the zero-point

fluctuation of the effective mechanical oscillator.

6.2.2.1 The mechanical oscillator near ground state

Let us focus on the first part of the system (left two boxes of Fig. 6.2), the effective mechanical
oscillator (because this will be a stand-alone subject of study in later discussions, we shall often

ignore the word “effective”). The environmental heat bath and the cooling mode together form
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a quantum heat bath with fluctuation close to the zero-point value. In steady state, the “free”
mechanical displacement is determined by its coupling to this bath (“free” means in absence of the

readout mode):

g(t) = /t x(t — ") E,(t"dt' . (6.10)

— 00
Here x is the response function of the mechanical oscillator:
[2(t),2(t")] o romlt—t']/2 sinwp, (t — ')

t—t) =l
X( ) ih MW,

(6.11)

Note that we have an additional decay factor compared with Eq. (6.3), which describes an idealized
free oscillator. The decay rate K, here is determined jointly by the intrinsic decay rate of the
mechanical mode, and the optomechanical interaction between the mechanical mode and the cooling
optical mode. The force F'q lumps together the fluctuating force acting on the mechanical mode by
the environmental heat bath and the cooling mode. If the oscillator approaches the ground state
only after applying the cooling mode, then one can show that Fq is dominated by fluctuation of the
cooling mode.

The above two equations state that for a realistic mechanical oscillator with non-zero decay rate,
its zero-point fluctuation in the steady state can be viewed as driven by the quantum heat bath
surrounding it. We will returning to this prominent feature of linear quantum systems later in

Sec.6.3.1.

6.2.2.2 The quantum-measurement process

Let us now move on to the second part of the system (right box of Fig. 6.2), in which the readout
mode serves as a linear position meter that measures the mechanical displacement. We can rewrite
the disturbance £ in Eq. (6.8) in terms of the back-action force FB A arising from radiation-pressure

fluctuation of the readout mode, namely,

ipa(t) = /t x(t — ") Ega(t)dt’, (6.12)

— 0o

We have assumed that the readout mode does not modify the dynamics of the oscillator, which is a
good approximation for the low pumping power used in the experiment. Written in the frequency

domain, the readout mode output 3 [cf. Eq.(6.8)] is

§(w) = 2(w) + x (@) FBa(w) + x(w) Fy(w). (6.13)

where

¥(w) = - (6.14)
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is the Fourier transform of ©(t)x(t), with © the Heaviside function, i.e., the positive half of x(¥)
(even though x(t) exists for both ¢ > 0 and ¢ < 0). The spectral density S,,(w) of § then reads:

Syy = Sex + 2Re["Sor] + PSR + [P Sy (6.15)

Here these single-sided spectral densities are defined in a symmetrized way (see Appendix 6.4),
which guarantees bilinearity for the cross spectrum and positivity for self spectrum; S, and SEX
are the sensing-noise and back-action force noise spectrum, respectively; S, ¢ is the cross correlation
between 2 and Fg A; the force spectrum of the effective quantum heat bath made up by the cooling

mode and the environmental heat bath is given by
Stp = (4(n) + 2)hme,wm, (6.16)
and (n) is the thermal occupation number.

6.2.2.3 Asymmetry between spectra

Experimentally, it was observed that the output spectra Sy, for the two opposite detunings, A =

+wy,, are different — given the same thermal occupation number for the oscillator,

Syy(W)|a=-w,, # Syy(W)|a=w,,- (6.17)

As we will show in the Section.6.2.3 (following), when we flip the sign of the detuning A of the
readout beam, the only term in S, that changes is S, — the correlation between the sensing noise

and the back-action noise. In fact, according to Eq. (6.34), we have
S.p(w) ~ —i he (6.18)
FW) =R —th—, .
r A

in the resolved-sideband regime with the cavity bandwidth k, < w,,, which is the case in the

experiment [24]. The asymmetry factor defined in Eq.(6.9) is given by:

Q/RG[X*(S;F - SjF)]dw 1
n= = —. (6.19)
/ [|X‘QS%F + QRe(X*S:F)} dw (n)

Here S;*LF is defined by SjF = S.r|A=+w,,, and in particular around the mechanical resonant fre-

quency w,, where S;tF contributes to the above integral,

SE, ~ Fih. (6.20)
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The asymmetry, or effect of quantum correlation S,p, is most prominent when the thermal
occupation number approaches zero. Indeed, if we focus on the quantum fluctuation by taking the

limit of (n) — 0, we obtain

/2Re(x*5fF)dw = $/|X|QS}J,F|(”)=O dw. (6.21)

In other words, at the quantum ground state, contribution of the quantum correlation S,r to the
readout spectrum Sy, has the same magnitude as that of the zero-point fluctuation, while the sign
of the correlation term depends on the sign of the detuning of the readout beam. This means not
only has the experiment probed the zero-point fluctuation of the mechanical oscillator, it has also

demonstrated non-trivial correlations between sensing noise and back action at the quantum level.

6.2.3 Detailed theoretical analysis

In this section, we supply a detailed calculation of the quantum dynamics and the output spectrum
of the experiment. The dynamics for a typical linear optomechanical device has been studied ex-
tensively in the literature [31-33]; however, they have been focusing on the quantum state of the
mechanical oscillator in ground-state cooling experiments, instead of treating the optomechanical
device as a measurement device. Here we will follow Ref.[34] and derive the corresponding input-
output relation — the analysis is the same as the one of quantum noise in a detuned signal-recycling
laser interferometer which can be mapped into a detuned cavity [15, 35, 36]. We will focus only
on the interaction between the readout cavity mode and the mechanical oscillator — the cooling
mode and the thermal heat bath is taken into account by the effective dynamics of the oscillator as
mentioned earlier.

The Hamiltonian of our optomechanical system can be written as [31-33]:

. N H2 1 .
H = howyla + o, + B Goida+ 2 + Smwla® + Hy,, (6.22)
m

2
Here the first two terms describe the cavity mode including its coupling to the external continuum,
the third term is the coupling between the cavity mode and the mechanical oscillator, Gy = w; /L.
is the coupling constant with L. the cavity length, the rest of the terms describes the dynamics of
the effective oscillator (left and middle boxes in Fig. 6.2), with 'Flﬁm summarizing the dynamics of
the cooling mode and the thermal heat bath, as well as their coupling with the original mechanical
oscillator.

In the rotating frame at the laser frequency, the linearized equations of motion for the perturbed
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part — variation around the steady-state amplitude — read:

m(E + ki 4+ w2 @) = Fpa + F, (6.23)

a+ (kr/2+iA)a = —i God 4 /Ry din, (6.24)
where the back-action force Figa is defined as:
Fga = —hGo(a+al), (6.25)

and we introduce Gy = aGo with @ being the steady-state amplitude of the cavity mode and ai,
being the annihilation operator of the input vacuum field. The cavity output aqy; is related to the
cavity mode by:

dout = —Qin ++/kr @, (6.26)

with k, the decay rate (the bandwidth) of the readout mode.
In the steady state, these equations of motion can be solved more easily in the frequency domain.

Starting from the mechanical displacement, we get
#(w) = X(w)[Fa (W) + Fy(w)]. (6.27)

Here we have ignored modification to the mechanical response function x due to the readout mode—
a term proportional to G2, assuming that the pumping power is low. For the cavity mode, we invert

Eq. (6.24) and obtain -
- GQ :i’(w) + Z\/Ii»r &in (w)

a(w) w—Atir 2 (6.28)
which leads to B
) 21 Gor/kr 2[(Kn /2 — i)y + A
Fpa(w) = 2RG0Vrr /212 — i)y £ 2 0] (6.29)

(w—A+ik./2)(w+ A +ik./2)
with &, = (aim + al)/v/2 and vy = (43 — ai.)/(v/2i) being the amplitude quadrature and the
phase quadrature of the input vacuum field. When combining with Eq. (6.26), we obtain the output

amplitude quadrature

V1(w) = [dou(w) + ab e (-w)]/V2
. (A2 — lig/ﬁl — w2)@1 — Kp AUy + \/%G'OAQE
B (w—A+ik./2)(w+ A+ ik /2) ’

(6.30)

whose spectrum is measured experimentally. We put the above formula into the same format as

Eq.(6.13) by normalizing ¥; with respect to the mechanical displacement &, and introduce §j(w) and
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the corresponding sensing noise 2(w):

o (AQ - H3/4 — w2)f11 — KTAﬁQ “
y(w) - mGOA + x(w)

= 2(w) + x(@)[Fpa(@) + Fy(w)]. (6.31)

Taking single-sided symmetrized spectral density of § (see Appendix 6.4), we obtain
Syy(w) = S.. + 2Re[x*S.r] + X [SER + SErl, (6.32)

where

(A% — k2/4 — w?)? + K2A2?

Sz (W) = QHTG%AZ ) (633)

Ser(w) = 7’1(”"/2_ i) (6.34)
272, (.2 2 2

SBA () = 2R Gk (K2 /4 4+ w? + A?) 7 (6.35)

(A2 k2/4 — w?)2 + K2A?

Here we have used

(018 (@) (W)[0)sym = T Sk 6w — ') (i, k = 1,2). (6.36)

Indeed, only S,r depends on the sign of detuning and contributes to the asymmetry. In the
resolved-sideband case k, < wy,, and choosing detuning |A| = wy,,, S.r can be approximated as the
one shown in Eq. (6.18). For a weak readout beam, we can ignore S}?% which is proportional to G3,
and the output spectra around w,, for the positive- and negative-detuning cases can be approximated

as Ky hkm(2(n) +1F1)
2G2  2mwp[(w — wm)? + (km/2)?]’

Syy(W)la=ztw,, = (6.37)

from which one can easily obtain the dependence of the asymmetry factor 7 on (n) shown in Eq. (6.9).

Interestingly, even if the quantum back-action term SE"} is much smaller than S%.,. and has been
ignored, given the weak readout mode used in the experiment, the asymmetry induced by quantum
correlation is always visible as long as (n) is small. In addition, any optical loss in the readout
mode only contributes a constant background — that is symmetric with respect to detuning — to
the overall spectrum; therefore, the asymmetry is very robust against optical loss, and it can be

observed without a quantum-limited readout mode, which is the case in the experiment.

6.2.4 Connection with the scattering picture

In the above, we have been emphasizing the viewpoint of position measurement, and interpreting

the asymmetry as due to the quantum correlation between the sensing noise and the back-action
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noise. Here we would like to show the connection between this viewpoint and the scattering picture
in Ref. [24] that focuses on the photon-phonon coupling, and in addition, show how spectra of the
amplitude quadrature measured in the experiment are related to emission spectra of the (anti-)Stokes
photons that would have been obtained if we instead take a photon-counting measurement.

To illustrate these, we introduce the annihilation operator b for the phonon through the standard
definition:

& = /h/ (2mwn) (b + b, (6.38)

which satisfies the commutator relation: [57 l;T] = 1. In the rotating frame at the laser frequency,

the Hamiltonian in Eq. (6.22) after linearization is given by:
H = hAata+ He + hgo(a+ al)(b+ b)) + hwmb'b+H,. | (6.39)

where gy = G \/m The third term is the photon-phonon coupling: a'h describes the
anti-Stokes process — the absorption of a phonon is accompanied by emission of a higher-frequency
photon; and a' b describes the Stokes process — the emission of a phonon is accompanied by emission
of a lower-frequency photon. The photon emission rate of these two processes can be estimated by
using the Fermi’s golden rule. Specifically, taking into account the finite bandwidth for the photon
and phonon due to coupling to the continuum, the emission rate of the anti-Stokes photon at wy,. +w

reads

T as(w) = 52 / dr €7 D(w) (5 (r)h(0))

gt tim (n) D(w)

= : 6.40
(W—wm)?+ (km/2)?’ (6.40)
and the emission rate of the Stokes photon at w;, — w reads
Ts(w) = g2 / dr e "D (—w)(b(7)bT (0))

(W —wm)? + (km/2)%
Here the density of state for the photons is determined by the cavity decay rate and detuning:

_ Ko /2
D(w) = CEYNER PR (6.42)

Were the cavity bandwidth much larger than the mechanical frequency w,,, the density of state
D(w) would become flat for frequencies around +w,,, and we would effectively have a scenario that
is similar to the free-space Raman scattering as in the spectroscopic measurements of crystals [30].

By making a photon-counting-type measurement of the emitted (anti-)Stokes photons, one could
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observe an asymmetric spectrum with two peaks (sidebands) around w, + w,, of which the profiles
are given by the above emission rates.

The situation of our experiment is however different from the usual free-space Raman scattering
spectroscopic measurement in the following two aspects: (i) We are operating in the resolved-sideband
regime where the cavity bandwidth is much smaller than the mechanical frequency and the photon
density of state is highly asymmetric for positive and negative sideband frequencies depending on
the detuning. This basically dictates that we cannot measure two sidebands simultaneously, and
we have to take two separate spectra by tuning the laser frequency. In the positive-detuning case
A = wy,, the anti-Stokes sideband is enhanced while the Stokes sideband is highly suppressed, as
the photon density of state is peak around w = w,,; while in the negative-detuning case A = —w.,,
the situation for these two sidebands swaps. (ii) We are using heterodyne detection scheme instead
of photon counting, where the outgoing field is mixed with a large coherent optical field (reference
light) before the photodetector, to measure the output amplitude quadrature. On the one hand,
this validates the picture of linear position measurement discussed in the previous sections. On the
other hand, this introduces a noise floor due to vacuum fluctuation of the amplitude quadrature.
Only by subtracting this noise floor, can we recover the emission spectra obtained by taking a

photon-counting measurement. To illustrate this, we use the fact that

[Vi(w), Y] ()] =0 (6.43)

which is a direct consequence of [j(t), §(t')] = 0 (§ is equal to ¥; normalized with respect to the

mechanical displacement [cf. Eq. (6.31)]), and we have

(V@) ¥ (@))sym = (V] (@) V1 ()
L.

§[<aout(—w’)diut(—w)> + (@b () ous ()] (6.44)

This allows us to relate the output spectrum of the amplitude quadrature to the emission spectrum.
Taking the positive-detuning case, A = w,, for instance, dout(—w) contains mostly vacuum and

negligible sideband signal due to suppression of the Stokes sideband around wj, — w,, by the cavity,
T

rut(—w)) & 27 6(w — w’). Since the second term gives the emission spectrum for

namely, (Gout(—w’)d

the output photons, the single-sided spectral density of the output amplitude quadrature reads:
Syy(w) =14 2Tgu(w) & 1 4 2Tpg(w), (6.45)

where we have used the fact that, given weak pumping power for the readout mode, oy =

1/[(2/kr) + (1/Tas)] =~ T'as. By normalizing the spectrum with respect to the mechanical dis-



177

placement, we have
Ry
Syy(W)la=w,, = 5731+ 2l as(w)]. (6.46)
2G§

Similarly, by following the same line of thought, we get

; ég 1+ 2Tg(w)]. (6.47)

Syy(W)|a=-w,, =

The above two equations give identical results to Eq. (6.37). We therefore make a direct connection
between the spectra of amplitude quadrature measured in the experiment and the photon emission

spectra that is obtained if making photon-counting measurements.

6.3 General linear measurements of the zero-point fluctua-
tion

Based on the analysis of the specific experiment of Ref. [24] in the previous section, here we comment
on the general features of linear quantum measurements including measuring zero-point fluctuation
of a mechanical oscillator. We start by discussing the nature of the zero-point mechanical fluctuation
in Sec.6.3.1, proceed to discussion of measurements of it in Sec. 6.3.2, and finally end in Sec.6.3.3

which discusses its effect on sensitivity for measuring external forces and the connection to the SQL.

6.3.1 The nature of zero-point mechanical fluctuation

First of all, let us take a closer look at the nature of the zero-point fluctuation of a realistic harmonic
oscillator, which consists of a mechanical mode with eigenfrequency w,, and finite decay rate x,,.
Suppose we initially decouple the oscillator from its environmental heat bath and turn on the coupling

at t = 0. In the Heinserberg picture, the position and momentum of the oscillator at ¢ > 0 will be

t
Zq(t) = Zpee(t) + / x(t — ") F,(t"dt', (6.48a)
0
t
Palt) = Przeelt) + m / Dt — 1) By ()t | (6.48D)
0
where
p(0
Bpreo(t) = e7rmt/2 {i(()) coswmt + £(0) Sinwmt} ) (6.49a)
MW,
p ree t — ~ . D O
Piree (t) = ¢ fimt/2 [—x(O) sin wy,t + p(0) coswmt]
MWy, MWy,
mEm
_ Ztree(t) (6.49b)

2
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are contributions from the free evolution of the initial Schrodingier operators (i.e., undisturbed by
the environment), which decay over time, and get replaced by contributions from the environmental
heat bath [integrals on the right-hand side of Egs. (6.48a) and (6.48b)]. Note that for any oscillator
with non-zero decay rate, it is essential to have bath operators entering over time, otherwise the

commutation relation between position and momentum:
[#4(t), Pg(t)] = i P (6.50)
will not hold at ¢ > 0 because of
[Ztcee(t), Prree(t)] = ihe™ ™" (6.51)

This dictates that the heat bath must be such that the additional commutator from terms containing
Fq exactly compensate for the decay in Eq. (6.51), which leads to the quantum fluctuation-dissipation
theorem (see e.g., Ref. [37]).

It is interesting to note that this “replenishing” of commutators has a classical counterpart, since
commutators are after all proportional to the classical Poisson Bracket. More specifically, for a
classical oscillator with decay, we can write a similar relation for Poisson Brackets using the position
and momentum of the oscillator, plus environmental degrees of freedom. The replenishing of the
position-momentum Poisson Bracket by environmental variables, in classical mechanics, can also be
viewed as a consequence of the conservation of phase-space volume, following the Liouville theorem.
A decaying oscillator’s phase-space volume will shrink, and violate the Liouville theorem — unless
additional phase-space volume from the environmental degrees of freedom is introduced.

Nevertheless, the definitively quantum feature in our situation is a fundamental scale in the
volume of phase space, . Here we note that if k,, < wy,, when reaching the steady state with Zfce
and §gee decayed away, we have

dw
Az - Apy = mwy, / gng(w) , (6.52)
where S, = |x|2S% . Although S%, depends on the specific scenario, they are all constrained by a

Heisenberg-like relation of,

ST (w) > 2hImy(w), (6.53)

which is a straightforward consequence of the commutation relation in Eq. (6.11). The equality is

achieved at the ground state®. This enforces the same Heisenberg uncertainty relation:

Azg - Apg > h/2, (6.54)

3A generalization of this to thermal states will be the fluctuation-dissipation theorem [37].
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as an ideal harmonic oscillator whose quantum fluctuations arise “on its own”, instead of having to
be driven by the surrounding environment. Therefore, in the steady state, the zero-point fluctuation
of the mechanical oscillator can be viewed as being imposed by the environment due to linearity of

the dynamics.

6.3.2 Measuring the zero-point fluctuation

Having clarified the nature of quantum zero-point fluctuations of a mechanical oscillator in the
steady state, let us argue that the effects seen in Ref. [24] are actually generic when one tries to
probe such fluctuations, namely: the correlation between sensing and back-action noise can be at
the level of the zero-point fluctuation itself.

Let us start our discussion here from Eq. (6.5), namely,

[9(®), 5(t)] =0, (6.55)

and the fact that ¢ consists of sensing noise, back-action noise, and finally the zero-point fluctuation

of the mechanical oscillator [cf. Eq. (6.8)]:

gt) = ? +a / X(t = 7)EBa(T)dT 4 #4(t) . (6.56)

— 00

Here we have added a factor o, which labels the scaling of each term as the measurement strength
which is proportional to the square root of the readout beam power. Let us assume that Eq. (6.55)
continues to hold for the same set of 2 and Fpa, for a large set of a and y: basically the measuring
device works for different mechanical oscillators with different measuring strengths.

Since Eq. (6.55) remains valid for all values of a, we extract terms with different powers of

scaling, and obtain

[2(t), 2(t))] = [FBA(t), FBA(t’)} =0, (6.57)

and

+[2(t), 24(t)] =0, Vi, ¢ (6.58)
This becomes

+oo
/0 () [Corlt = 7) = Cop(—t — )] dr = —i hx(£) , (6.59)
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for all values of ¢, where we have defined
C.r(t' —t) = |2(t), Fea(t)] . (6.60)

Here the dependence is only through #' — ¢ because the system is time-invariant. We also note
that since Z is an out-going field, C,p must vanish when ¢ > 0 — otherwise any generalized force
applied on 2 can still affect F at a later time [11, 35], which violates the causality. As proved
in Appendix. 6.B, in order for Eq.(6.59) to be satisfied for all possible response functions of the
oscillator, we must have

Cop(t) = —iho_(1), (6.61)

where §_(t) is the Dirac delta function with support only for ¢ < 0. In other words,

[2(1), Fpa(t')] = —i ho_(t' —t). (6.62)

Eq. (6.56), plus the commutation relations in Egs. (6.57) and (6.62), then provide a general
description of linear measuring devices which do not modify the dynamics of the mechanical oscillator
— simply from the requirement that the out-going field operators at different times must commute
[cf. Eq.(6.55)]. In particular, the non-vanishing commutator [Z4(t), #4(¢')], which underlies the
existence of the zero-point fluctuation, is canceled in a simple way by the non-vanishing commutator
between the sensing noise and the back-action noise [cf. Eq. (6.62)].

Now turn to the noise content of the output g(t):

Szz
a?

Syy = + 2Re[x*S.r] + a2 SER + S (6.63)

Let us consider experiments with relatively low measurement strength, so that the first term S, /a?
from the sensing noise dominates the output noise. The next-order terms contain: (i) correlation
between the sensing noise and the back-action noise — S,r; and (ii) the mechanical fluctuation —

S4.. We assume nearly ground state for the mechanical oscillator
Se (w) =~ 2hImy(w), (6.64)

which, for k,, < wp,, gives

/ Wt ()~ (6.65)
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If S.r(w) does not change noticeably within the mechanical bandwidth, then

/ L oRely* (@)S.p(w)] ~

ImS, r(wm) - (6.66)

2 B 2mwo,

Because of Eq. (6.62), the typical magnitude for S,r is naturally
|S.r| ~ h. (6.67)

Therefore, contributions to the output noise from quantum correlation S,z and mechanical fluc-
tuation SY, can generically become comparable to each other when the mechanical oscillator is
approaching the quantum ground state. The result presented in Ref. [24] therefore illustrates two

typical cases of this generic behavior [cf. Eq. (6.20)].

6.3.3 Measuring an external classical force in presence of zero-point fluc-

tuation

Finally, let us discuss the role of zero-point fluctuation in force measurement, when the mechanical
oscillator is used as a probe of an external classical force not far away from the mechanical resonant
frequency. Because of the commutation relations shown in Egs. (6.57) and (6.62), a Heisenberg
uncertainty relation exists between Z and Fga, which, in terms of the single-sided symmetrized

spectrum density, can be written as
Se:(w)SPR(W) = Sar(w)Spa(w) > 12, (6.68)

Note that because of Eq. (6.57), symmetrization is not necessary in the definition of S, and SE%.
When the two noises are not correlated— S, = Sp, = 0, the above inequality represents a trade-off
between sensing noise Z and back-action noise Fga. Correspondingly, the force sensitivity S, which
is obtained by normalizing the displacement sensitivity S,, with respect to the mechanical response

function x, will have a lower bound:

_ Syy(w) Szz(w)

5 = [P = R * IR+ ()
> |X2(Z)| + (4(n) + 2)hmKpwn, - (6.69)

If the mechanical oscillator is in its quantum ground state, namely (n) = 0, we obtain:

2h
Sp(w) > ——— + 2hmbpmwy, = SO0 (6.70)
] !
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Figure 6.3: (Color online.) Figure illustrating that total quantum limitation Sgwt (red) for force

sensitivity and contribution from zero-point fluctuation S7¥ (blue). For clarity, we divide both by
the SQL and use log-log scale.

The first term is the Standard quantum limit for force sensitivity with mechanical probes[11, 12]:

S%QL = = 2hmy/(w? — w2,)? + K2, W2. (6.71)

Ix(w)]
The second term,

ST = 2hmEpmwn, , (6.72)

arising from the zero-point fluctuation due to mechanical quantization, also limits the sensitivity. As
we can learn from Egs. (6.68) and (6.69), the SQL S?QL can be surpassed, in principle indefinitely,
by building up quantum correlations between the sensing noise Z and the back-action noise Fia
— although in practice the beating factor will be limited by the available optical power and the
level of optical losses. However, the limit imposed by zero-point fluctuation cannot be surpassed —
although can be mitigated by lowering x,,.

Braginsky et al. [38] argued that mechanical quantization does not influence the force sensitivity
when measuring a classical force with mechanical probes — one only needs to evaluate the quantum
noise due to the readout field. But these authors had specifically pointed out that they were focusing
on ideal mechanical probes with infinitely narrow bandwidth (x,, — 0) and observations outside of
that frequency band. This corresponds to the situation of free-mass gravitational-wave detectors,
in which the mechanical oscillator is the differential mode of four mirror-endowed test masses hung
as pendulums with eigenfrequencies around 1Hz and very high quality factor, while the detection
band is above 10 Hz, well outside the pendulum resonance. Indeed, from Egs. (6.71) and (6.72), we
see that the effect of zero-point fluctuation is only significant not far away from resonance — which

confirms Braginsky et al.’s result. More specifically, if Ky, < wp,, we can write, for |w — wp,| K W,

2
S5~ g, 1 4 (L”Km;g”) . (6.73)
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Figure 6.4: (Color online.) Figure illustrating effect of the mechanical decay rate (bandwidth) ky,
on S (solid) and S%° (dashed) — the larger the mechanical bandwidth, the lower the force
sensitivity (This plot is also in the log-log scale).

In particular, the limit imposed by zero-point fluctuation is equal to SQL on resonance, and becomes
less important as |w — wy,| becomes comparable to or larger than the half bandwidth x,,/2, as
illustrated in Fig. 6.3.

Although the above relative comparison between the SQL and zero-point fluctuation indicates
that the later plays a more important role near the oscillator’s resonant frequency, it is straightfor-
ward to see from Egs. (6.71) and (6.72) that on an absolute scale: (i) for a given oscillator at ground
state, S5 (w) is lower near mechanical resonance, while 57 (w) is independent from frequency, and
(ii) at any frequency, lowering x,,, while fixing w,, and keeping the oscillator at ground state, always
results in lower noise, as illustrated in Fig. 6.4. Now suppose we are free to choose from ground-state
mechanical oscillators with different w,, and k,, as our probe, and that we are always able to reach
the SQL at all frequencies, then: (i) if we know the frequency content of target signals, we should
choose probes that are more resonant with the target, and (ii) regardless of signal frequency, we

should always use probes with lower k,,, or equivalently, higher mechanical quality factor.

6.4 Conclusion

We have shown, within the framework of quantum measurement theory, that the asymmetry in
output spectra observed by Safavi-Naeini et al. can be explained as due to the quantum correlation
between the sensing noise and the quantum back-action noise; this experiment therefore provides a
clear signature of quantum back-action onto mechanical systems.

More broadly, we have shown that having quantum-noise correlations showing up at the same
level as the zero-point fluctuations is a generic feature of measurements that attempt to measure the
zero-point fluctuation. We have further shown that when an experimentally prepared ground-state

mechanical oscillator is used as probe for classical forces near its resonant frequency, its mechani-
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cal quantization — through zero-point displacement fluctuation — does impose an addition noise
background. This additional noise does vanish when the oscillator’s bandwidth approaches zero, i.e.,

when the oscillator becomes ideal.
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6.A Symmetrized cross spectral density

In this article, as in Ref. [14], we use the single-sided symmetrized cross spectral density, which,

given a quantum state [¢), is defined between a pair of operators A and B as:

=0 (W) + Bf (W) AW)|¢) . (6.74)

The symmetrization process here allows us to preserves bilinearity of S on its entries, i.e.,

Sa,erBtesc =184 + 384 (6.75a)

Se,Ate,B.c = c15ac + c2Spe - (6.75b)

More importantly, we can show that

Saa >0 (6.76)

for any field A, even if {A(w% At (w')} # 0. The positivity (6.76) allows us to interpret Sa4 as the

fluctuation variance per unit frequency band — as in the classical case.

A

6.B Commutation relation between 2z and F

Defining
f(t) = Cp(t) +ihd_(t) (6.77)
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we convert Eq. (6.59) into
+oo
/ MO [t —7) = f(—t —7)]dr =0, (6.78)
0
Assuming analyticity of the Fourier transform of f(t), it must be written as

fwy =3 ——— f’“wk (6.79)
k

with wy, all located on the upper half of the complex plane (not including the real axis). Fourier

transforming Eq. (6.78) gives us

’M“’)Z[wﬁuk—wfk }:07 weR. (6.80)
k

Because the set {wy} is within the upper-half complex plane (excluding the real axis), the set {w}}
must be within the lower-half complex plane (excluding the real axis) — and the two sets do not

intersect. For this reason, Eq. (6.80) requires fi to all vanish, and hence

C.p(t) = —iho_(t). (6.81)

Bibliography
[1] T. J. Kippenberg and K. J. Vahala, Science 321, 1172 (2008).
[2] F. Manquardt and S. M. Girvin, Physics 2, 40 (2009).
[3] A. D. O’ Connell et al, Nature 464, 697 (2010).
[4] P. Verlot et al, Phys. Rev. Lett. 102, 103601 (2009).
[5] J. D. Teufel et al, Nat. Nano. 4, 820 (2009).
[6] G. Anetsberger et al, Nat. Phys. 5, 909 (2009).
[7] K. Borkje, et al, Phys. Rev. A 82, 013818 (2010).
[8] T. Westphal at al, arXiv:1111.7236.
[9] M. Ozawa, Phys. Rev. A 87, 042105 (2003)

[10] J. Erhart et al, Nature Physics 8, 185 (2012).



[11]
[12]
[13]

[14]

[15]

21]
22]
23]
24]
25]
26]
27]

[28]

[29]
[30]

[31]

186

V. B. Braginsky and F. Y. Khalili, Quantum Measurement (Cambridge University Press, 1992).
V. B. Braginsky, JETP 26, 831 (1968).
C. M. Caves, Phys. Rev. Lett. 45, 75 (1980).

H. J. Kimble, Y. Levin, A. B. Matslo, K. S. Thorne and S. P. Vyatchanin, Phys. Rev. D 65,
022002 (2001).

A. Buonanno and Y. Chen, Phys. Rev. D 64, 042006 (2001).
P. Purdue and Y. Chen, Phys. Rev. D 66, 122004 (2002),

T. Corbitt et al, Phys. Rev. A. 73 023801 (2006).

T. Corbitt et al, Phys. Rev. Lett, 98, 150802 (2007).

T. Corbitt et al, Phys. Rev. Lett, 99, 160801 (2007).

F. Marino, F. S. Cataliotti, A. Farsi, M. S. Cumis and F. Marin, Phys. Rev. Lett 104 073601
(2010).

Y. Chen et al, Gen. Rel. Grav. 43, 671 (2011).

S. L. Danilishin and F. Y. Khalili, arXiv: 1203.1706.

K. Yamamoto et al, Phys. Rev. A 81, 033849 (2010).

A. H. Safavi-Naeini et al, Phys. Rev. Lett 108, 033602 (2012).

F. Diedrich, J. C. Bergquist, W. M. Itano and D. J. Wineland, Phys. Rev. Lett 62, 403 (1989).
P. S. Jessen et al, Phys. Rev. Lett 69, 49 (1992).

C. Monroe et al, Phys. Rev. Lett 75, 4011 (1995).

N. Brahms, T. Botter, S. Schreppler, D. W. C. Brooks and D. M. Stamper-Kurn, Phys. Rev.
Lett 108, 133601 ()2012.

T. R. Hart, R. L. Aggarwal and B. Lax, Phys. Rev. B 1, 638 (1970).
W. Hayes and R. London, Scattering of Light by Crystals (Dover Publications, 2004).

F. Marquardt, J. P. Chen, A. A. Clerk and S. M. Girvin, Phys. Rev. Lett 99, 093902 (2007).

[32] I. Wilson-Rae, N. Nooshi, W. Zwerger and T. J. Kippenberg, Phys. Rev. Lett 99, 093901 (2007).

[33]

C. Genes, D. Vitali, P. Tombesi, S. Gigan and M. Aspelmeyer, Phys. Rev. A 77, 033804 (2008).



187

[34] H. Miao, S. Danilishin, H. Mueller-Ebhardt and Y. Chen, New Journal of Physics 12, 083032
(2010).

[35] A. Buonanno and Y. Chen, Phys. Rev. D 65, 042001 (2002).
[36] A. Buonanno and Y. Chen, Phys. Rev. D 67, 062002 (2003).
[37] C. Gardiner and P. Zoller, Quantum Noise (Springer-Verlag, 2004).

[38] V. B. Braginsky, M. L. Gorodetsky, F. Y. Khalili, A. B. Marsko, K. S. Thorne and S. P.
Vyatchanin, Phys. Rev. D 67 082001 (2003).



188

Chapter 7

Macroscopic quantum mechanics in
a classical spacetime

We apply the many-particle Schrodinger-Newton equation, which describes the co-evolution
of an many-particle quantum wave function and a classical space-time geometry, to
macroscopic mechanical objects. By averaging over motions of the objects’ internal
degrees of freedom, we obtain an effective Schrédinger-Newton equation for their centers
of mass, which can be monitored and manipulated at quantum levels by state-of-the-art
optomechanics experiments. For a single macroscopic object moving quantum mechan-
ically within a harmonic potential well, its quantum uncertainty is found to evolve at
a frequency different from its classical eigenfrequency — with a difference that depends
on the internal structure of the object, and can be observable using current technology.
For several objects, the Schrodinger-Newton equation predicts semiclassical motions just
like Newtonian physics, yet quantum uncertainty cannot transferred from one object to

another.

Based on paper by H. Yang, H. Miao, Da-Shin Lee, B. Helou and Y. Chen, Phys. Rev.
Lett 85, 040101 (2013). Copyright 2013 by the American Physical Society.

7.1 Introduction

Testing non-relativistic quantum mechanics on macroscopic objects has has been a minor approach
in the search for effects of quantum gravity. Apart from the standard formulation of linearized
quantum gravity [1], which seems rather implausible to test in the lab, several signatures have been
conjectured: (i) gravity decoherence [2-12], where gravity introduces decoherence to macroscopic
quantum superpositions; (ii) modifications to canonical quantization motivated by the existence of

a minimum length scale [13-15]; and (iii) semiclassical gravity [16-18], which will be the subject of
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Figure 7.1: (Color online.) Left Panel: according to standard quantum mechanics, both the vector
({(z), (p)) and the uncertainty ellipse of a Gaussian state for the CM of a macroscopic object rotate
clockwise in phase space, at the same frequency w = wcy. Right panel: according to the CM
Schrédinger-Newton equation (7.2), ((z), (p)) still rotates at wem, but the uncertainty ellipse rotates
at wy = (wiy + wiy)? > wew.

this paper. As originally suggested by Mgller [16] and Rosenfeld [17], spacetime structure might still

remain classical even if it is sourced by matters of quantum nature, if we impose (G = ¢ = 1):

G = 8P| T, |) . (7.1)

Here G, is the Einstein tensor of a (3+1)-dimensional classical spacetime, T;w is the operator
for the energy-stress tensor, and [t(t)) is the wave function of all matters that evolve within this
classical spacetime.

Many arguments exist against semiclassical gravity. Some rely on the conviction that a classical
system cannot properly integrate with a quantum system without creating contradictions. Others
are based on “intrinsic” mathematical inconsistencies, the most famous one between Eq. (7.1),
state collapse, and V¥G,, = 0 [19]. Towards the former argument, it is the aim of this paper to
explicitly work out the effects of classical gravity on the quantum mechanics of macroscopic objects;
which, although we will find them counterintuitive, do not seem dismissible right away. In fact,
we shall find these effects “right on the horizon of testability” of current experimental technology.
Towards the latter argument, we shall remain open minded regarding the possibility of getting rid of
quantum state reduction while at the same time avoiding the many-world interpretation of quantum
mechanics [20, 21] (also see the appendix).

The non-relativistic version of Eq. (7.1), the so-called Schrédinger-Newton (SN) equation, has
been extensively studied for single particles [22—-28]. In this paper, we consider instead a macroscopic

object consisting of many particles, and will show that within certain parameter regimes, the Center-
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of-Mass (CM) wavefunction approximately satisfies the following SN equation:

L oOv I EAVER | 9 o 1 2
ihse = | =S + g Muwdya® + 50 — (2))*| V. (7.2)

Here (z) = (¥|Z|¥) is the expectation value of the CM position; wen is the eigenfrequency in
absence of gravity, determined by how the CM is confined; C is the SN coupling constant, from
which we introduce wgn = W For Si crystal at 10K, we estimate wsy ~ 0.036s~!, much larger
than the naively expected v/Gpg from the object’s mean density pg, due to the high concentration
of mass near lattice points.

For a single macroscopic object prepared in a squeezed Gaussian state, Eq. (7.2) leads to different
evolutions of expectation values and quantum uncertainties, as illustrated in Fig. 7.1. Such a devia-
tion can be tested by optomechanical devices in the quantum regime [29-33]. For two macroscopic
objects interacting through gravity, we show further, using the two-body counterpart of Eq. (7.2),
that classical gravity cannot be used to transfer quantum uncertainties — experimental demon-
stration of this effect will be much more difficult than demonstrating modifications in single-object
dynamics.

We emphasize that it is not our aim to use the SN equation to explain the collapse of quan-
tum states, or to provide a pointer basis for gravity decoherence, as has been attempted in the
literature [22-28]. We will take a conservative strategy, avoiding experimental regimes with exotic
wavefunctions [10-12], and restraining ourselves to Gaussian states whose evolutions deviate little
from predictions of standard quantum mechanics: just enough to be picked up by precision mea-
surements. In this way, the solutions to SN equation we consider are much less complex than those
in previous literature [22-28].

Many-particle SN equation— for n non-relativistic particles, if we denote their joint wave function
as ¢(t, X) with 3n-D vector X = (x1, -+, X,) and xj the 3-D spatial coordinate of k-th particle,
then the many-particle SN equation, obtained by Diosi and Penrose [5, 22], is

. R2V2  m,U(t,x
ihdye = [_ 2m: + = é ’“)} o+ V(X)p, (7.3)
k

where V(X)) is potential energy for non-gravitational interactions, while the Newtonian potential U
is given by

V2U(t, x) = 4 Z / d*"X |p(t, X)[Pm; 6(x — x;) . (7.4)

7.2 SN theory for macroscopic objects

The center of mass and the separation of scales.— equations (7.3) and (7.4) are still not suitable for

experimental studies, because we cannot separately access each particle in a macroscopic object. In
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optomechanical devices, a light beam often probes (hence acts back onto) the average displacements
of atoms within the first few layers of the reflective coating of a mirror-endowed mass. Motion of
this effective surface can often be well-approximated by the CM motion of the entire object; the
error of this approximation is referred to as the “internal thermal noise”, and has been shown to
be suppressible below the free-mass Standard Quantum Limit (SQL) [34], a quantum level of CM
motion defined by the object’s total mass and the measurement time scale [35]. This suppression is
possible because: (i) we tend to measure CM motion by averaging over a large number of atoms at
the surface of the object, and (ii) we measure CM motion over a time scale much longer than the
ones at which atoms oscillate due to thermal or zero-point fluctuations. Obtaining the SN equation
for the CM is therefore central to the experimental test of this model. Before doing so, let us consider
the separation of temporal and spatial scales in the motion of a macroscopic piece of crystal.

The scales of CM motion are determined externally by how we confine the object during mea-
surement, and by how we measure it. Here we consider motions with wen/(27) from Hz to kHz
scale. If thermal noise level is below the free-mass SQL [34], then one can either use optical or feed-
back trapping to create mechanical oscillators with coherence time 7 longer than 1/wen [36, 37].
Although not yet achieved, research towards sub-SQL devices in the Hz — kHz regime is being ac-
tively pursued [38, 39, 41]. In this regime, we have Azcy ~ \/m; for 1g< M < 10kg,
Azcy ~ 107910717 m.

By contrast, the internal motions of atoms are due to excitation of phonons [44], with a total

o _ B* R T gWw) (1 1
<‘”>:@—mm/0 g<2+es_1>d” (7.5)

where B is also known as the “B-factor” in X-ray diffraction, £ = hv/kgT, g(v) is the phonon

variance of [45]

2

2ps While

density of states, the first term in the bracket gives rise to zero-point uncertainty Ax
the second gives rise to thermal uncertainty Az? . These have been studied experimentally by
X-ray diffraction, through measurements of the Debye-Waller factor [46], and modeled precisely
(for Si crystal, see Ref. [47]). Much below the Debye temperature, one can reach Azy, < Az,p,
with most atomic motion due to zero-point fluctuations near the Debye frequency wp. For Si
crystal, wp ~ 1014871 Az,, = 4.86 x 10712 m, and Az, (293K) = 5.78 x 10712 m [47]. At lower
temperatures, Axy, o T, therefore on the scale of ~ 10K, at which our proposed experiment
operates, we have Az,, > Axy, > Azcom.

SN equation for the CM— for a crystal with n atoms, the CM is at xcm = (1/n) Y, Xk, motion
of the k-th atom in CM frame is y; = xx — XxcMm. In standard quantum mechanics, for inter-atom

interaction that only depends on the separation of atoms, the CM and internal DOF's are separable:

o(t,X) = Uem(t,X) Uit (¢, Y), with 3(n—1)-D vector Y = (y1, - -+, Yn—1). The two wavefunctions
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evolve independently:

ihoy ¥ em(t, X) = HCM\I/CM(t, x), (7.6)

ihat\I]int (t, Y) = Hint\I]int (t, Y) . (77)

For classical gravity, let us first still assume separability: ¢ = UepmPing, and we will show this
remains true (with negligible error) under evolution. Specifically, the sum of SN terms in Eq. (7.3)

becomes

VSN X Y kaU Xk

=2 / elx—z+yi] Uen(z)d'z. (7.8)
k

Here we have suppressed dependence on time and defined

e(z) = —GTm Md& (7.9)

as half the gravitational potential energy of a mass m at location z (in CM frame), due to the entire

lattice, and

puny) =mY" / 5y — ¥) | Wit (Y) P53 (7.10)

is the CM-frame mass density. (Note: y, = —Z;L;ll y;.) We will now have to show that Vgy
approximately separates into a sum of terms that either only depend on Y, or only on x. Taylor

expansion of Vg in x and z leads to (for one direction):

Vsn 226()%) + (zem — (zom) ZE/
%

k

2
oM — 2Tem(Tom) + xCM "
+ 5 Ek € (7.11)

with higher orders falling as powers of Axcm/Az,, < 1. Here in Vg, the first term describes the
leading SN correction to internal motion, and can be absorbed into Hi,t. The second term describes
the interaction between CM motion and each individual atom — it can be shown to have negligible
effects, because internal motions of different atoms are largely independent, and at much faster time
scales. The third term is largely a correction to the CM motion; its main effect is captured if we

replace it by its ensemble average over internal motion (again allowed by approximate independence
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between atoms, see Supplementary Material): Y, ¢’ (yx) = C = <Zk 5”(yk)>, with

1 62 G pint (Y)pint (y') /
— - A P dvd 12
C 2022 |:/ |z+y—y'\ yy:|z:O’ (7 )

)

which is half the double spatial derivative of the “self-gravitational energy” of the lattice as it is
being translated. As this is independent from the internal motion Y, we therefore obtain the leading
correction to Heoy, which justifies Eq. (7.2) introduced at the beginning.

Estimates for wsy — Let us now estimate the magnitude of wgn from Eq. (7.12). We naively assume

a homogeneous mass distribution with constant density po leads to

Chom ~ GMpy, Wi ~ /Gy, (7.13)

up to a geometric factor that depends on the shape of the object. This is a typical estimate for the
gravity-decoherence time scale for a homogeneous object prepared in a nearly Gaussian quantum
state with position uncertainty much less than its size [12]. Using the mean density of Si crystal,
this is roughly 4 x 10~*s~!'. However, mass in a lattice is highly concentrated near lattice sites; the
realistic pint at low temperatures contains a total mass of m around each lattice point, Gaussian

distributed with uncertainty of Az, in each direction. This gives, through Eq. (7.12),

et = \JGm/(12v/mA,) (7.14)
For Az, ~ 4.86 x 10712 m, we obtain wik = 0.036s~1, nearly 100 times wid™. If we define

A = (W™ Jwbg™)? = m/(12v/mpoAxd,) (7.15)

then A = 8.3 x 103 for Si crystal.
Evolutions of gaussian states and experimental Tests— As one can easily prove, Gaussian states
remain Gaussian under Eq. (7.2); the self-contained evolution equations for first and second moments

of & and p, which completely determine the evolving Gaussian state, are given by:

(@) = (P)/M,  (p) = —Mwgr(E), (7.16)
Vg = 2Vip/M | Vi = —2M (wing + win) Vap » (7.17)
Vap = Vop/M — M (@i + win) Vara (7.18)

For covariance we have defined Vap = (AB + BA)/2 — (A)(B). Eq. (7.16) indicates that (&) and
(py evolve the same way as a harmonic oscillator with angular frequency wey — any semiclassical

measurement of on (%) and (p) will confirm classical physics. On the other hand, evolution of second
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moments (which represent quantum uncertainty), is modified to that of a harmonic oscillator with

a different frequency (see Fig. 7.1):

wq = \Jwiy + Wiy (7.19)

Equations (7.16)—(7.18) for Gaussian states can also be reproduced by a set of effective Heisenberg

equations that contain expectation values:
t=p/M, p=—Mwiyi-—CE—(&). (7.20)

Classical gravity introduces a C-dependent term to Eq. (7.20), in a way that only affects quantum
uncertainty.

The most obvious test for the SN effect is to prepare a mechanical oscillator into a squeezed
initial state, let it evolve for a duration 7, and carry out state tomography. We need to detect an
extra phase Af = wCMT(ng /w%M) in the rotation of the quantum uncertainty ellipse. This seems
rather difficult because wgn/wen is often a very small number, yet wey7 is often not large, either.

However, we have not taken advantage of the fact that Af is deterministic and repeatable. One
way of doing so is to carry out a frequency-domain experiment. Suppose we use light (at wp) to
continuously probe a mechanical object’s position, with quantum back-action noise (in the form of
radiation-pressure noise) comparable in level to thermal noise, as has been achieved by Purdy et
al. [33]. The effective Heisenberg equations (valid for Gaussian states) for such an optomechanical

device is given by:

& =p/M , (7.21)
P =— MwiyE — 2ymp — C(& — (&) + Fpa + Fin (7.22)
by =dy + 1y + (a/R)E, by =a . (7.23)

Here 7, is the damping rate, « is the optomechanical coupling constant, Fga = aay is the quantum
back action, and Fi, is the classical driving force (e.g., due to thermal noise). @; o represents
quadratures of the in-going optical field, and 31,2 those of the out-going field. (They correspond to
amplitude and phase modulations of the carrier field at wg.) We have used n, to denote sensing noise.
As we show in the appedix, the outgoing quadrature b contains two prominent frequency contents,
peaked at wey (due to classical motion driven by thermal forces) and at wq (due to quantum motion
driven by quantum fluctuation of light), respectively. Both have the same width (7,,), and height

(if thermal and back-action noises are comparable). In order to distinguish them, we require

SF“, ~ SFBA ) Q 2 (WCM/WSN)2 . (724)
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This indicates a SN-induced shift of Af & 27/Q per cycle can be picked up by the frequency domain
experiment, even in presence of classical thermal noise Fi,.

For Si oscillators with wsn ~ 0.036s71, if wey ~ 2m x 10Hz, Eq. (7.24) requires Q 2 3 x 10°,
which is challenging but possible [41]. If a lower-frequency oscillator, e.g., a torsional pendulum
with wenm &~ 21 x 0.1Hz [48] can be probed with back-action noise above thermal noise, then we
only require Q 2 3 x 102
SN equation for two macroscopic objects— Now suppose we have two objects confined within poten-
tial wells frequencies w; 2, and moving along the same direction as the separation vector L connecting
their equilibrium positions (from 1 to 2). The standard approach for describing this interaction is
to add a potential

Vy = Ela[203 — 28u] + (€12/2) 28y — 23] (7.25)

into the Schréodinger equation, with

Ghiot ()Pt (¥) €1y
Elo=— [ Bxddy ettt o) = , 7.26
12 / y Lty x| 12 L2 ( )
with ﬁgz and ﬁgz the mass densities of objects 1 and 2, respectively. As has been argued by Feynman,
this way of including gravity tacitly assumes that gravity is quantum. Although quantum operators
have not been assigned for the gravitational field, they can be viewed as having been adiabatically
eliminated due to their fast response: quantum information can transfer between these objects via
gravity. Suppose wi; = w2 = w, then V; modifies the frequency of the two objects’ differential mode
— allowing quantum state to slosh between them, at a frequency of A = |w; —w_| = C12/(2Mw).
Suppose we instead use the SN equation for the two macroscopic objects. In addition to modifying
each object’s own motion, we add a mutual term of
1 2
Van =1 [37813/1 - xélz/l}
Ci2 1 2) \\2 2 1) \\2
+22 (@8 — @&0)” + @8 - @8’ (7.27)
This Vsn makes sure that only (zcnm) gets transferred between the two objects the same way as in
classical physics: quantum uncertainty does not transfer from one object to the other. To see this
more explicitly for Gaussian states, we can write down the full set of effective Heisenberg equations

governing these two CMs:

& =p;/Mj,

by = — Mjwdyid; — Z (€4, + Cry (&5 — (&))] - (7.28)
k,j
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It is clear that expectation values follow classical physics, and quantum uncertainties are confined
within each object — and evolve with a shifted frequency. Although we have shown theoretically
that the inability to transfer quantum uncertainty and the shift between wcem and wq share the same
origin, in practice, observing the frequency shift for a single object will be much easier, because
Ciz ~ GM?/L? 5 GMpy < Ci1,Ca2, due to the lack of the amplification factor A in Cip [cf.
Eq. (7.15)].

7.3 Discussion and conclusion

The lack of experimental tests on the quantum coherence of dynamical gravity makes us believe
that semiclassical gravity is still worth testing [18]. Our calculations have shown that signatures of
classical gravity in macroscopic quantum mechanics, although extremely weak, can be detectable
with current technology. In particular, the classical self gravity of a single macroscopic object causes
a much stronger signature than the classical mutual gravity between two separate objects: simply
because the mass of a cold crystal is concentrated near lattice sites. We also speculate that the
rate of gravity decoherence should also be expedited by A'/2 ~ 100 — if it is indeed determined by
gravitational self energy [5, 6]. However, due to the lack of a widely-accepted microscopic model
for gravity decoherence, this only makes it more hopeful for experimental attempts, but would not
enforce a powerful bound if decoherence were not to be found.

Finally, since classical gravity requires the existence of a global wave function of the universe that
does not collapse, (the unlikely case of) a positive experimental result will open up new opportunities

of investigating the nature of quantum measurement.
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7.A Supplementary material for macroscopic quantum me-

chanics in a classical spacetime

7.A.1 A.Incompatibility between the many-world interpretation of quan-

tum mechanics and classical gravity

At this moment, the only well-known (and widely accepted) interpretation of quantum mechan-
ics that explains the phenomenology of quantum measurement without resorting to quantum-state
reduction is the many-world interpretation of quantum mechanics [20]: the entire universe’s wave-
function contains many branches, incorporating all possible measurement outcomes; each observer,
however, can only perceive one of the branches, therefore experiencing the phenomenon of quantum-
state reduction.

If we were to combine the many-world interpretation of quantum mechanics and classical gravity,
the classical spacetime geometry will have to be determined by the expectation value of stress-energy
tensor, which effectively averages over all possible measurement outcomes. Following Page and
Geilker [21], let us consider the following gedankenexperiment. Suppose quantum measurement of
6. of a spin-1/2 particle at a state of (|+) +|—))/v/2 determines whether we put a mass on the left
or right side of a scale, then the combination of the many-world interpretation and classical gravity
will predict a leveled scale, because the expectation value of matter densities on both sides are equal.
This is in stark contrast with experimental facts.

Nevertheless, for many, including some of the authors, neither the concept of state reduction nor
the many-world interpretation seems a satisfactory explanation of why we cannot predict the outcome
of a quantum measurement. We therefore remain open minded towards the possibility of further
interpretations/clarifications/modifications of quantum mechanics and the quantum measurement
process that offer better explanations. For us, the Schrédinger-Newton equation is not ruled out

right away, and is therefore still worth testing.

7.A.2 B. Separation between CM and internal degrees of freedom

In Eq. (11), we obtained the Schrédinger-Newton potential kept at quadratic order (in Azom/Az,p, <

1):

Van = Y e(yr) + (wem — (mom) Y €' (vr)

k k

(@8 — mom(@onm) + (@) Y € (yx) - (B.1)
k

N | =
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As we shall argue, truncation at this order will give us the leading correction to CM motion, and
it is also separable from corrections to the internal motion, therefore justifying the assumption of
separability between the CM motion and internal DOFs. Higher order terms, being suppressed by
powers of Ax/Ax,, are therefore negligible.

The first term

VN = ely) (B.2)

k
is readily absorbed into Hjy, which now becomes nonlinear. This is already the leading correction

for the internal motion. Let us calculate the modulus of its contribution,

1/2
||VS(181)<PH = /Z5(3’16)5(3’3')|‘I’int(Y)|2d3”_3Y
k,j
~ n (GmQ/szp) ) (B.3)
The second term
Ve = (ost — (woa) 3 v B4

k
describes the interaction between the CM and the internal motion of each of the atoms. In order to

estimate its effect, let us first calculate the modulus of the change in ¢ it induces:

1/2
VRl =Azcns | [ 32/ () Wi (V)P 5Y
k,j
~V/n (Gm® [ Ax,y) (Azcn/Az,yp) (B.5)

Here we only have \/n (instead of n) because the integral will not vanish only when distribution
of y, and y; are correlated, which only happens for nearby atoms. The other factor Azcm /A,y
is due to the fact that this is the next order in the Taylor expansion. From the point of view of

internal motion, VS%) clearly gives a higher-order correction than Vs(1(\)1)7 hence negligible. We will

show that, even for CM motion, the contribution of VS(;I) is also less than contribution from the next
Taylor-expansion term VS(?.

Now turning to Vs(li)7 let us split it into two terms

VSR = Vsx + ViR, (B.6)

with
V2 = S(azy -2 2 d B.7
SN 2(3301\/1 zem(zom) + (zem) 26 (Yr)), (B.7)

k
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defined as the ensemble average, where

<zk:5”(3’k)>

/Z " (yr)|Wine (Y)2d*"3Y =C, (B.8)
k

and
1 0? G pint (¥) P t(yl)
C=——— Y dydy’ . B.9
o || | (B9

Note that VS(;) does not depend explicitly on Y, and hence is a correction to the Hamiltonian

for the CM motion. It is straightforward to estimate that
||Vs(§)g0|| = nGm?/Ax,, (ACI:CM/AQUZP)2 . (B.10)
This means, at any given time,

_ 1 Az WCeM
v Vol ~ — P~ 1. B.11
VSRV gl T e 2O (B.11)

In addition, as we evolve in time, the effect of VS%) oscillates around zero over a very fast time

scale, while the effect of I_/S(Ii) does not oscillate around zero — this further suppresses the relative
contribution of VS%). For this reason, we ignore VS%) completely.
As for 5VS(;)7 its effect is suppressed from Vs(li) by 1/n, because, much similar to Eq. (B.5), effects

of different atoms do not accumulate unless they are very close to each other.

7.A.3 C. Effective Heisenberg equations of motion and coupling with

optical field

The fact that Gaussian states leads to Gaussian states encourages us to look for effective Heisenberg

equations of motion, which will at least be valid for Gaussian states. It is easy to find that

& =p/M , (C.1)

b= Mudyi — C(@ - (&) (C.2)

will give the same set of first- and second-moment equations of motion as the SN equation. Note
that in the Heisenberg picture, the initial state of the oscillator remains constant.

Let us now consider a more realistic scenario, in which the oscillator is damped with decay rate
Ym, driven with classical thermal noise and other classical driving; we also consider using light to

sense the position of the mirror, in which we also suffer from sensing noise. The entire process can
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be described by the following set of equations [cf. Egs. (21), (22) and (23)]:

i =p/M, (C.3)
b =— Muwdyd — 2ymp — C(& — (&) + Fa + Fun (C.4)
by =dg + 1y + (a/R)E, by =a, . (C.5)

This set of equations can be solved first for () by taking the expectation value of the first two

equations, and then insert this back to obtain the entire solution. If we define

1
= — C-6
Xo M (w? + 2iymw — wiy) (C-6)
1
= — C-7
Xg M (w? + 2iymw — w2)’ (C.7)
then we can write, in the frequency domain,

62 =as + (a/h)ngBA + (a/h)xoFn + 1z - (C.8)

Because both x, and xo in the time domain are Green functions of stable systems, Eq. (C.8)
represents the steady-state solution for the outgoing field, which is only determined by the ingoing
optical field and the classical driving field — initial states of the mechanical oscillator do not matter
(similar to the case of Ref. [49, 50]).

Equation (C.8) carries the separation between classical and quantum rotation frequencies in the
previous section (Fig. 1) into the frequency spectrum of our measuring device: quantum back-action
(radiation-pressure) noise Fia spectrum in the output port of the continuous measuring device is
the same as an oscillator with frequency wq, and therefore peaks around w, — while classical noise
Fiy, follows that of an oscillator with frequency wcn, and peaks at wen. In order to look for such
a signature, we will need classical force noise to be comparable in level to quantum noise, and have

the two peaks to be resolvable,

Wq — WeM z TYm (CQ)

which means

Q 2 (wem/wsn)? (C.10)

where @ is the quality factor of the mechanical oscillator.
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7.A.4 D. SN Equation for two macroscopic objects

Following the analysis in Appendix. A, here we deal with two macroscopic objects, and define
xD=xXD 4 yD 4 xD k=1, 0, I=12 (D.1)

Here X() is the zero point we use for describing object I, and n; is the number of atoms object
I contains. Following the same argument for deriving the single-object SN equation, we can still
write the joint wavefunction as a product between the joint CM wavefunction and the internal
wavefunctions,

¢ = Wou [xO, x| W) YO [Y®)] . (D.2)

and show that this form will be preserved during evolution, even adding the SN term, which is now

~ ~ 2
o (20,220 (Y)W (Y®)|

Gm2 2 ny ngj
Van =

dzMdzPayPay®. (D.3)
2 IJ=1i=1j=1 ‘L(‘”) + x4y 70 4 5’5”‘

%

Here we have denoted

LN = x() _ x(D (D.4)

Terms with I = J have already been dealt with, and give rise to the SN correction within object I.
We will only have to deal with cross terms. In doing so, we shall assume each object’s CM moves
very little from its zero point, and carry out Taylor expansion. Note that because these objects are
already macroscopically separated, with L(//) comparable to or greater than the size of each object,
the expansion here will be valid for the cross term as long as the CM motion of each object is much
less than its size.

The zeroth order expansion in CM motion, VS(I(\)I), gives rise to SN coupling between the objects’
internal motions. Fortunately, that does not entangle their internal motions, and preserves the form
of Eq. (D.2).

The first order in CM motion gives (after conversion of summation over atoms into ensemble

average, the same as we did in Appendix B, and removing a constant):
= (1 1 2 1 2
& = =2l - a8l = [28h - o8] 12 (D.5)

where &2 is the interaction energy between the objects, as a function of their separation

~(1 ~(2
Go\(y) 8t (=)
|z+x—y+L02)|

E12(x) = —/d3yd3z



202

This describes the tendency of these objects to fall into each other. Similarly, we obtain the second

order, which gives (apart from a constant)
—2) & 1 2) \\2 2 D)2
VR = 52 [ (o8 - a0) "+ (o - )] 0.7)

which justifies Eq. (27).
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Topics in black hole perturbation

theory
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Chapter 8

First-order perturbative
hamiltonian equations of motion
for a point particle orbiting a

Schwarzschild black hole

We formulate a spherical harmonically decomposed 1+1 scheme to self-consistently evolve
the trajectory of a point particle and its gravitational metric perturbation to a Schwarzschild
background spacetime. Following the work of Moncrief, we write down an action for per-
turbations in space-time geometry, combine that with the action for a point-particle
moving through this space-time, and then obtain Hamiltonian equations of motion for
metric perturbations and the particle’s coordinates as well as their canonical momenta.
Hamiltonian equations for the metric-perturbation and their conjugate momenta, for
even and odd parities, reduce to Zerilli-Moncrief and Regge-Wheeler master equations
with source terms, which are gauge invariant, plus auxiliary equations that specify gauge.
Hamiltonian equations for the particle, on the other hand, now include the effect of met-
ric perturbations — with these new terms derived from the same interaction Hamiltonian
that had lead to those well-known source terms. In this way, space-time geometry and
particle motion can be evolved in a self-consistent manner, in principle in any gauge.
However, the point-particle nature of our source requires regularization, and we outline
how the Detweiler-Whiting approach can be applied. In this approach, a singular field
can be obtained analytically using Hadamard decomposition of the Green’s function;
and the regular field, which needs to be evolved numerically, is the result of subtracting
the singular field from the total metric perturbation. In principle, any gauge that has
singular-regular field decomposition is suitable for our self-consistent scheme. In real-
ity, however, this freedom is only possible if our singular field has a high enough level

of smoothness. For a singular field with minimum quality, one can adopt the Lorenz
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gauge condition, which we have recast into our formalism: for each [ and m, we have
2 wave equations to evolve odd and even parity gauge invariant quantities and 8 first

order differential equations to fix the Lorenz gauge and determine the metric components.

Preprint paper by H. Yang, H. Miao and Y. Chen, arXiv:1211.5410.

8.1 Introduction

In this paper, we discuss the motion of a small compact object (idealizing a black hole or neutron
star) moving around a much more massive, Schwarzschild black hole — and the gravitational waves
such a system would emit. In gravitational-wave astrophysics, this process is often referred to as an
Extreme Mass-Ratio Inspiral (EMRI). This problem has attracted a lot of attention in recent years
due to the possibility of directly detecting these waves using space-based [1-3] and even ground-
based laser interferometer gravitational-wave detectors [4]. In EMRIs, the small object stays for
a long time outside of the big black hole, emitting many cycles of gravitational waves — even in
the strong-field region very close to the big black hole. This wave, if detected, will provide accurate
information about the mass and the spin of big black hole, as well as parameters of the small object’s
orbit; one might even test whether the big black hole is indeed a Kerr background spacetime [5-8].
On the other hand, because it is the many cycles that would together lead to a detectable signal, it
will be crucial (at least for the weaker sources) to get very accurate models for the waveforms (e.g.,
at the level of one or a few radians for the entire waveform, which may be up to 10° cycles) in order
to be able to extract them from data [9)].

Because the orbiting object is much smaller in mass, one expects the application of black-hole
perturbation theory [10-12], successively to higher orders in mass ratio, would be a viable program
towards solving the EMRI problem, just like Post-Newtonian theory has worked for the inspiral of
comparable-mass compact objects [13]— although a direct application of post-Newtonian theory to
EMRIs will not be very efficient because one expects the most interesting waves to be generated
when the small object moves very close to the big black hole, with where post-Newtonian theory
breaks down very fast. By contrast, full numerical simulation of the entire EMRI spacetime would
be very expensive due to the large separation of scales and very long integration time that is required
to providing meaningful information regarding the evolution of the orbit. Nevertheless, the most
extreme mass ratio achieved so far in numerical relativity simulations is 1 : 100 [14].

When computing the leading-order waveform emitted by a small compact object moving in a
black-hole background, one can idealize the small object as a test particle moving along a geodesic,
and perturbations to the black-hole spacetime are sourced by a §-function stress-energy tensor along

that geodesic — with all other multipoles of the object ignored. However, if we would like to further
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calculate the evolution of the object via coupling to the radiation field, we need to consider space-
time geometry near the object, which formally diverges if we still use the point-particle model. From
this point of view, a regularization procedure is necessary.

Historically there are two approaches toward regularization. The first involves matching the ex-
ternal (point-particle-generated perturbed black-hole) spacetime to the internal perturbed Schwarzschild
spacetime of the small object — in a region where both are valid. This was proposed and carried
out by Mino, Sasaki and Tanaka [15] as well as by Quinn and Wald [16], and later by Gralla, Pound,
Poisson and others [17-19]. This approach, for the external spacetime of the object, has led to the
separation of the total metric perturbation field into two pieces: h = hgir + htail; hair 1S the light-
cone contribution to metric perturbation from the point particle’s d-function stress energy tensor
(the Hadamard direct part) and hi,; is the contribution inside the future light cone of the particle
(the tail part). Mino et al. [15] and Quinn and Wald [16] proved that the regularized radiation
reaction is solely contributed by h,et which is everywhere continuous but not necessarily smoothly
differentiable. This approach is useful when one knows the Green’s function of the background
spacetime.

The second method, usually called Detweiler-Whiting decomposition, keeps the point-particle
description of the problem, but instead separates the total metric perturabtion field h into a regular
piece hg and a singular piece hg [20]. The singular piece diverges at the particles’s location but does
not have any effect on the particle’s motion. It can be obtained by either transforming its expression
in the local THZ (Thorne-Hartle-Zhang) coordinate system [21] to the background coordinate system
or applying the Hadamard decomposition of the Green’s function [22]. The regular field satisfies
the homogeneous Einstein’s equation and is responsible for the geodesic deviation of the particle’s
motion in background spacetime; it is obtained by subtracting the singular field from the full field.

The regularization procedures above normally provide, in a particular gauge, a force in terms
of a geodesic orbit of a particle. In order to obtain the evolution of the particle and the out-going
wave, one must construct an algorithm to compute the force, and use it to drive one’s particle
trajectory away from geodesic motion [17]. There are two major approaches towards the numerical
implementation. One way is the mode sum approach, developed by Barack and Ori [23], which
decomposes each of the 10 metric components into spherical harmonics, and solves 10 coupled
141 wave equations for each (I,m). Because of the modal decomposition, the metric component
for each (I,m) is finite even at the particle’s location. The particle equation of motion is then
regularized mode-by-mode, by subtracting a series of regularization parameters for each (I,m) —
these regularization parameters can be calculated either from the singular field of Detweiler and
Whiting, or to the direct part of Mino, Sasaki and Tanaka. This mode sum method has already
been implemented by Warburton et al. [24] for Schwarzschild gravitational EMRI problem.

In the second approach, one directly applies a 3+1 decomposition of spacetime, and tries to
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obtain the regular field directly — by obtaining a field hz which is approximately the Detweiler-
Whiting hr near the particle, but gradually becomes the full field at null infinite and near horizon.
As shown by Vega and Detweiler [25], the field hp satisfies a wave equation with out-going boundary
condition at infinity and horizon, but with a source that can be computed from the Detweiler-Whiting
singular field hg. Diener and Vega [26] have implemented this method for a scalar particle orbiting
a Schwarzschild black hole. In principal, this effective source method is also suitable for the 1+1
evolution scheme. In practice, translating the 3+1 effective source into spherical decomposed form
and implementing it into a working code still requires a substantial amount of work.

In this paper, we formulate a Hamiltonian approach towards the EMRI problem in Schwarzschild
background, with the aim of providing a new angle to view this problem. We will only write down
the equations, but not attempt to solve them numerically. We start by generalizing Moncrief’s
(already spherical harmonic decomposed) quadratic action of perturbative Schwarzschild spacetime
to include a point particle, and write down a joint Hamiltonian for the particle and the spherical
harmonic decomposed field.

The total Hamiltonian leads naturally to a set of canonical equations that describe the joint
evolution of the particle and the field. Moreover, since we are adopting Moncrief’s formalism,
the gauge invariant part of the perturbation fields are separated out from the rest of the degrees of
freedom — these fields, together with lapse and shift, drive the rest of the fields. For each (I,m), there
are 6 pairs of canonical quantities; 2 pairs are always gauge invariant, and evolve independently (but
driven by the particle); among the other 4 pairs, 3 canonical momenta and 1 canonical coordinate
correspond to the momentum and Hamiltonian constraints, while the other 3 canonical coordinate
and 1 canonical momentum can be fixed by gauge choices.

Although the Hamiltonian approach provides a rather good way of organizing the fields, we have
not found any stand-alone regularization technique — and must instead adopt an existing one. In
principle, taking the 4 dimensional Detweiler-Whiting singular field hg in any gauge, as long as their
continuity survives the differential operations required for constructing our canonical field quantities,
they can be readily used to obtain effective sources for hg, the effective regular field. However, the
currently available singular field only allows the use of Lorenz gauge, which means we will have to
fix that gauge, evolving the 8 above mentioned equations.

This paper is organized as follows. In Sec. 11.3 we briefly review Moncrief’s Hamiltonian approach
for gravitational perturbations of the Schwarzschild metric. After that we introduce additional terms
into the action that describe the point particle. From this new action, we rederive the odd and
even parity metric perturbation master equations as well as the point mass equations of motion in
Sec. 11.4. Note that for both odd and even parities, wave equations agree with the known master
equations for Regge-Wheeler and Zerilli-Monrief functions with a point-particle source [27-29]. On

the other hand, the point mass equations of motion are now subject to the influence of the background
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metric and both odd and even parity metric perturbations. They have the physical meaning of the
geodesic motion in the perturbed background spacetime. In Sec. 11.5, we will discuss possible ways
to regularize the gauge invariant quantities and specific gauge choice, and hence obtain a fully
regularized set of equations for both the metric perturbations and the point mass. We conclude in

Sec. 11.6.

8.2 Review of Moncrief’s Hamiltonian approach

The Arnowitt, Deser, and Misner (ADM) approach to general relativity [48] was established more
than fifty years ago. In this approach, the Einstein-Hilbert action is written in a 3+ 1 format similar
to a constrained Hamiltonian dynamical system: the spatial 3-metric components are treated as
canonical coordinates, while their conjugate momenta are related to components of the extrinsic
curvature. The lapse and shift functions serve as Lagrange multipliers for the Hamiltonian and
momentum constraints. As one varies the action with respect to the canonical coordinates (not
including lapse and shift functions) and their conjugate momenta, a set of evolution equations can
be obtained. As one varies the action with respect to the lapse and shift functions, a set of constraint
equations are obtained — these equations are to be satisfied at the initial time, and will keep being
satisfied if the above-mentioned evolution equations are followed. This approach rewrites Einstein’s
equations as an initial-value problem; it is closely related to the modern development of numerical

relativity [47].

8.2.1 First-order perturbation of a static space-time in 341 form

Starting from this section, we review Moncrief’s implementation of the ADM formalism to perturbed
Schwarzschild spacetimes [30]. In general, for a static background spacetime, if we take spatial slices
orthogonal to the time-like Killing vector 5;, and use integration curves of Z;t to identify points
with the same spatial coordinates (on the spatial slices), we will have a constant 3-metric 7;; (with
determinant ), vanishing extrinsic curvature, a lapse N that only depends on spatial coordinates,
and a vanishing shift vector N; = 0. Here and henceforth in the paper, we shall use ¢, j, k,... = 1,2, 3
to label spatial coordinates on each slice. If we have a perturbed 3-metric h;j;, their canonical
conjugates p*/, lapse perturbation N’, and shift perturbation N j’,, then the perturbative part of the
Einstein-Hilbert action, up to quadratic order in these perturbative quantities, can be written as:
[30]

J = /d% |:pijag;j — N!H"' = N'H' — NH*| . (8.1)
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Here ‘H’ and H'* are the Hamiltonian and momentum constraints, respectively,

H' =2 (8.2a)

l7°

H == M2 [T — i = hy @ RY (8.2b)
and

H* =72 [ppi; — 507 + 572 S hagh
+37"2 [=higih™7 — Shyhl 2k ]

Jr%,y1/2 {hhijlij _ hhij(g)Rij] ) (8.3)

Here (3)Rij is the Ricci tensor associated with v;;. The covariant derivative

“” here is with respect
to the background 3 metric ;;.
The action J in Eq. (8.1) leads to a Hamiltonian system with constraints. In particular, variations

with respect to the lapse function N’ and shift function N J’ give rise to the constraint equations,
H'=0, H =0 (8.4)

while variations with respect to h;; and 7 give rise to the evolution equations:

8hij . 5HT aﬂij . 5HT
ot - (57T‘ij7 ot - 5h” ' (85)

Here we have defined

Hp = / a3 [NH* + N'H' + N/'H" (8.6)

8.2.2 Degrees of freedom

Let us now count the number of degrees of freedom of this Hamiltonian system. Nominally, we start
from 6 metric perturbations, plus 6 canonical momenta, governed by 6 pairs (i.e., 12) equations of
motion. However, we have 4 constraints and 4 gauge degrees of freedom at all times; so in principle
we should be able to cut down to 4 gauge independent functions, or 2 pairs of canonical degrees of
freedom — this is what Moncrief worked out explicitly for Schwarzschild.

From a 3+1 point of view, we need to show that we indeed only have 4 independent data to
specify for free at the initial time slice — and the evolution of these 4 independent data can already
describe all solutions. For this, we note that when specifying the 12 initial perturbation functions,
we need to subject them to 4 constraints, so there are 8 independent remaining degrees of freedom.

However, we have 3 dimensional gauge within the slice, as well as an extra parameter determining
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the slicing, so we have 4 additional functions that can be used to reveal initial data that are actually
equivalent to each other — with 4 truly independent degrees of freedom left. The evolution these 4
functions will be supplemented by the 4 constraints and the 4 lapse/shift functions to complete the
12 functions.

In fact, we can make the above arguments a little more precise. Suppose, after a canonical trans-
formation, we can transform the Hamiltonian and momentum constraints to become independent
canonical coordinates and momenta. More specifically, let us label the Hamiltonian constraint the
first canonical coordinate Qg, denote the conjugate momentum of Q, as Py; let us then label the
momentum constraints as Pi 2 3, and label their conjugate coordinates as Q1 2 3. In other words, we
have

Q=H, Pi=H" i=1,23. (8.7)

We will label the rest of the canonical coordinates Q45 and momenta P, 5. Noting that all compo-

nents of the momentum constraints already have vanishing Poisson brackets with each other,
{H' 1} =0, ij=123, (8.8)

we only need to make sure that the Hamiltonian constraint have a vanishing Poisson bracket with

all components of the momentum constraint:
(M, H’}=0. j=1,2,3. (8.9)

Thus it is rather straightforward to show if we look at the evolution equation for the Hamiltonian
constraint:
%Hl ={H, H'j}N; + (terms not involving shift) . (8.10)
Now imagine we already have vanishing constraints initially, then in order to guarantee vanishing
constraints during the subsequent evolution — regardless of the shift function N ]’ we must ensure
that the Poisson bracket {H’ JH J } vanishes numerically. However, for linear perturbation theory,
H' and H' are linear in the canonical coordinates and momenta, h;; and p™, their Poisson brackets
are simply numbers (or rather, functions of the spatial coordinate) that do not depend on these
perturbative fields. In this way, the numerical vanishing of {H’, 1"’} in Eq. (8.10) is equivalent to
Eq. (8.9) — hence Eq. (8.7) is always possible.

Next, let us consider the consequence of the important property that once Qp and P 2 3 start
from 0, they must stay at 0. This means their time derivatives must only contain themselves —

which means, in the Hamiltonian, quantities Py and Q1 23 must only multiply Qo and Pi 23

7)0 . [only Qo and P17273} & Q17273 . [only QO and P17273] . (811)
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‘ 0Odd Parity ‘ Even Parity
Lapse Hy
Shift ho (1 >1) Hy, b (1>1)

3-Metric | hy (1>1), hy (1>2) | Ho, K, 13 (1>1), G (1>2)

Table 8.1: List of lapse, shift and 3-metric perturbations

The absence of Q4 5 and Py 5 in the above terms means that the derivatives of P, 5 and Q45 cannot
include Py or Qy,2.3. This, plus the fact that Qy and P 2 3 vanish, means that the evolution of Py 5

and Q45 must be self contained, or:

d

d
p —Qu5~Pys5&Qys. (8.12)

~ &
Puas ~ Pss&Qus, 7

In this way, these 4 are the gauge-invariant canonical variables. Another 4 equations are driven by

the above gauge-invariant quantities, plus lapse and shift:

d
%770 ~ Pus& Qus5&Po& Q1o 3&N’ (8.13)

d
%91,2,3 ~ Pis& Qus&Po& Qia3&N] 5. (8.14)

The final 4 equations are simply that the constraints vanish.

As we shall see below, in his treatment of Schwarzschild perturbations, Moncrief did follow the
above general prescription — by directly using constraints as canonical coordinates and momenta.
Note that this structure seems rather generic, and does not seem to be limited to Schwarzschild or
even static spacetimes — of course, the question of whether one can separate these into different

(I,m) components is another issue.

8.2.3 Schwarzschild perturbations

Let us return to perturbations of Schwarzschild. In our case, the background metric is

2M dr? )
ds® = — (1 — r) dt* + o + r2(d6? + sin? 0d¢?) (8.15)
and we choose to start with constant-¢ slices in this Schwarzschild coordinate system, and adopt
spatial coordinates

(zl,x2,x3) = (r,0,9). (8.16)

In this way, we have N = y/—1/¢% = /1 — 2M/r, and non-zero components of ~;; given by

1

= m y Yoo = T2 y Y33 = 7’2 Sin2 0. (817)

Y11
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We shall use 4,5,k = 1,2,3 to label these spatial coordinates, and write components of the met-
ric perturbation h,; as functions of spacetime coordinates (¢,7,0,¢) — and separate the angular

dependence by decomposing them into scalar, vectorial and tensorial spherical harmonics [27]

R = r? [K (¢, r)URE + G(t,r)VAR] + ha(t, r) Wi, (8.18a)
RI™ =1/ fHo(t, r)Y'™, (8.18b)
hpa = hi(t,7)Z5" 4+ b (t,7) X (8.18c)
Here we have defined f =1 —2M/r, and shall use A, B, ... = 1,2 to label angular coordinates
(Q1,9%) = (0,9). (8.19)

The conjugate momenta p;; can be similarly decomposed, while the decomposition of lapse and shift

perturbations N', N/ are [27]

hiy" =fHo(t,r)Y'™, (8.20a)
Ri™ =H,y (t,r)Y™, (8.20b)
ik =hs (6, 1) Z5" + ho(t, ) X4 (8.20¢)

Here we have used odd parity vector and tensor spherical harmonics X4 W% as well as even
parity ones, Z4m, Ulm, Vim: their definitions can be found in [27, 28]; we have also listed them in
Appendix 8.A. For each (I,m), (I > 2), we have a total of 10 independent functions characterizing 10
independent metric components; 4 of them are lapse and shift perturbations: Hj is lapse perturbation
and Hip, h{, ho are shift perturbations. The other 6 functions are spatial metric perturbations:
K, G, ha, Hy, hY, hy. For even parity, there is 1 lapse perturbation function Hy, 2 shift perturbation
functions Hi, h§ and 4 spatial metric perturbation functions K, G, Ha, h}. For odd parity, there are
no lapse perturbation, 1 shift perturbation function hg and 2 spatial metric perturbation functions

h1, ho for odd parity. This list is shown in Table 8.1.

8.2.4 0Odd parity (I > 2)

Let us first look at odd-parity perturbations, which contain spatial-metric perturbations hy, hs
[Eq. (8.18)] and shift perturbation hg [Eq. (8.20)]. All odd-parity infinitesimal coordinate transfor-

mations within the spatial slice can be represented using the odd-parity vector harmonic X4,

L=Qa+ ) CM(r )X =Q4+Ca, (8.21)

lm
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which, after applying
6hij = Cyj + Cjyi (8.22)

lead to
2
oh1 =C, — ;C, ohy = —2C'. (8.23)
Moncrief defined new perturbation functions
1 2
ki=hy+ 5 <h277- — Th2> , ko = ho, (824)
which transform as
0k1 =0, 0ky = —2C. (8.25)

In other words, k; is invariant under infinitesimal coordinate transformations while ko is vulner-
able to the specific choice of gauge. In terms of k; 2, and their canonical conjugates 71 2, the the

odd-parity Hamiltonian [Eq. (8.6)] can now be expressed as

1 o Tf 1 1
HT = m dr {7_1 + T |:7—2 — iTl’r — ')"T1:| }
+ 22\ + 1)/dr ék% — 2/dr hoTs (8.26)
/A
with
A= (1-1)(1+2)/2. (8.27)

Variation of the shift function hg in the Hamiltonian gives the odd-parity momentum constraint
equation

7 =0. (8.28)

Equations of motion for the dynamical variables take the form [30]

2
2 [r (- 220
8k1 (SHT T1 QT N

— = .2

ot —om 20+ T AL D) ! (8:29)
or OHr  ANA+1)

_— = — = — ~2

ot 5]{31 72 fkla (8 9b)
8/{2 (SHT f7"2 (7'27—1) r
_— = — 2 — 2h ~2

ot om AT D o2 0, (8:29¢)
Ors __0Hr _ (8.29d)

ot Ok
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Here 7 = 0 is constraint; (k1,71) is the gauge-invariant sector, which evolves independently (once
setting 75 = 0). The gauge is fixed by choosing hg, which correspondingly fixes the evolution of ks.
(Note that 75 is constraint and should vanish.) As an example, the Regge-Wheeler gauge is obtained

by imposing that ko = 0, which requires setting

f(TZTl),T

o= DoT

(8.30)

These odd-parity perturbation equations determine 2 out of the 6 spatial 3-metric components,
and 3 out of the total 10 spacetime 4-metric components.

The Regge-Wheeler function frequently used in the literature to describe odd-parity perturba-
tions [27-29, 41-43] is related to k1 by

Yrw = fki/r: (8.31)
1Yrw is invariant under infinitesimal gauge transformations.

8.2.5 Even parity ([ > 2)

For even parity, there are 4 spatial-metric perturbations, K, G, Ha, hi [Eq. (8.18)], 1 lapse pertur-
bation Hy and 2 shift perturbations Hy, hf [Eq. (8.20)]. Moncrief found it convenient to recombine
K,G,Hy, b and define a new set of variables g1, q2,q3,q4. Like ky for odd parity perturbation,
q1 is invariant under the infinitesimal gauge transformation whereas ¢, g3, ¢4 are gauge dependent.
The conversion between K,G, Hs,hi and ¢1,q2,q3,q4 can be found in [30] and Appendix 8B of

this paper. In terms of the new coordinates and their conjugate momenta, m 234, the even parity

i {2+ (1 5) =

[ TS oy [rAm + ”Z(TA)’T]} }

Hamiltonian is given by:

Hr =

+

2(A+ 1)Ar + 2r (ras.r = ;q4)

H, 2 2m4)
qu + Hymy + b [3 _ (rim), H (8.32)

r2 r2

Mag(q2 —q1,r) Mg 2 }

J
f
f
o farl g me - a0t ;fgq%}
f
f

Here A is defined as
M M
A52<A+i>=(z—1)(z+2)+i. (8.33)
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From this Hamiltonian, it is straightforward to obtain the following canonical equations of motion:

; A A+1
G =~ 2fmat Iy 1 2D g, (3.34a)
SRV RS P VA
7T1 _7"A2 ’]"2A3q1 (}\+1)A2 q2 q1,r ’T’
Mg,
95Y + VA, .34
+ [2(A+1)Ar]r’ (8.34D)
2 2 M
12 75”3 T (f - T) T4 = 2(f7a) (8.34c)
ST VRN ' S
T2 =an T 1Az G2 = Q) =52 T3 = 204 )
M(2q2 —q1 r) HO
SRV .34d
TS0+ DAr 20 (8.34d)
. fm3 f 2hg
q3 TG D) + 3Y [rAmy + 2 7ma] + 2 (8.34e)
} M
T3 = — ?qQ,T‘a (834f)
; T4 2 [ ho
e H L
q4 2(>\+1)+ 1+7 (72)’7‘7
2 M
—2f(m —ma) — - (f - r) T2, (8.34g)
) M
4= (8.34h)

By varying the lapse perturbation Hy and the shift perturbations Hi, hj, it is straightforward to

obtain the Hamiltonian constraint equation

g2 =0 (8.35)

as well as the even-parity momentum constraint equations

T3 = Ty = 0. (836)

Note that (g1,71) is the even-parity gauge-invariant sectors; (me,qs,qs) are the gauge-dependent
sector, which are determined after the lapse Hy and shifts (Hy, h*) are fixed.

For example, the even-parity Regge-Wheeler gauge is described by g3 = ¢4 = m = 0, which
requires initially setting gq3 = q4+ = m = 0, and keeping it true by imposing ¢3 = ¢4 = 72 = 0
through setting the appropriate hy [Eq. (8.34e)], Hy [Eq. (8.34¢g)] and Hy [Eq. (8.34d)]. These even-
parity perturbation equations determine the other 4 of the 6 spatial 3-metric perturbations, and the
other 7 out of the the 10 spacetime 4-metric perturbations.

Gauge invariant quantity 1zy is commonly [27-29, 41-43] used for even parity perturbation and
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it is defined by g1 /(A + 1)/A or equivalently [42]

o 2f oK of [r20G .

8.2.6 Monopole and dipole perturbations

For [ < 1, the evolution of 3-metric perturbations can all be fixed by the constraint equations plus
arbitrary choices of lapse and shift functions. More specifically:

For [ = 0, there are only even-parity perturbations. We have lapse perturbation Hy and shift
perturbation H;, plus metric perturbations Hy and K — while lapse perturbation hg* and 3-metric
perturbations G and hj all vanish due to the non-existence of the vector and tensor harmonics
Z and V. However, there still exists one Hamiltonian constraint and one momentum constraint.
We can transform (Hs, K) into two new canonical coordinates, one of them the Hamiltonian con-
straint, the other the canonical conjugate of the momentum constraint — leaving no gauge-invariant
perturbation fields.

For [ = 1, even-parity perturbation, we have lapse perturbation Hy, shift perturbations H; and
hg, plus three non-vanishing 3-metric perturbation fields, namely Hy, K and hj. However, there
exists 1 Hamiltonian constraint and two momentum constraints, and we can transform (Hs, K, h})
into the Hamiltonian constraint and the canonical conjugate of the two momentum constraints, also
leaving no gauge-invariant perturbation fields.

For | = 1, odd-parity perturbation, we shift perturbation hy, and one metric perturbation field,
which is h;. We also have one momentum constraint, therefore a spatial operation on h; will
become the canonical conjugate of the momentum constraint, meaning we have no gauge-invariant

perturbation field as well.

8.3 3+1 approach with point mass source

In this paper, we are interested in the joint evolution metric perturbations and the motion of a point

particle. In this section, we will augment Moncrief’s formalism with a point particle.

8.3.1 341 Formulation

Since Eq. (8.1) is the action for free metric perturbations alone, we need to add the action for the

point particle. Using the prescriptions in [48], we can write:

I = m/dT
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+ [/\fipi(s(?’) (r — Q(t))] . (8.38)

Here, regarding quantities of space-time geometry, we have g;; = ~;; + hsj;, the total perturbed
spatial metric; A/ = N + N’ the total lapse; and N; = N/ the total shift (recall that N; = 0).
Regarding the particle, P; (j=1,2,3) are components of the 3-momentum, and Q(t) represents the
spatial coordinates of the particle, which are, more specifically, (R(t), ©(t), ®(¢)). The ¢ function is

more explicitly written as
3P (r = Q1)) = 8(r — R(t))8(0 — ©(1))5(¢ — ®(t)). (8.39)

From this action, we can read off the part of the Hamiltonian that involves the point particle,

which includes the Hamiltonian of the point particle alone,

H,n(Q, Pi) = N(Q)\ 77 (Q¥)PP; + m?, (3.40)

which describes the geodesic motion of the particle, plus the interaction Hamiltonian that couples

the particle and metric perturbations,

Hint(QkapkaNlale'a hz])

I N hyv"*yI™ PP,
:N/ ’}/ZJPZPJ‘F’IW?—*M
2 ’ijPin+m2

~ N/ P (8.41)

Here we have suppressed N’, N, Nj, 4% and h;;’s dependence on Q¥, for simplicity — but the reader
is reminded that QF enters this interaction Hamiltonian through these quantities’ dependence on
Q*. Note that Hipy is linear in the metric perturbations N”, N} and hi;.

The total Hamiltonian for the combined system of point particle plus metric perturbations is

Hyow = Y (Hlyp + HI 1) + 167 Hyy + 167 Hipy. (8.42)
Im

The 167 is actually the 2k = 2(87G) factor in the Einstein-Hilbert action and we are taking the
Newton’s constant G to be unity. We have now enlarged the set of canonical coordinates and

momenta to include (Q¥, Py).
The field-alone term in Hi.; describes the free propagation of metric perturbations around
Schwarzschild, the H,, term describes the geodesic motion of the point particle. It is Hi,; that
couples the fields and the particle together: it allows the particle’s motion to drive field perturba-

tions, and field perturbations to act back onto the particle — with action and back-action described
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in a self-consistent way.

Due to spherical symmetry of the background spacetime, we can assume that the point particle
is confined within the equatorial plane, with © = 7/2, Py = 0 — and we only need to deal with
R(t), ®(t). In addition, because Hiy is linear in metric perturbations, we can divide it into the sum
of an odd-parity component and an even-parity component — each component only involving one

type of metric perturbations.

8.3.2 0Odd parity (I > 2)

0Odd-Parity metric perturbations are described in terms of odd-parity vector and tensor harmonics

Xlm Whn in Eq. (8.18) and Eq. (8.20). For later convenience, we denote by II and Z,
m=wyypPApPE == ximp4, (8.43)

the contractions of these harmonics with angular components of momentum. Plugging odd-parity
perturbations in Egs. (8.18) and (8.20) into Eq. (8.41), and taking Eq. (8.43) into account, we obtain,

for each (I, m),

ded

int
l poo VI 2MPTE A holl
—hoE — —— —/— ,

2 /i PP +m? r=R(t), 0=0(t)
/ dr / d*Q 5(r — R(t))0@ (Q — Q(t))

[ b VT 20k - Loy 4 Lko) PTE + koIl
A

2 \/’)/ijPin+m2

Here we have used Q to represent (6, ¢), and Q(t) to represent (O(t), ®(t)).

(8.44)

For any expression inside the definition of H2d4, for example 7ij, it always appears along with
a 6(r — R(t)) function; therefore being a function of (r,0, ¢) instead of (R, ©,®) does not seem to
make a difference. However, because derivatives of fields are involved, we will encounter derivatives

of ¢ functions in further calculations, and for a generic function G(r)
G(r)o'(r — R(t)) # G(R(1))d'(r — R(t)) . (8.45)

This does not indicate an ambiguity in the equations of motion that we are ultimately going to
obtain, but creates intermediate steps that may differ. This requires us to be careful with our
conventions. Here we shall use the convention that all terms in the integrand on the right-hand side

of Eq. (8.44), apart from the ¢ functions, only depend explicitly on (r, 8, ¢), not on (R, O, ®).



221

Taking the above convention for Eq. (8.44), the new constraint equation is
1_
=3 E0(r— R(t)). (8.46)

The right-hand side is singular at the location of the point particle but zero elsewhere. Because
Hit only contains metric perturbations, not their conjugate momenta, only the evolution of the

momenta are affected. The evolution equations for 7; gains an additional term of:

o
ot

Sy . _PT

Similarly for 75, the additional term is

O3 0Hiwi 167 (I PT_
e =55 - =) Rt
Ot | g 7 Sk P (2 r ) r = &()
TP _
v [FrEie—Rw)|
167 11 1 0my 1[0n
- 5 === —5|5 : 4
PO 2 r (®) 7Ot |,4q 2|:8t:|add,r (8.48)

It is easy to check that, up to linear order (i.e., inserting background geodesic equations of motion
for the particle) this equation is consistent with the new constraint equation Eq (8.46). Combining
the evolution equations for k1, ks, 71, 72 and noting Yrw = fki1/r, we can derive the following master

equation for Yrw

o2 0? .
o2 + 92 Vioaa(r) | Yrw (r,t) = Soaa(r,t), (8.49)
where we have defined
r* =r+2Mlog (r/2M — 1), (8.50)
and
2f 3M
Vodd = o) ()\ +1- r) . (8.51)

The source term is

Amf
A+ 1D)r

Sodd = (8.52)

r2 [ FIO(r — R(t))] _ 2P"E5(r — R(1))
)\ P(] , P(]

Here the subscript “odd” means odd parity. This source term agrees with those derived in literature
[11, 27, 28] as expected.

On the other hand, H234 introduces the following additional terms to the rate of change of the

int
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point particle’s coordinates:

dR OH2 fE (P,)?
— | =162t = 1 S -
dt {oaa o IP: ol PO [ (PO)Q]
holl P,
dd OHRd P4[2h1 PTE + hol]]
hadl —grliint 4 xo_ @
dt | aa o 0Py om [ho 2fr2sinf(PY)3 }
167 .
— 0 [P X7+ ha WPy (8.53b)

where components of X4, W4E can be found in Appendix 8.A. Similarly, the rate of change of the

point particle’s momenta also gains the following additional terms:

dP, HHP 2hy  PTE + ho 11
Sl = —16m——2% =167 |ho = - -
dt |,y "OR “[ or= ¥ 5 PO ]
o 1

+167 [2h P"E + holl] [PO} : (8.54a)
dP, HHZdd
—21 = —16r 5 =167 hoPyX
dt | o0 Thofete

2h PTPy X% + haW % (Py)?
16m |0 ’¢2P02 o (Po) (8.54b)

Note that such a term exists for each (I, m) with I > 2.

From the above equations of motion it is clear that the effect of odd-parity perturbations on the
test particle’s motion is determined once we know hqg, h1, ho or hg, k1, k2 and their spatial derivatives
at r = R(t); here hg and ko are related with the actual gauge choice and k; is gauge invariant. If
we track back to the wave equation for ¥rw or k1, it is easy to see that k1 must be discontinuous at
r = R(t) in order to obtain a source function ¢’(r — R(¢)). On the other hand, the equation of motion
for dP,/dt|, 4, contains a term proportional to ki,. That means that this equation of motion is
singular because it contains §(r — R(t)). This means the full metric perturbation is singular at the
point particle’s location, and directly applying full metric perturbation to the particle’s equations
of motion will introduce divergence. One has to apply a regularization scheme before one can use
these equations for computation. This scheme must regularize gauge-invariant quantity kq as well as
gauge-dependent terms hs, hg, since they all enter the particle’s equation of motion. We will discuss

possible regularization methods in Sec. 11.5.

8.3.3 Even parity (I > 2)

Even-parity metric perturbations are described in terms of the scalar harmonics Y, vector har-

monics Zi™ and tensor harmonics UY% and V% [see Eqgs. (8.18) and (8.20)]. For later convenience,
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we define the following quantities,
= UM PAPE T, = VinpAPB g = zimpA (8.55)

which are contractions of the harmonics with angular components of the momentum. Even-parity

metric perturbation fields include:

1
N'=— Y2 HoY'™, N[ = HyY'™, Ny = hgZ5" (8.56a)
him =—2 7 Y”” Rl = niZhm B = r2(KUYS + GVER) . (8.56h)
The (I, m) component of the even-parity Hamiltonian is
oo /dr/dQQ 5(r — R(£))6® (2 — Q(t))
|: h*'—/ YlmP’l“ _|_ HOYlmPO/2
f—l(Pr)Qszlm +92 h»{PrE/
2P0
2(KTI; + GII

2P0

Here again we have used €2 to represent (6, ¢), and Q(t) to represent (O(t), ®(t)), and have defined
Py = —fPY In addition, h%, H; and Hy are the lapse and shift perturbations, they serve as Lagrange
multipliers in the Hamiltonian; K, Hy, h] and G are 3-metric perturbations, they couple with the
point-particle dynamical variables at its location, sourcing the interaction between the field and the
test mass. The relation between K, Hs, h}, G and Moncrief’s ¢, g2, ¢3, g4 are shown in Appendix
8.B. We recall the subtlety involving the § function and its derivative mentioned below Eq. (8.44),
and note that all terms in the integrand of Eq. (8.57), with the exception of the ¢ function, only
depend explicitly on (r, 8, $), but not on (R, O, ).

By varying hg, H1, Hop, we can obtain the new constraint equations:

g2 = — 167 PyY'"™5(r — R(1)), (8.58a)
7y =167 P"S(r — R(t)), (8.58b)
=8712E/6(r — R(t)) + 87Y'"™ [r2P"6(r — R(t))].,. (8.58¢)

This means ¢o, w3 and 74 are all divergent at the test particle’s location and vanish everywhere else.

From HZ" [Eq. (8.57)], the evolution equation for m; gains the additional term of

int

omy A +1 0m

om Om
ot |ua  rf Ot

ot

add,r



§(r — R(t)) (8.59)

and the evolution equation of mo gains

Omy|  Am[(PT)2YimA + 2(P)2r2 £211)
o T e o~ ()
[ e o] 50

Similar to the odd-parity case, the evolution equations for 73, 74 (up to linear order) are consistent
with the constraint equations (8.58).

Combing the evolution equation for g1, go, 71,72 and the constraint equations, we will find that
the gauge-invariant field 17\ satisfies a wave equation with source term coming from the point
particle: o2 o2

l
_@ + =2 - Vveven

(T):| ¢ZM (Ta t) = Seven (Ty t) 5 (861)

with the potential V!

even

given by

Af 3M
1 2
Viven = 7313 [m </\+1+ ; )

<25 (2] (3.62)

and the source term S, given by

2 0 0
So= oo P 5@ - 5@+ a2 QT
2f2
TR
2r f2
* A+ 1A

[)\(/\ — 1)7’2 + (4/\ _ 9)MT + 15M2]Qtt}

4f f

b = Ar )
Q"+ @ TQ. (8.63)

Here the @Ys are master functions describing spherical-harmonic decompositions of the point mass

stress energy tensor. They are defined by

# —gr [ 1tyimean = S50 gy 8.64

Q" =8r = =5 0lr = ROIY™[Q)], (8.64a)
. i 87 (P")28[r — R(t)]Y'™*[Q(t

Q :87T/T yims g = ST TQP(OH [ ()], (8.64b)
. 8mr? vA s gy STPTE!

Q= A+1/:r 2l = Tl — R, (8.64c)

I
Q" = 8mr? / TABULrdQ = %5[1" — R(1)], (8.64d)

8rt AB <l 8mr2Iyd[r — R(t))
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The source term in Eqgs. (8.63) and (8.64) agrees with the previous derivation of Martel and Pois-
son [27, 28], and here we have adopted their notation.

In addition to the source term in the constraint equations and the field evolution equations, the
particle-field interaction Hamiltonian also generates additional terms in the particle’s equation of
motion, which causes radiation reaction. These terms can be obtained by varying the interaction
Hamiltonian with respect to point mass dynamical variables, in a similar manner as the odd parity

case, for the canonical coordinate

dR OHip
- — 167 —nt
dt |, T 58,
HoY'™Pr  fP HyY'™  fhi=
_ lm 0 rilQ 1
167T[H1Y f+ =5t e+ 3
P2/ fH,Y!™ 4 OR*E/ Pr 4 12(KTL, + GII
1 16np, B THY T+ 2EP0)3+T( 1+ Clla) (8.652)
dae _ 165 Qi
At | yen 0Py
HoY'™mp, P,

= 167 {—hgzﬁn - [fHP" P H Y™ + 20 PTE 4 (KT + GIL)] }

2r2POsin® @ 2fr2sin? H(PO)3
Wh’{PTZq’ +r2(KU® P, + GV9?P,)

—16 50 ,

(8.65b)

and their conjugate momentum

_ 16r {5’ 3h88](%R> n Yzmpra(ﬂ;]l%(R)) _ %Yzm 8<H06(1§)P0>}
n 16”{21]30 [<Pr)zyzm8(fgf§R)) Lop E,a(fggl%)) +H10(R2§(R)) +H28(RZC;(R))]}
- 0533268];0 [fHP" P HY'™ 4+ 205 PTE + v (KL + GIL,)] (8.65c¢)
o [ P L 2
+ % {fl(Pr)gHg 3§;m + 215 P" ;]; + r2G%—1—(I; + rzKaan(ﬂ : (8.65d)
We have defined
2 2
P2(R) = \/(Pr)z I (21;3)/3) snZf 1 —;nM/R : (8.66)
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This set of equations, together with the even-parity wave equation (8.61) and the odd-parity equa-
tions (8.49), (8.53a), (8.54a) and (8.54b), form a complete set of self-consistent evolution equations
for both the point particle and the metric-perturbation fields.

Similar to the odd parity case, the even parity equations of motion also have a divergence problem.
Because the wave equation (8.61) for 1z contains a source term as singular as §'(r — R(t)), ¥zm,
or q;, must be discontinuous at the point particle’s location. According to the relation between
Hy,G,hi, K and q1, g2, q3,qs shown in Appendix 8.A, K contains a §(r — R(t))-type term and Hs
even contains a §'(r — R(t))-type term. This means terms added to the particle’s equation of motion
are all singular at the particle’s location. As a result, one has to regularize these equations of motion

before they can be used for actual computations.

8.3.4 Monopole and dipole perturbations

Even though there are no gauge-invariant perturbations for these low-I components, metric pertur-
bations at these orders do couple to the particle. The particle’s perturbation to fields at these orders
have been solved explicitly by Detweiler and Poisson [50], while their back-action to the particle’s
canonical equations can be obtained from expressions obtained for [ > 2, simply removing those

terms that do not exist in these low [’s.

8.4 Regularization of test particle equation of motion

In order to obtain regular equations of motion for the point particle, we must carry out a requlariza-
tion procedure that appropriately removes the divergences from the metric perturbation fields. While
we have not been able to find a stand-alone regularization procedure in the 3+1 picture, currently
existing regularization schemes can be adapted to our formalism. In this section, we shall outline,

but not carry out, the procedure with which such a regularization could be done.

8.4.1 General Discussion

In particular, we shall discuss how the Detweiler-Whiting (DW) singular-regular decomposition [20,
21] approach could be used to regularize our canonical equations of motion.

In the DW approach, a metric perturbation field in a small but finite region around the point
particle is decomposed into the sum of a regular piece (superscript “R”) and a singular piece (su-
perscript “S”):

huw = by, + 15, . (8.67)

[n%

The singular piece hﬁy corresponds to the deformed Schwarzschild solution around the small test

mass as seen by a locally free falling observer on the background spacetime — it is singular as we
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approach the location of the point particle; the regular piece hg satisfies the linearized vacuum
Einstein’s equation and is everywhere regular (although it does not satisfy the out-going boundary
condition at the null infinity and the down-going boundary condition at the future horizon). It is
shown that hgl, is the appropriate singularity to remove, and the point particle should travel along
a geodesic of the perturbed spacetime that differs from the background by hﬁy.

DW has shown that hﬁy can be approximated analytically in a local normal coordinate system

built around the particle — such as the one introduced by Thorne and Hartle [36] and developed to

higher orders by Zhang [44] (usually referred to as the THZ coordinate system). Another approach
s

pv

towards obtaining A7, is through the Hadamard singular Green function, as carried out by Hass
and Poisson [22] as well as Warburton et al. [24]. The computation for hiu is carried out as an
expansion in the proper distance away from the particle — and depending on the order to which

this expansion is carried out, the corresponding hff,/ will only have a finite order of smoothness.

S

Among components of Ay,

hft is a lapse perturbation, hgn and th are shift perturbations, while
hs th, and h:ZB are 3-metric perturbations. One can carry out (I,m) decompositions of these
quantities, using the appropriate harmonics, to obtain the singular pieces of our odd-parity metric-
perturbation fields (h§, hy, h3) and even-parity metric-perturbation fields (HS, Hy , hi®, hiS Hy , K°,
G?). In this way, the singular metric-perturbation fields come with a choice of gauge (through the
singular pieces for lapse and shift) as well as 3-metric perturbations, around the worldline of the
point particle. The (I, m)-decomposition coefficients of the singular metric fields are also referred to
as regularization parameters.

It is anticipated that the mode-decomposed versions of these singular metric-perturbations fields

should in general be discontinuous or singular at the radial location of the particle — but it is exactly

these singularities that will cancel the ones we obtain for the full perturbations (i.e., hff,,”), yielding
R _ full s
b =Ny — R, (8.68)

which is regular.

More specifically in the 3+1 approach, we must first obtain the full metric (including lapse, shift
and 3-metric perturbations), and then subtract the singular piece — resulting in the regular piece.
A subtlety here is the choice of gauge: we obtain hﬂﬂl using a particular choice of lapse and shift
perturbations, and the arbitrariness of the choice suggests that the subtraction (8.68) will yield a
regular result only if the full metric and the singular metric are computed in gauges that are related
to each other through a smooth transformation in the region near the particle.

Note that the singular field is only defined in a region around the point particle — because the
normal coordinate system (e.g., the THZ coordinate system), as well as the Hadamard decomposition

of the Green function, is only valid within a distance away from the particle that is comparable to



228

space-time curvature. This does not prevent us from obtaining a regularized set of equations of
R

v around the location

motion for the point particle, because for that we will only need to obtain h
of the particle.

However, this has lead Vega and Detweiler (VD) [25] to develop a slight variant of the DW
regularization approach, which further simplifies the regularization procedure. VD first assumed
that we can obtain an hﬁy that has a definition everywhere in the spacetime, although this definition
is physically meaningful only around the particle. They then proposed the application of a window
function W, which is very flat around the location of the particle, but decays rapidly towards the
horizon and infinity. In this way, if one defines an effective regular field, or effective field for short,

hfl, = hiyt — Wh,

pv

(8.69)

then the effective field Bﬁ,, satisfies a wave equation with a regular source (the full source subtracted

-

by the result obtained by inserting fLW =

Whiu into the wave equation), as well as the out-going
boundary condition at the future null infinity and the down-going boundary condition at the future
horizon.

In this paper, we shall discuss how the effective-source approach can be adapted to our 3+1

Hamiltonian formalism — in even- and odd-parity cases.

8.4.2 0Odd parity

Odd parity effective fields are ho R, hq R, ho Rr, and their smoothness depends on the quality of our
approximations for hgg, h1s and hog. We shall refer the regular field to be n-th order smooth if it
has a smooth n-th order derivative. Right now, the singular field is available for the regular field to
have 4-th order smoothness [49]. Let us first assume the order of smoothness is not an issue (e.g.,
assuming the singular piece to be available up to a rather high order), and later discuss options

when the order of smoothness is limited.

8.4.2.1 An algebraic gauge

Out of the three metric quantities, one can construct a gauge invariant quantity — the Regge-
Wheeler (RW) function and the other two degrees of freedom are fixed by one gauge choice and one

constraint equation. First consider the gauge invariant quantity, its effective regularized piece ’(ZJRWR

. 1 (0h 2-
hir+ = ( L. h2R>1 ) (8.70)

given by

VRWR = r 2 or r

while its effective singular piece &ﬁw(r, t) is given similarly by hig, haos (which are singular field

components multiplied by the window functions).
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The effective RW function satisfies the same wave equation as before [See Eq. (8.49)] but with a
new source 5 5 )
g + oz — Voaalr)] D (r0) = Soaanr, ) (s.71)
where the new source Sfdd is simply the effective source, given by
0? 0? ~
Soddr(r;t) = Soad(r,t) — [8752 to Voaa(r) | Yrws(r,t). (8.72)
Given enough smoothness on the singular piece, a smooth enough Q;RWR can be obtained by solving
Eq. (8.71) and imposing the out-going and down-going boundary conditions and infinity an the
horizon. This 'J)RWR can then be used to construct the rest of the gauge-dependent fields, imposing
the gauge condition of, for example, hig = 0. We then obtain regular values for all the metric
perturbation fields, as well as their derivatives, at the location of the point particle, and will be
able to drive its motion. To carry out this computation, we will need the regular field to be 2-order
smooth.

To be more specific, we can always do the coordinate transformation similar to Eq. (8.21) to

shift h1g to 0. The gauge transformation function is given by

2 - h
C = ~C'™ = ~hup — O™ = —r2/dr—:2R (8.73a)
! Ilm ylm 2 BgdAd
dy=za+y C"MXIM =z v /dr—r2 . (8.73b)

ilm

After the gauge transformation, according to Eq. (8.21), the new %R, Ii‘lle iLIQR are

by r =0, (8.74a)

- . h

hyp =hag + 2r° / dr—2>=, (8.74D)
T

dchir
=

r2

hiyr =hor — TQ/d (8.74c)

Suppose the original effective field hp is a C™ function on the test mass’s worldline, the coor-
dinate transformation must be C™ smooth (Eq. (8.73)) and the new effective field is C™~! smooth
(Eq. (8.74)). Therefore hir = 0 is also a viable gauge for evolution because it can be smoothly trans-
formed from the Lorenz gauge. For n > 2 the spatial derivative of the metric components would
still be continuous. By imposing the hig =0 algebraic gauge condition, hogr can be immediately
obtained by solving

oh 2. 2 -
812°R - ;hQR = %wRWFb (8.75)

As 7 is fixed by the constraint equation Eq. (8.46) and 71 can be obtained by solving Eq. (8.84),
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it is then straightforward to obtain hog through Eq. (8.29)

P _ 10(har + has) fr? - _19(r’n)
) ot AN+1) [P 22 o

(8.76)

Compared to the Lorenz gauge condition (in the following section), computing metric perturba-
tions in this algebraic gauge is relatively easier although the effective fields are one order worse in

smoothness.

8.4.2.2 Fixing Lorenz gauge

Another way to ensure the smoothness of the regular field is to resort to the known conclusion that
if we keep the full field in the Lorenz gauge, the existing n = 1 singular field should be sufficient.
This has been demonstrated by Refs. [15, 21, 37].

The Lorenz gauge condition,

VFhu =0 (8.77)
where B;w is the trace reversed metric perturbation fLW = hu — 1/2 gm,ha/ggo‘ﬁ, converts into

Ohg

M 5 Ohy B

r

for the (I, m) odd-parity perturbation fields. As we break this into singular and regular pieces, we

dhor M - , Oh
rn —|—2f<r—1>h1R—fr 3

obtain

;R + Afhop = A (8.79)

for the effective regular field components, where A is given by

—2f <M — 1) ills + fQTahls — )\filgs. (880)
r or

Combining Egs. (8.70), (8.79) and (8.29), we have a set of first-order differential equations for hog

and ]NIQR
h My M h N-
o, ~OR _ 11 12 ~OR N 1 (8.81)
haor My My har Ny
with
My =Mz =0 (8.82a)
N w0 2f (M 19
My =— 21 N N | 82
12 r + [f or T r r  20r (8.82b)

My = —2, (8.82¢)
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and
N, _4 + [f28 _Y (M — 1)] kig, (8.83a)
T or r r
B fr? 1 9(r®m)

Here 75 is fixed by the constraint equation Eq. (8.46) and 71 can be obtained by solving Eq. (8.29)

k1p + krs)
ot
__ T 9 1 0(r2m)
C2(A+1) + 22N+ 1) or {f(” 92 oy )] : (8.84)

At the initial time slice ¢ = 0, we can impose the initial gauge condition that BOR(t =0) =
hor(t = 0) = 0 and Eq. (8.81) determines the gauge condition evolution later on. Given hog, hor,
Eq. (8.70) determines the value for hiz and therefore we can obtain the full set of regularized

odd-parity fields.

8.4.3 Even parity

For even parity, we will follow similar procedures to the odd-parity case. Here we are dealing with
seven effective field quantities: Kr, Gr, Hor, Hir, Hor, iL’{R, ESR, compared to three field quantities
in the odd-parity case. Out of these seven quantities, one can construct one gauge invariant pertur-
bation quantity — Zerilli-Moncrief quantity; and the other six degrees of freedom are fixed by three

gauge conditions and three constraint equations. The regular piece of the Zerilli-Moncrief function

is given by
- B r - 2f [ ~ (9[(3
VYzZMR = il KR+X <H2R7’ e )]
2f (r20GR ~
— -2 . .
+ A ( Ee h1R> (8.85)
It satisfies the following wave equation
0? 02 ~
{_(’%2 T o2 Veven(r)} Yzmr(r,t) = Ser(r;t) (8.86)
with the effective source term S¢r given by
0? 02 ~
S@R(T7 t) = Ss(’r7 t) — |:_at2 + 787’*2 — Veven(r)} wZMS(T, t) . (887)
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With the outgoing wave boundary condition at spatial infinity and black hole horizon, one can solve
the wave equation and obtain the numerical value for ZZNJ zMR Or ¢1r- On the other hand, the effective

field ¢or is fixed by the constraint equation
Gor = g2 — Gos = —16mPY"5(r — R(1)) — Gos - (8.88)

Similar to the odd parity case, if the quality of the singular field is high enough, we can simply set
the additional lapse Hoyp and shifts (ﬁl R iLg ) to zero, or to use an algebraic gauge for the gauge-
dependent fields. Also similar to the odd parity, one way to limit our requirement for smoothness is
to apply the Lorenz gauge condition Eq. (8.77), similar to what we did for the odd-parity case. In

this case these Lorenz gauge conditions are given by

_ hi M H, fOH
0_(A+1)r2+<r 1) T 2 Or
10(Hy + Hy + 2K)
+Z 5 , (8.89a)
M * M
O:Ho—2()\+1)fhl+<2—3>H2—2fK
r r r
1 0(Hy+ Hy—2K)  0H;
+5rf = -, (8.89b)
(M (P HaH0 ] r o0
O_fKr 1)h1+<2G+ 1 )r}—f— 2 o
r Ohj
-~ 5 (8.89¢)

Combing the above equations with Appendix 8.A, Eq. (8.34) as well as the constraint Eq.(8.58), one
can write down the evolution equation for G g, ﬁf R T2, Hig, Bg r and a combination of effective field

functions Ir = Hor + Hog + 2K . We also correspondingly define Ig = Hys + Hos + 2K .

Gr Gr
hig hig
al ™ l=m]| ™| +N (8.90)
Ir Ig
glR IN{IR
| Tor | | g |

Non-zero components of the matrix M’ in Eq. (8.90) are given by

of 2
Mi; = 2 Mg = 2 (8.91a)

2 M 2
MQ/S = Qfa’l‘ - ; (f - T‘) ) Més = 17 MQ/G = 87“ - ;7 (891b)
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/ 7“2 2 ! f ! ]'
M;, = _Efarv M3y = ;(2 —r0r), Msy= Ty
M 1 4N+ 1)
Mjs = —4 <T2r>+2f3r7 MQGZ*T ;
M aM
Mz = 5 + gam My = -2y
2
M, = *7%;(4M+7’+ Ar);
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We can pick the initial condition that Gr = iLikR = Hip = BSR = Igp = m = 0. Eq. (8.90)
determines their evolution later on. Once Gg and fﬁl‘ r are known, Kg and Hsg can be obtained
using Eq. (8.98). Hyp is just Ip — Hop — 2K and then all effective fields for even parity are
obtained following the above procedure. In reality, one may let the test particle freely evolve for a
few cycles before turning on the radiation reaction in order for the initial junk radiation to go away.
Another subtlety here is although G, ﬁ’{ I Ir, Hig, ;lé r are all regular functions, m may actually
be divergent at » = R(t). However, as long as the particle trajectory does not hit the grid point
(which is the generic case and can be guaranteed by using some numerical algorithms), Eq. (8.90)

can still be used for harmonic gauge evolution.

8.4.4 Monopole and dipole perturbations

Although there is no wave equation in the monopole and dipole cases, regularization does involve
these orders. We need to carry out the steps described in the above, simply ignoring the step of
solving the wave equation. This is discussed by Detweiler and Poisson [50], but unfortunately there
is no known unique way to remove the singular piece of contribution from the [ = 0,1 modes. We

will leave this for future investigation.

8.5 Conclusions and discussions

In this article we have taken a 3 + 1 Hamiltonian approach toward the motion of a point particle
around a Schwarzschild black hole. For the metric perturbation fields, we have simply adopted
Moncrief’s perturbative Hamiltonian (quadratic in these fields), and his canonical transformation to
a new set of canonical coordinates and momenta which are either the Hamiltonian and momentum
constraints themselves, their canonical conjugates, or gauge-invariant (see Sec. 8.2.2). For the point
particle, we have inserted its own Hamiltonian plus an interaction Hamiltonian, with the former de-
scribing geodesic motion and the latter describing both (i) the particle sourcing metric perturbations
and (ii) the metric perturbations acting back onto the particle. We have obtained these equations
of motion explicitly — decomposed into (I, m) components (I > 2) and even and odd parities. For
(i), the equations we obtain agree with the previous literature, obtaining wave equations for gauge-
invariant functions that are sourced by the particle. In this way, we have obtained self-consistent

evolution equations for both the particle and the metric-perturbation fields. In principle, depending



235

on the lapse and shift functions we choose, these self-consistent equations can be written for any
gauge. The field equations we have will be in 1+1 (¢ and r) dimensions, and the gauge-invariant
metric-perturbation fields are also decoupled from the rest of the fields.

As can be anticipated, this set of equations are singular due to the use of a point particle. While
we have not been able to find a stand-alone 3+1 approach for regularization, we have shown that
existing regularization schemes can be adopted to our scheme. The most straightforward approach
would be to use the Detweiler-Whiting’s singular-regular decomposition [21], combined with the
Vega-Detweiler effective-source approach [25]. In the case when we have a high order approximation
of the singular field, one can (i) solve the wave equation for the even- and odd-parity effective
gauge-invariant fields, and (ii) fix an algebraically simple gauge for the effective metric, obtain all
effective metric components, and calculate generalized forces acting on the particle. In this way,
we will only have evolved one wave equation for each parity and each ! (and all m’s can be taken
care of simultaneously) with an effective source, and will have used these waves, plus regularized
gauge-fixing terms, to drive the motion of the particle in the self-consistent way. However, since we
have not carried out this computation explicitly, it is not known up to what level of approximation
we shall require for the singular field — although it may be substantially higher than what has been
required before due to the multiple spatial derivatives used in defining the gauge-invariant quantities.

In case the requirement for the singular field in (ii) turns out to be too high, we have proposed to
replace (ii) by (iii): choosing the Lorenz gauge for the full field, in which case it was known that the
currently available approximations for the singular field is sufficient. In this case, in addition to the
two wave equations, we require 2 odd-parity gauge-fixing equations, and 6 even-parity gauge fixing
equations. This will be equivalent to decomposing Vega-Detweiler’s and Warburton et al. [24]’s 341
calculations into a 1+1 form.

For [ = 0,1 metric perturbation fields do not have gauge-invariant components: a canonical
transformation exists to transform them into either the constraints or their canonical conjugates.
In this way, we only need step (ii) or (iii) in the above discussion — which we have not explicitly

carried out.
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8.A Various tensor spherical harmonics

Here we list the components of the vector and tensor harmonics X4, Z4m Whm, Ul VI in terms
of scalar spherical harmonics and their partial derivatives. For the odd-parity vector harmonics X 4™

we have

1 3ylm 8Ylm
lm __ Im — o
X" = S8 09 Xy =sin 0769 . (8.93)

For the even-parity vector harmonic ZlAm:

ay'm ay'm
lm Im

For the identity tensor UY%:
Upg =Y, Uy =sin®0y'™, Upp = ULy = (8.95)

For the even-parity, symmetric trace-free (STF) tensor harmonic ijﬁé

v = [ 2 1l(z +1)|yhm (8.96a)
00 — 692 ) .
vim = +c05951n92+ 1l(l+1)sin29 y'im (8.96b)
Pp a¢2 89 ’ .
o? cos 0
Im __ Im __ _ Im
Vog' = Vay' = {89&25 0 3¢] y'm. (8.96¢)
And finally for the odd-parity tensor harmonic W4%
Wim — -1 [ &2 _cosf O
~ sinf | 000¢  sinf 0¢ ’
02 0
im Im
Wes = [Sln9893¢ cos€a¢]Y
1 0? 1 9? 2
Im lm __ — . _ _ lm
Wy = Wy = 5 [Sm9802 0957 0059—80 Y (8.97)

8.B Conversion of fields for even parity perturbations

The even parity perturbation quantities K, Hs, hi,G and q1, g2, g3, ga are related to each other by

I _2a
K - TA ()\+ 1)A<q2 ql,’r’) 7"f (qS,T‘ Tz > )
(A—1)(A—-2-2)) @ —qr
2frA BT o)
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qQ /
+ r A ()\+1)A(q2 q1,r) ;
M
- flr*as,r — 2], — ﬁ(ﬁq?,,r —2q4)
q2 — q1,r 1 3M 9
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G = qs3,
hi = q4. (8.98)
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Chapter 9

Quasinormal-mode spectrum of
Kerr black holes and its geometric
interpretation

There is a well-known, intuitive geometric correspondence between high-frequency quasi-
normal modes of Schwarzschild black holes and null geodesics that reside on the light-ring
(often called spherical photon orbit): the real part of the mode’s frequency relates to the
geodesic’s orbital frequency, and the imaginary part of the frequency corresponds to the
Lyapunov exponent of the orbit. For slowly rotating black holes, the quasinormal-mode’s
real frequency is a linear combination of the orbit’s precessional and orbital frequencies,
but the correspondence is otherwise unchanged. In this paper, we find a relationship be-
tween the quasinormal-mode frequencies of Kerr black holes of arbitrary (astrophysical)
spins and general spherical photon orbits, which is analogous to the relationship for slowly
rotating holes. To derive this result, we first use the WKB approximation to compute
accurate algebraic expressions for large-l quasinormal-mode frequencies. Comparing our
WKB calculation to the leading-order, geometric-optics approximation to scalar-wave
propagation in Kerr spacetime, we then draw a correspondence between the real parts of
the parameters of a quasinormal mode and the conserved quantities of spherical photon
orbits. At next-to-leading order in this comparison, we relate the imaginary parts of
the quasinormal-mode parameters to coefficients that modify the amplitude of the scalar
wave. With this correspondence, we find a geometric interpretation of two features of
the quasinormal-mode spectrum of Kerr black holes: First, for Kerr holes rotating near
the maximal rate, a large number of modes have nearly zero damping; we connect this
characteristic to the fact that a large number of spherical photon orbits approach the
horizon in this limit. Second, for black holes of any spins, the frequencies of specific sets

of modes are degenerate; we find that this feature arises when the spherical photon or-
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bits corresponding to these modes form closed (as opposed to ergodically winding) curves.

Based on paper by H. Yang, D. A. Nichols, F. Zhang, A. Zimmerman, Z. Zhang, and
Y. Chen, Phys. Rev. D 86, 104006 (2012). Copyright 2013 by the American Physical
Society.

9.1 Introduction

Quasinormal modes (QNMs) of black-hole spacetimes are the characteristic modes of linear per-
turbations of black holes that satisfy an outgoing boundary condition at infinity and an ingoing
boundary condition at the horizon (they are the natural, resonant modes of black-hole perturba-
tions). These oscillatory and decaying modes are represented by complex characteristic frequencies
w = wpR —iwy, which are typically indexed by three numbers, n, [, and m. The decay rate of the per-
turbation increases with the overtone number n, and [ and m are multipolar indexes of the angular

eigenfunctions of the QNM.

9.1.1 Overview of quasinormal modes and their geometric interpretation

Since their discovery, numerically, in the scattering of gravitational waves in the Schwarzschild
spacetime by Vishveshwara [1], QNMs have been thoroughly studied in a wide range of spacetimes,
and they have found many applications. There are several reviews [2-6] that summarize the many
discoveries about QNMs. They describe how QNMs are defined, the many methods used to cal-
culate QNMs (e.g., estimating them from time-domain solutions [7], using shooting methods in
frequency-domain calculations [8], approximating them with inverse-potential approaches [9] and
WKB methods [10, 11], numerically solving for them with continued-fraction techniques [12, 13],
and calculating them with confluent Huen functions [14, 15]), and the ways to quantify the excitation
of QNMs (see, e.g., [16, 17]). They also discuss the prospects for detecting them in gravitational
waves using interferometric gravitational-wave detectors, such as LIGO [18] and VIRGO [19], and
for inferring astrophysical information from them (see, e.g., [20, 21] for finding the mass and spin
of black holes using QNMs, [22, 23] for quantifying the excitation of QNMs in numerical-relativity
simulations binary-black-hole mergers, and [24, 25] for testing the no-hair theorem with QNMs).
There have also been several other recent applications of QNMs. For example, Zimmerman and
Chen [26] (based on work by Mino and Brink [27]) study extensions to the usual spectrum of modes
generated in generic ringdowns. Dolan and Ottewill use eikonal methods to approximate the modal
wave function, and they use these functions to study the Green’s function and to help understand
wave propagation in the Schwarzschild spacetime [28-30].

Although QNMs are well understood and can be calculated quite precisely, it remains useful to
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develop intuitive and analytical descriptions of these modes. Analytical insights into QNMs have
come largely from two limits: the high-overtone limit (n > 1) and the eikonal limit (I > 1). In the
high-overtone limit, the frequencies of a QNM are related to the surface gravity of the horizon (see
e.g., [31, 32] for the numerical discovery for Schwarzschild black holes, [33] for an analytical proof for
Schwarzschild holes, and [34, 35] for proofs for other spherically symmetric black-hole spacetimes).
In this paper, we focus on the eikonal limit.

An important calculation in the eikonal limit (I > 1) was performed by Ferrari and Mashhoon
[9], who showed that for a Schwarzschild black hole, the QNM’s frequency (which depends only on

a multipolar index ! and an overtone index n) can be written as
wr(14+1/2)Q —iyp(n+1/2). (9.1)

The quantities €2 and v, are, respectively, the Keplerian frequency of the circular photon orbit and
the Lyapunov exponent of the orbit, the latter of which characterizes how quickly a congruence
of null geodesics on the circular photon orbit increases its cross section under infinitesimal radial
perturbations [30, 36]. Equation (9.1) hints at an intriguing physical description of QNMs, first
suggested by Goebel [37]: for modes with wavelengths much shorter than the background curvature,
the mode behaves as if it were sourced by a perturbation that orbits on and diffuses away from the
light ring on the time scale of the Lyapunov exponent. Thus, photon surfaces [38] play an important
role in the structure of a spacetime’s QNMs.

Ferrari and Mashhoon [9] also derived an analogous result to Eq. (9.1) for slowly rotating black

holes. They showed for I = m > 1, the real part of the frequency is given by

Q ~ Worb + (92)

m
mwprec y
where werp, is now the Keplerian orbital frequency for the spherical photon orbit ! and Wprec 1S
the Lense-Thiring-precession frequency of the orbit (which arises because of the slow rotation of the
black hole). The term proportional to wprec also has a simple geometric-optics interpretation. Inertial
frames near the high-frequency wave at the light ring are dragged with respect to inertial frames at
infinity, and this frame dragging causes the perturbation’s orbit to precess about the spin axis of the
black hole with a frequency wpyec. If the orbit is inclined at an angle of sin® @ = m?/I(1+1) (the ratio
of angular momenta L?/L? for quantized waves in flat space), then the projection of the precessional
velocity onto the orbital plane scales the precessional frequency by a factor of ~m/(l + 1/2).

Why the QNM frequency is multiplied by (I+1/2) is a feature that we will explain in greater detail

in this paper. Intuitively, this term arises because the in the high-frequency limit, any wavefront

1By “spherical photon orbits”, we mean those orbits that remain on a sphere of constant radius, but do not
necessarily close or explore the whole sphere.
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Figure 9.1: Low-overtone QNM spectrum of three Kerr black holes of different spins with approx-
imate degeneracies in their spectra. From left to right, we plot the three lowest-overtone QNM
excitations for (i) a/M = 0.69 in which (I,m) = (4, 2) are black traignles and (I',m’) = (j + 1, —2)
are blue squares, where j = 3,...,9; (ii) a/M = 0.47 in which (I,m) = (j,3) are magenta dots and
(I',m') = (j+1,—3) are cyan cycles, where j = 3,...,9; (iii) a/M = 0.35 in which (I,m) = (j,4) are
red diamonds and (I',m') = (j 4+ 1, —4) are purple stars, where j = 5,...,10. For these spin param-
eters, the mode with positive values of m and wg (a corotating mode) of index [ is approximately
degenerate with the mode with m’ = —m, and wgr (a counterrotating mode) of index I’ =1+ 1.

traveling on null orbits will have an integral number of oscillations in the 6 and ¢ directions. For
the wave to be periodic and single-valued, there must be m oscillations in the ¢ direction. For the 6
direction, it is a Bohr-Sommerfeld quantization condition that requires I — |m/| + 1/2 oscillations in
this direction, which implies that there should be a net spatial frequency of roughly (I + 1/2). This
increases the frequency of the radiation seen far from the hole by the same factor.

From this intuitive argument, we expect that the real part of the mode should be

m
WR = L (Worb + prrec) P (93)

where we define L =1+ 1/2. In this paper, we will show that an equation of the form of Eq. (9.3)
does, in fact, describe the QNM frequencies of Kerr black holes of arbitrary astrophysical spins (and
it recovers the result of Ferrari and Mashhoon for slowly spinning black holes). As we mention in
the next part of this section, the exact details of the correspondence between QNMs and photon

orbits is richer for rapidly rotating black holes than for slowly rotating or static black holes.

9.1.2 Methods and results of this article

To derive Eq. (9.3) requires that we develop a geometric-optics interpretation of the QNMs of
Kerr black holes with arbitrary astrophysical spins. Finding the correspondence requires two steps:
first, we need to calculate the approximate frequencies using the WKB method; next, we must
articulate a connection between the mathematics of waves propagating in the Kerr spacetime in the
geometric-optics approximation and those of the WKB approximation (the first step). Finally, with
the geometric-optics description of QNMs, we can make a physical interpretation of the spectrum
(for example, the degeneracy or the lack of damping in the extremal limit).

In Sec. 9.2, we describe how we solve the eigenvalue problem that arises from separating the
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Teukolsky equation [39] (a linear partial differential equation that describes the evolution of scalar,
vector, and gravitational perturbations of Kerr black holes) into two nontrivial linear ordinary
differential equations. The two differential equations, the radial and angular Teukolsky equations,
share two unknown constants—the frequency, w, and the angular separation constant, A;,,—that
are fixed by the boundary conditions that the ordinary differential equations must satisfy (ingoing
at the horizon and outgoing at infinity for the radial equation, and well-behaved at the poles for
the angular equation). The goal of the WKB method is to compute the frequency and separation
constant approximately.

Although there has been work by Kokkotas [40] and Iyer and Seidel [41] using WKB methods
to compute QNM frequencies of rotating black holes, their results were limited to slowly rotating
black holes, because they performed an expansion of the angular separation constant, A;,, for small,
dimensionless spin parameters, a/M, and only applied the WKB method to the radial Teukolsky
equation to solve for the frequency. In a different approach, Dolan developed a matched-expansion
formalism for Kerr black holes of arbitrary spins that can be applied to compute the frequency of
QNMs, but only for modes with I = |m| and m = 0 [29].

Therefore, it remains an outstanding problem to compute a WKB approximation to the quasi-
normal modes of Kerr black holes of large spins and for any multipolar index m. In Sec. 9.2, we solve
the joint eigenvalue problem of the radial and angular Teukolsky equations by applying a change of
variables to the angular equation that brings it into the form of a bound-state problem in quantum
mechanics. Applying the WKB method to the angular equation, we arrive at a Bohr-Sommerfeld
condition that constrains the angular constant in terms of the frequency (and the indices [ and
m). Simultaneously, we can analyze the radial equation in the WKB approximation, and the two
equations together define a system of integral equations, which can be solved for the eigenvalues.
When we expand the Bohr-Sommerfeld condition in a Taylor series in terms of the numerically small
parameter, aw/l, the system of integral equations reduces to an algebraic system (which, in turn,
leads to a simpler expression for the frequency). The approximate frequency agrees very well with
the result that includes all powers of aw/l, and, in the eikonal limit, it is accurate to order 1/I for
Kerr black holes of arbitrary spins, for modes with any value of m, and for both the real and the
imaginary parts of the frequency.

To interpret the WKB calculation of Sec. 9.2 in the language of propagating waves in the
geometric-optics limit within the Kerr spacetime, we analyze waves around a Kerr black hole in
Sec. 9.3 using the geometric-optics approximation and the Hamilton-Jacobi formalism. We con-
firm that the leading-order pieces of the WKB frequencies and angular constants correspond to the
conserved quantities of the leading-order, geodesic behavior of the geometric-optics approximation
(specifically, the real part of w, the index m, and the real part of A, are equivalent to the energy

&, the z-component of the specific angular momentum L, and Carter’s constant Q plus L?, respec-



245

tively). The specific geodesics corresponding to a QNM are, in fact, spherical photon orbits. The
next-to-leading-order WKB quantities (the imaginary parts of w and A;,,,) correspond to dispersive,
wavelike corrections to the geodesic motion (they are the Lyapunov exponent and the product of
this exponent with the change in Carter’s constant with respect to the energy). Table 9.1 in Sec.
9.3 summarizes this geometric-optics correspondence.

In Sec. 9.4, we make several observations about features of the QNM spectrum of Kerr black
holes that have simple geometric interpretations. First, we find that for extremal Kerr black holes,
a significant fraction of the QNMs have a real frequency proportional to the angular frequency of
the horizon and a decay rate that rapidly falls to zero; we explain this in terms of a large number
of spherical photon orbits that collect on the horizon for extremal Kerr holes. Second, we expand
the WKB expression for the real part of the frequency as in Eq. (9.3), and we interpret these terms
as an orbital and a precessional frequency of the corresponding spherical photon orbit. These two
frequencies depend on the spin of the black hole and the value of m/L very weakly for slowly-rotating
black holes, though quite strongly when the spin of the black hole is nearly extremal. Finally, we use
the geometric-optics interpretation given by Eq. (9.3) to explain a degeneracy in the QNM spectrum
of Kerr black holes, in the eikonal limit, which also manifests itself, approximately, for small I (see
Fig. 9.1). The degeneracy occurs when the orbital and precession frequencies, wo,p, and wprec are
rationally related (i.e., worb/Wprec = p/q for integers p and ¢) for a hole of a specific spin parameter,
and when the corresponding spherical photon orbits close. By substituting this result into Eq. (9.3)
one can easily see that modes with multipolar indexes [ and m become degenerate with those of
indexes I’ =1+ kq and m’ = m — kp for any non-negative integer k, in the eikonal limit (note that
in Fig. 9.1, we show an approximate degeneracy for k = 1 and for three spin parameters, such that

q/p=1/4,1/6, and 1/8, respectively.)

9.1.3 Organization of the paper

To conclude this introduction, we briefly summarize the organization of this paper: In Sec. 9.2, we
review the Teukolsky equations, and we then describe the WKB formalism that we use to calculate
an accurate approximation to the angular eigenvalues A, = AF +iAl ~and QNM frequencies
w = wpg — iwy, in the eikonal limit L > 1 and for holes of arbitrary spins. We verify the accuracy
of our expressions in Sec. 9.2.4 by comparing the WKB frequencies to exact, numerically calculated
frequencies. In Sec. 9.3, we develop a correspondence between the WKB calculation and mathematics
of wave propagation within the Kerr spacetime in the geometric-optics limit, using the geometric-
optics approximation and the Hamilton-Jacobi formalism. At leading-order, the QNM frequencies
and angular eigenvalues correspond to the conserved quantities of motion in the Kerr spacetime for
spherical photon orbits; at next-to-leading order in the geometric-optics approximation, we connect

the the decaying behavior of the QNMs to dispersive behaviors of the waves. Finally, in Sec. 9.4,
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we interpret aspects of the QNM spectrum geometrically, such as the vanishing of the damping
rate for many modes of extremal black holes, the decomposition of the frequency into orbital and
precessional parts, and the degeneracies in the QNM frequency spectrum. Finally, in Sec. 9.5, we
conclude. We use geometrized units in which G = ¢ = 1 and the Einstein summation convention

throughout this paper.

9.2 WKB approximation for the quasinormal-mode spectrum

of Kerr black holes

In this section, we will derive expressions for the frequencies of quasinormal modes of Kerr black
holes using the WKB approximation. We will need to compute the real and imaginary parts to an
accuracy of O(1) in terms of [ > 1, which implies that we must calculate wg to leading and next-to-
leading order and wy to leading order. Here, we will focus on obtaining an analytic approximation
to the frequency spectrum, and we will leave the geometrical interpretation of our results until the
next section.

Before specializing our results to the angular and radial Teukolsky equations, we will review a
basic result about the WKB expansion that we will use frequently throughout this paper; a more
complete discussion of WKB methods can be found in [11]. Given a wave equation for ¢(x)

2 %

we will expand the solution as 1) = eSo/etSi1teSat- where the leading and next-to-leading action

variables are given by

So = i / U@z, (9.50)

Sy = —ilog Ula). (9.5b)

The formulas above will be the basis for our analysis of the radial and angular Teukolsky equations

in the next sections.

9.2.1 The Teukolsky equations

Teukolsky showed that scalar, vector, and tensor perturbations of the Kerr spacetime all satisfy
a single master equation for scalar variables of spin weight s; moreover, the master equation can
be solved by separation of variables [39]. We will use u to denote our scalar variable, and we will
separate this scalar wave as

u(t,r,0,0) = e “ MR (r)ug(6) . (9.6)
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Then, at the relevant order in I > 1, the angular equation for ug(f) can be written as

2

sin® 0

1
d |: dug + A | ug =0, (9.7)

a | .. ,0Ug 22 2,
n0d0 sin 6 d(‘)] + [a w” cos“ 0

where Ay, is the angular eigenvalue of this equation. Following the definition in [42], we use the
renormalized radial function given by wu, = A%/2\/r2 4 a2R. The equation obeyed by the radial

function w,.(r) is

Puy K2 — AN d A d
My =0, = £ 9.8
dr? (r2 + a?)? “ dr. r24a?dr (9.8)
with
K = —w(r? +a*) +am, (9.8b)
N = Ay + a*w? — 2amw (9.8¢)
A=r>—2Mr+ad?. (9.8d)

Here we have used the facts that wg ~ O(1), wr ~ O(1), m ~ O(I) to drop terms that are of higher
orders in the expansion than those that we treat. Note that the spin s of the perturbation no longer
enters into these equations after neglecting the higher-order terms. The only subtlety here is that
the s-dependent terms 2ms cos 6/ sin® 6 and s2 cot? @ diverge at the poles, # = 0,7. For non-polar
modes it will be shown in the following section that the wave function asymptotes to zero near
the poles, and therefore these s dependent corrections are not important. For polar modes m = 0,
the angular wave functions do not vanish at the pole, and so it is not as clear that these terms
can be neglected as small. However, numerical evidence presented in Sec. 9.2.4 also shows that
neglecting the s dependent terms in the angular Teukolsky equation only contributes a relative error

proportional to 1/L?.

9.2.2 The angular eigenvalue problem

We will first find an expression for A, in terms of w, [, and m, by analyzing the angular equation

in the WKB approximation. By defining
0
x = log | tan 3 (9.9)
and dx = df/sinf, we can write the angular equation as

dQUG
a2 Vouy =0, (9.10a)
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where

VY9 = a%w? cos® fsin® 6 — m? + Ay, sin? 6. (9.10b)

When written in this form, it is clear that, aside from polar modes where m = 0, ug must satisfy a
boundary condition that it be 0 as @ — oo (which corresponds to § — 0, 7). In the special case
when m = 0, ug approaches a constant instead. Furthermore, the angular equation is now in a form
that is amenable to a WKB analysis (which will be the subject of the next part).

First, however, we outline how we will perform the calculation. Because the frequency w =
wp — iwy is complex, the angular eigenvalue Ay, a function of w, must also be complex. We will

write

Apn = AR 1Al (9.11)

to indicate the split between real and imaginary parts. We will treat a real-valued w = wpg in the first
R

e (wgr); we shall account for —iw; by including

part of this section, and, therefore, a real-valued A

it as an additional perturbation in the next part of this section.

9.2.2.1 Real part of A;,, for a real-valued w

For wr € R, we will compute the eigenvalues AR (wg), of Eq. (9.10a) for standing-wave solutions
that satisfy physical boundary conditions. At the boundary, § = 0,7 (or £ = Foo) the potential
satisfies V% = —m? independent of the value of Aﬁn; this implies that the solutions to Eq. (9.10a)
behave like decaying exponential functions at these points (i.e., the wave does not propagate). For
there to be a region where the solutions oscillate (i.e., where the wave would propagate), A;,,, must
be sufficiently large to make V? > 0 in some region. Depending on the relative amplitudes of A,
and a?w?, VY either has one maximum at § = 7/2 (when Aj, > a?w?), or two identical maxima
at two locations symmetrically situated around § = 7/2 (when A, < a?w?). It turns out that the
region where the maximum of V¢ > m? is centered around = /2; therefore, all solutions fall into the
former category rather than the latter.

The length scale over which the function ug varies is 1/ Ve , and the WKB approximation is valid
only if the potential V¢ does not vary much at this scale. Therefore, to use the WKB approximation,
we require that

1 av?

N < V7. (9.12)

This condition applies regardless of the sign of V?. Empirically, we find this condition to hold for

V% in Eq. (9.10a), except around points at which V% = 0. We will refer to these as turning points,
and they can be found by solving for the zeros of the potential,

a’w? cos? Osin® @ — m? + Al sin?0 =0, (9.13)
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which are given by

2m?

Ap + 02w}, + /(A + 02w}, )2 + 4m?2

sin® 0y =

(9.14)

where we only kept the physical solution and assume 0 < §_ < w/2. It is obvious to see that
0+ = m—0_. Using the leading and next-to-leading WKB approximation, we can write the solution

to the wave equation in the propagative region, r_ < z < x4, as

arells da'\[VO(@) | g =i [y da'\/VO(a')
Ve ()]

ug(r) = , (9.15)

where a4 are constants that must be fixed by the boundary conditions that the solution approach

zero at @ = 0, 7. For x > x, we find

- f:+ dz'\/—VO(z')

ctre€

ug(x) = [Ve(x)}1/4 , (9.16a)
and x < x_,
o o e VI
ug(x) = [Ve(x)}1/4 , (9.16b)

with c4 also being constants set by the boundary conditions. Note that outside of the turning
points, we have only allowed the solution that decays towards z — 4o0.

Around the turning points x4, the WKB approximation breaks down, but uy can be solved
separately by using the fact that Vy(x ~ 1) o< x — zx. Solutions obtained in these regions can be
matched to Egs. (9.15)-(9.16b); the matching condition leads to the Bohr-Sommerfeld quantization
condition [43]

/ dﬂ\/aQwIQ%COSQG— —— + Al = (L —|m|)~. (9.17)
0_ sin“ 6
Here we have defined
1
L=l+3, (9.18)

which will be used frequently throughout this paper. The limits of the integration are the values of

0 where the integrand vanishes [the turning points of Eq. (9.14)].

If we define
m AR WR
H= 7 ar(a,p) = ﬁ7 Qr(a,p) = I (9.19)

then all three of these quantities are O(1) in our expansion in L. From these definitions, we can

re-express the limits of integration as

2u?

a+a202 + /(o + a2Q%)? +4u?

sin? 0y = (9.20)
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and the integral as

sin® 0

0+ 12
/ dﬁ\/aR— +a2Q2cos? 0 = (1 — |u|)7. (9.21)
For each set of quantities (ag, i, 2r), we can express ap as an implicit function involving elliptic

integrals; however, if we treat a{lr as a small parameter, then the first two terms in the expansion

are
2002
a*Q%

Oéle— B)

(1-p?) . (9.22)

We derive and discuss this approximation in greater detail in Appendix 9.A. Higher order corrections
are on the order of (aQ2g)*. For a = 0, we note that this is accurate with a relative error of O(1/L?),
because for a Schwarzschild black hole
AP = (14 1) —s(s+1). (9.23)
As we will confirm later in Figs. 9.2 and 9.4, Eq. (9.22) is an excellent approximation even for highly
spinning black holes.
To understand intuitively why the approximation works so well, we will focus on corotating
modes (i.e., those with positive and large m, or p near unity), which have the highest frequencies
and, therefore, the largest possible values for aQlg. For a fixed value of (I, m), wg is a monotonically

increasing function of a, and

Wi (@) < Wi (a = M) = mQor! = - (9.24)
2M
In setting this upper bound, we have used the result that the low-overtone QNM frequencies approach

mQ g for m > 0 and for extremal black holes (first discussed by Detweiler [44], and discussed further

by, e.g. [45, 46]); we have also used Qp to denote the horizon frequency of the Kerr black hole,

a

Q =
H 2M’r+ ’

(9.25)

and ry to indicate the position of the horizon [note that ri (a = M) = M]. Normalizing Eq. (9.24)
by L, we find
aQr < (4/2)(a/M) < 1/2. (9.26)

Even for the upper bound af2r = 1/2, as can be checked numerically against Eq. (9.21), the relative
accuracy of Eq. (9.22) is still better than 0.2%.
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9.2.2.2 Complex A;,, for a complex w

To solve for the next-to-leading-order corrections to A;,,, we must compute the imaginary part AlIm.
Because w; < wpr, when we allow w = wr — iwy to be a complex number in the angular eigenvalue
problem (9.7), we can treat the term linear in w; as a perturbation to the angular equation. Using

the perturbation theory of eigenvalue equations, we find that
Al = —2a*wrwi{cos® 0), (9.27)
where

/cos2 B|ug|? sin HdO

/ lug|? sin 0d

(cos? ) =

cos- 0
do
/— a2w? cos2 ) — 2+ AR
R sin2 0 im

(9.28)

do

- \/a%)%coszﬁ— m2 + AR

sin? 6

By taking the derivative of both sides of the Bohr-Sommerfeld condition (9.17) with respect to the

variable z = awg and by treating A;,, as a function of z, we can rewrite the above expression as

1 0AE (2)
2 _ = lm
(cos® 0) = 5 B o (9.29)
Substituting this expectation value into Eq. (9.27), we find
AR
Al = aw; {alm(z)} : (9.30)
0z Z=awr

Equation (9.30) defines a numerical prescription for computing A;,, = Aff +iA! . This approach
is quite natural: as w becomes complex, A, is the analytic function whose value on the real axis is

given by AZ . The approximate formula (9.22), therefore, becomes

2,2 2
A, ~L2 -4 31
Im 9 L2 5 (9 3 a‘)
or
292
aml-"— (1-12) (9.31b)

for a complex frequency w, where we have defined 2 to be w/L.
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9.2.3 The radial eigenvalue problem

Now that we have solved for the angular eigenvalues A;,, in terms of w, we turn to the radial

Teukolsky equation. From Eq. (10.4a), we see that the radial equation is already in the form

2

d“u,
2
dr?

+V'u, =0, (9.32a)

if we define , , , [ - ]
r [w(r® + a®) — mal®* — A |Apn (aw) + a*w® — 2maw
Vi(r,w) = CEYDE : (9.32b)

Note here that V" is an analytic function of w, and that it is real-valued when w is real.

In general, the WKB approximant for w, is given at leading order by
Uy = byl STV gy =i 7 VTG, (9.33)

although in order to obtain a mode which is outgoing at r. — 400 (the same as 7 — co) and ingoing

at r, — —oo (r — r4), we must have
up = byt S VYT gyl (9.34a)
for the region containing r — +oo, and

uy = b_e VYT gyl (9.34b)

for the region containing r. — —oco. Intuitively speaking, a solution to Eq. (9.32a) will satisfy the
asymptotic behavior above if V" ~ 0 around a point r = rg, and V. > 0 on both sides. Then, the
WKB expansion (9.33) is valid in the two regions on both sides of r = ry, and the solution in the
vicinity of ry must be obtained separately by matching to the WKB approximation. The matching
will constrain the frequency, thereby giving a method to determine w. A detailed calculation of this
procedure has been carried out by Iyer and Will [11] to high orders in the WKB approximation; the
only difference between our calculation and their result at lower orders comes from the more complex

dependence of V" on w in our case (particularly because A;,, depends on w in a more involved way).

9.2.3.1 Computing wg

From Iyer and Will [11], the conditions at the leading and next-to-leading order that must be solved

to find wg are
avr

VT(T(L(UR) = a’l"
(

-0. (9.35)

T0,.WR)
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After a short calculation, these conditions can be expressed as

Op = rg/f — T3A+(2)2) B(a2p) | (9.36a)
_ % Qr(r? Z‘EZ‘W o (9.36b)
where we have defined
B(z) =V a(z)+ 22 —2uz (9.37a)
~ \/1 + %2 —2uz + ,u22z2 . (9.37b)

In deriving Eq. (9.36b), we have used the fact that at » > ry, (72 + a?)2/A is a monotonically
increasing function, and, therefore the extrema of V" are the same as those of V" (r? + a?)2/A; we
then also used the fact that the quantity within the square brackets in Eq. (9.36b) is always nonzero
at points at which V" = 0.

One method of jointly solving Egs. (9.36a) and (9.36b) would be to use Eq. (9.36b) to express

Qg in terms of rq
(M —ro)pa

Q pr—
R (T073M)7’(2J+(T0+M)0,2 ’

(9.38)

and then insert this into Eq. (9.36a) to obtain ry; finally Qg can be obtained by substituting this
ro back into Eq. (9.38). If we use the approximate formula (9.37b) in this process, the equation for
ro becomes a sixth-order polynomial in = rq/M, the roots of which can be found efficiently. For

convenience, we write this polynomial here

204 (x — 3)? + 42%[(1 — p?)x? — 22 — 3(1 — p?)](a/M)?

+(1— w2 = 12)2® + 22 + i) + (2 — u)](a/M)". (9.39)

For each pair (i, a/M), there are in general two real roots for x, which correspond to the two possible
values of ro/M (and the two real frequencies with opposite signs).
Note that the procedure above will not work when m = 0 [when both the numerator and

denominator of Eq. (9.38) vanish]. In this case, we can directly require that
(rp = 3M)r2 + (rp + M)a® = 0. (9.40)

The solution, r,,, can be found in closed form [29, 47]. Inserting it into Eq. (9.36a) the result can be
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Figure 9.2: Difference in Qg(a, ) [Eq. (9.38)] that arises from using the approximate formula for
Aim [Eq. (9.31a)] as opposed to the exact formula. Here a/M = 0.7, 0.9,0.95, and 0.99 correspond

to black solid, red dashed, blue dotted, and purple long-dashed curves, respectively. The quantity
plotted on the vertical axis has been scaled by 10°.

expressed in terms of elliptic integrals

Qnla,p = 0) = £+ T A(TPBLQA(T T (9.41)
(r2 + a?)EllipE [(r”aé})?}

where EllipE denotes an elliptic integral of the second kind. Here we have used the subscript p for
this special case, because this mode will turn out to correspond to polar orbits. Note this formula
agrees with the one derived in [29].

We plot in Fig. 9.2 the relative error in Qp that comes from using the approximate expression
for A, [Eq. (9.31a)] rather than the exact Bohr-Sommerfeld condition. The error is always less
than ~ 10~* (we scale the quantity plotted on the vertical axis by 10°), and therefore, we will use
the approximate expression for A;,, for the remaining calculations involving Qg throughout this
paper. In Fig. 9.3, we plot Qg for a/M =0, 0.3, 0.5, 0.9, 0.99, and 1 (the flat curve corresponds to
a/M = 0, and those with increasing slopes are the increasing values of a/M). While for low values

of a/M below ~ 0.5, Qi depends roughly linearly upon y, for higher values of a/M (and for p > 0),
Qg grows more rapidly than linearly. For a/M =1, Qr — 1/2 when p — 1, as anticipated.
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Figure 9.3: Real part of the QNM spectra from the WKB approximation. Black solid curves show
QO for a/M = 0 (the flat curve) and a/M =1 (the curve that increases towards 0.5); red (light gray)
dashed and dotted curves show a/M = 0.3 and 0.5, while blue (dark gray) dotted and dashed curves
show a/M = 0.9 and 0.99.

9.2.3.2 Computing wy

At leading order, the imaginary part w; can be calculated using the same procedure set forth by

Iyer and Will [11]. They find that

d2vr
2( dr? )
T0,WR
(%)
ow Jrg,wr

wr=—(n+1/2)

)

In our calculation, we must also take into account that V" also depends on w through the angular
eigenvalue’s dependence on w. If we use the approximate formula for «, we obtain a reasonably

compact expression for 2;:

VA6r292% — 1) +2a20%(3 — p2)
2rgQp — daMrop + a?roQr[ro(3 — p2) +2M (1 + p?)] + a*Qr(1 — p2)

Qr = A(rg) (9.43)

In Fig. 9.4, we plot the relative error in ; from using the approximate formula for A;,,, identically
to that in Fig. 9.2 (although here we scale the quantity plotted on the vertical axis by 10%). Because
the error is always less than ~ 1073, we will use the approximate expression for A;,, for computing
Q7 in the remainder of this paper. In [29], an alternate expression for w; (for m = 0) was computed
by finding an analytic expression for the Lyapunov exponent (see Sec. 9.3.3.2, where we discuss the

exponent’s connection to the QNM’s decay rate); this expression gives the same result as (9.43) for
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1 =0 to a high accuracy. In Fig. 9.5, we plot Q;(a, u) for several values of a/M (the same as those
in Fig. 9.3, though not a/M = 0.3). The curve for a/M = 0 is flat, and those with larger spins have
more rapidly decreasing slopes for increasing values of a/M. It is interesting to note that in the
limit @ — 1, ©; becomes zero for values of 1 in a finite interval 0.74 < p < 1 (not only for p =1
does Q7 vanish). We will put forward an explanation for this phenomenon in Sec. 9.4, after we make
connections between QNMs and wave propagation in the Kerr spacetime.

The vanishing of the QNM’s decay rate for extremal black holes has been discussed by many
authors in the past. Detweiler [44] first showed that modes with [ = m had vanishing decay.
Mashhoon [48] extended the work of Goebel [37] to Kerr-Newman black holes when he calculated the
frequency and Lyapunov exponent of equatorial unstable photon orbits. He found that for extremal
Kerr-Newman holes (which have M? = a? + Q?, with @ the charge of the hole) when a > M/2,
the Lyapynov exponent vanished, in analogy with the vanishing decay for p 2 0.74 discussed above.
For QNMs of a massive scalar field around an extremal Kerr black hole, Hod [49] found that the
modes have vanishing damping when the mass of the scalar field is smaller than a critical value.
Berti and Kokkotas [50] numerically calculated QNM frequencies for Kerr-Newman black holes using
continued fractions, and found good agreement with Mashhoon’s result for [ = m =2, s = 2 modes
(i.e., for extremal holes there was zero decay). Cardoso [45] explored Detweiler’s calculation of the
decay of extremal modes, and could show that some but not all modes with m # [ and m > 0
have vanishing decay rates. Hod also extended Detweiler’s calculation to m > 0 and found that all
such modes have zero decay in the extremal Kerr case [46], in contrast to our findings. Hod also
computed QNM frequencies and decays for eikonal QNMs in the extremal Kerr limit [51] and found
agreement with Mashhoon’s result. In the end, the particular value of m at which the QNM mode
decay rate for an extremal black hole vanishes is not a settled issue; our results here indicate that

for L > 1, only some subset of the m > 0 modes have vanishing decay rates.

9.2.4 Accuracy of the WKB approximation

Because we calculated the leading and next-to-leading orders in the WKB approximation to wg,
we expect that the relative error for increasing L should scale as O(1/L?). For the imaginary part,
we computed only the leading-order expression, and we would expect that the relative error might
scale as O(1/L). In addition, because at this order of approximation we do not account for the spin
of the wave, we anticipate that the error for the gravitational modes may be larger than those for
scalar modes. In Figs. 9.6-9.9, we confirm most of these expectations, but we find the somewhat
unexpected result that the relative error for the imaginary part also scales as O(1/L?). In fact,
this finding is consistent with Eqgs. (52) and (53) of [29], where the next order contributions are
calculated for the special cases of m =1 and m = —I, respectively.

In Fig. 9.6, we compare the WKB approximation to wr with numerical computations of the
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Figure 9.4: Difference in Qj(a,p) [Eq. (9.42)] from using the approximate formula for A,
[Eq. (9.31a)] rather than the exact formula. Here a/M = 0.7, 0.9, 0.95, and 0.99 correspond to
black solid, red dashed, blue dotted, and purple long-dashed curves, respectively. We scale the
quantity plotted along the vertical axis by 10* in this figure.
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Figure 9.5: Imaginary part of the QNM spectrum computed in the WKB approximation. Black
solid curves show € for a/M = 0 (again the flat curve) and a/M = 1 the curve that decreases and
heads to zero. The red dashed curve shows a/M = 0.5, while blue dotted and dashed curves show
a/M = 0.9 and 0.99, respectively. For a/M = 1, modes with p = 0.74 approach zero (modes that
do no decay), while others still decay.

s = 2, gravitational-wave, quasinormal-mode spectra; specifically, we plot the fractional error against
w=m/L,forl =2,3,...,14, and for black holes of spins a/M = 0.3, 0.5, 0.9, and 0.95. The relative
error clearly converges to O(L?). Even for [ = 2, the relative error tends to be < 30%, and at [ > 3

the relative error stays below ~ 1.5L=2 (this means error is < 10% for [ = 3 and higher).
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Figure 9.6: Fractional error, dwr/wg, of the WKB approximation to the s = 2, gravitational-wave,
quasinormal-mode spectrum, multiplied by L2. The four panels correspond to four different spins
which (going clockwise from the top left) are a/M = 0.3, 0.5, 0.95, and 0.9. Errors for [ = 2,3,4
are highlighted as red solid, brown dashed, and pink dotted lines, while the rest (I = 5,...,14) are
shown in gray. This shows that the relative error approaches the O(1/L?) scaling quite quickly.
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Figure 9.7: Fractional error, dwg/wg, of the WKB approximation to the s = 0, scalar-wave,
quasinormal-mode spectrum, again scaled by L2. The four panels correspond to the same four
spins in Fig. 9.6. The points shown in the four panels are for values of [ in the range [ = 2,3,...,14.

Because all values of | nearly lie on the same curve, the relative error has converged at an order
O(1/L?) even for very low [. The overall error is also significantly lower than that for the s = 2

modes.
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Figure 9.8: Fractional error, dwr/wr, of the WKB approximation to the s = 2, gravitational-wave,
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in the same way as in Fig. 9.7, and there is a similar rapid convergence of the error.
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In Fig. 9.7, we compare the WKB spectra with s = 0 scalar quasinormal-mode spectra, for the
same values of [ and the same black-hole spins. We find a much better agreement. For all [ > 2
modes, the relative error stays below 4 x 1072L~2. This suggests that coupling between the spin of
the wave (i.e., its tensor polarization) and the background curvature of the Kerr black hole is the
main source of error in our WKB approximation.

In Figs. 9.8 and 9.9, we perform the same comparisons as in Figs. 9.6 and 9.7 for the imaginary
part of frequency. Surprisingly, we find that for both s = 0 and 2, the relative error in wr is O(L™?).
For s = 0, the relative error is < 6 x 1072L~2, while for s = 2, the error is < L~2.

With this comparison, we conclude our direct calculation of the QNM spectrum by WKB tech-
niques. We will discuss additional features of the QNM spectrum in Sec. 9.4, but before doing so,
we will develop a geometric interpretation of our WKB results. Doing so will help us to develop

more intuition about our WKB expressions.

9.3 Geometric optics in the Kerr spacetime

In this section, we first briefly review the formalism of geometric optics, which describes the prop-
agation of waves with reduced wavelengths A that are much shorter than the spacetime radius of
curvature, R, and the size of the phase front, £. In the geometric-optics approximation, the phase
of the waves remains constant along null geodesics (rays), while the amplitude can be expressed
in terms of the expansion and contraction of the cross-sectional area of bundles of null rays. We
will then specialize the geometric-optics formalism to the Kerr spacetime, and we will write down
the most general form of propagating waves in the geometric-optics approximation. Using the
Hamilton-Jacobi method, we see that the waves’ motion can be related to the null geodesics in the
spacetime. By applying boundary conditions to the approximate wave, we obtain expressions for
the quasinormal-mode waveforms and their corresponding complex frequency spectra and angular

separation constants, in the eikonal limit.

9.3.1 Geometric optics: general theory

Here we briefly review the geometric-optics approximation to scalar-wave propagation (see, e.g.,
Section 22.5 of Ref. [52] for details). A massless scalar wave u propagating in curved spacetime
satisfies the wave equation

9"’V Vyu=0. (9.44)

If we write

u= Ae'? (9.45)
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then at leading order in A/L, we have
9" kyk, =0, k,=0,9, (9.46)

while at next-to-leading order,

2k"0, log A+ V k" = 0. (9.47)

Note that Eq. (9.46) also implies that k* is geodesic,
KV k= KMV, V,® = K"V, V,® = KV, k, = 0. (9.48)

Equations (9.45)—(9.48) encode information about the transport of the amplitude A and phase
® along a null geodesic (or a ray). The phase should be kept constant, because Eq. (9.46) states

k40,8 =0, (9.49)

while the amplitude is transported along the ray in a manner that depends upon the propagation
of neighboring rays. Because the 2D area, A, of a small bundle of null rays around the central ray
satisfies the equation

V,k* = k"0, log A, (9.50)

it is possible to show from Eq. (9.47) that
k9, (AWA) ~0, (9.51)

which implies A oc A~1/2,

The transport equations (9.49) and (9.51) provide a way to construct a wave solution from a
single ray; therefore, any solution to the wave equation (9.44) in a 4D spacetime region can be found
from a three-parameter family of null rays (with smoothly varying initial positions and wave vectors)
by assigning smoothly varying initial values of (®, A) and then transporting these values along the
rays. (We use the phrase “smoothly varying” to mean that the values of (®, A) must change on
the scale of £ > X.) We note it is often convenient to divide the three-parameter family of initial
positions of the null rays into two-parameter families of rays with constant initial values of ®. The
constant-® surfaces are the initial phase fronts, which, upon propagation along the rays, become
3D phase fronts of the globally defined wave. The more usual 2D phase fronts, at a given time, are
obtained if we take a particular time slicing of the spacetime and find the 2D cross sections of the
3D phase fronts in this slicing.

The above formalism describes wave propagation up to next-to-leading order in £/, which will
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be enough for us to build a geometric correspondence for both the real frequency, the decay rate,

and the angular separation constant of QNMs in the Kerr spacetime.

9.3.2 Null geodesics in the Kerr spacetime

Now let us review the description of null geodesics in the Kerr spacetime using the Hamilton-Jacobi

formalism. In general, the Hamilton-Jacobi equation states

" (9,9)(9,9) =0, (9.52)

where S(z#) is called the principal function. For the Kerr spacetime, the Hamilton-Jacobi equation
can be solved via separation of variables (see, e.g., [53]), through which the principal function can
be expressed as

S(t,0,¢,7) = Sp(0) + L.+ Sy(r) — Et , (9.53)

where £ and L, are constants that are conserved because of the the timelike and axial Killing vectors
of the Kerr spacetime. Physically, £ and L, represent the energy and z-directed specific angular

momentum of the massless scalar particle. The functions S, (r) and Sy(#) are given by

r ! [
Sr(r):/ A?:/))dr’, 59(9):/ \VO(0)do’, (9.54a)

where R(r) and ©(0) are given by

R(r) = [E(r* + a®) — L.a]* — A[(L. — a€)* + Q] (9.54b)
O(f) = Q — cos? O(L?/sin? 0 — a*E?), (9.54c¢)

and A(r) is given in Eq. (10.4b). The constant Q is the Carter constant of the trajectory, which is
a third conserved quantity along geodesics in the Kerr spacetime.

The principal function S(z#;&, L., Q) contains information about all null geodesics; equations
of motion for individual null geodesics are given by first choosing a particular set of (£, L., Q), and
then imposing

oS oS oS

%ZO’TLZ:O’@:O' (9.55)

These conditions lead to a set of first-order differential equations

dt 7“2 a? 9
d)\ [E(r* +a®) — L.a] — a(a€sin®0 — L), (9.56a)

A
do ( L 9) a[E(r? +ZQ> — L.a] 7 (9.56b)




dr — do
ﬁ — R, a — @7 (956C)
where we have defined
d d
—=Y—, Y =r%+a%cos? )
™ i r°+a”cos” 0, (9.57)

and ( is an affine parameter along the null geodesics.

9.3.3 Correspondence with quasinormal modes

Table 9.1: Geometric-optics correspondence between the parameters of a quasinormal mode, (w,
A, 1, and m), and the conserved quantities along geodesics, (£, L., and Q). To establish a corre-
spondence with the next-to-leading-order, geometric-optics approximation, the geodesic quantities
€ and Q must be complex.

Wave Quantity Ray Quantity Interpretation
Wave frequency is same as energy of null ray
(determined by spherical photon orbit).
Azimuthal quantum number — z angular momentum

WR &

m L. (quantized to get standing wave in ¢ direction).
AR 0+ I? Real part of angular eigenvalue — Carter constant
lm z (quantized to get standing wave in 6 direction).
w _ £ Wave decay rate is proportional to Lyapunov exponent
! V=T of rays neighboring the light sphere.
Nonzero because w 0
AF 9r 17

(see Secs. 9.2.2.2 and 9.3.3.3 for further discussion).

Here we will find connection between the general set of wave solutions in the previous section,
and the particular solutions that correspond to a quasinormal modes, in the geometric-optics limit.
Specifically, we will look for waves that propagate outwards at infinity and down the horizon. With
this correspondence, we will be able to make a geometric interpretation of our WKB results from

Sec. 9.2.

9.3.3.1 Leading order: conserved quantities of rays and the real parts of quasinormal-

mode parameters

It is straightforward to note that the Hamilton-Jacobi equation (9.52) is identical to the leading-order
geometric-optics equations, if we identify the phase, ®, with the principal function, S. Therefore,
at leading order, we can write

u = eiS — e—igteiLz¢ei’iSQe:tiST (958)
where we recall that the amplitude A differs from unity only at next-to-leading order (we will treat

it in the following subsections). Here, we have a chosen set of conserved quantities, (£, Q, L), to
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identify the wave we wish to connect with a quasinormal-mode solution. The region in which the
wave propagates is identical to the region in which geodesics with these conserved quantities can
propagate. In addition, for each point in this region, there is one (and only one) geodesic passing
through it; that we have & in front of Sy and S, means only that either propagation direction could
be a solution to the wave equation.

Now we note that u, a scalar wave in the Kerr spacetime, must separate as in Eq. (9.6). By

comparing Eq. (9.6) and Eq. (9.58), we can immediately identify that
E=wgr. (9.59)

Because £ is a real quantity (the conserved energy of the null geodesic), we see that at leading order,
the wave does not decay. Next, we also observe that in order for u to be consistently defined in the
azimuthal direction, L, (of the null geodesics that S describes) must be an integer. This allows us
to make the second identification

L.=m. (9.60)

Comparing Sp from Eq. (9.54a) and ugy from Egs. (9.15) and (9.10b) (focusing on one direction of 0

propagation, and ignoring next-to-leading-order terms), we can also conclude that
Q=AF —m?. (9.61)

At this stage, given any set of (£,Q,L.), we will be able to find a wave solution that exists in
the region in which the geodesics travel. Not all such sets of conserved quantities correspond to
quasinormal modes, however, because they may not satisfy the correct boundary conditions of
QNMs.

We will first explain the conditions on the radial motion of the geodesics that will allow these
particular geodesics to correspond to a wave that satisfies outgoing and downgoing conditions at
r, — too, respectively. If the radial geodesics satisfy R > 0 everywhere, then there will be traveling
waves across the entire 7, axis, which will not satisfy the boundary conditions; if there are two
disconnected regions of traveling waves, however, waves will scatter off the potential on each side,
and they will also fail to satisfy the boundary conditions. The only way to satisfy the boundary
conditions is to have a point 7y at which R = 0 and R’ = 0, in which case there will be a family of
geodesics on each side of r = ry (with each member a homoclinic orbit which has r — 7y on one end)
and a spherical orbit with constant » = rg. The corresponding wave has zero radial spatial frequency

at r = rg, and this frequency increases towards r < ro and decreases towards r > rg. Noting that

R=V"(r*+ a2)2 , (9.62)
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the condition

R=R=0 (9.63)

is the same as the condition, Eq. (9.35), which determines wg in terms of L and m in the WKB ap-
proximation. It is worth mentioning that although the condition of Eq. (9.63) imposed on (£, Q, L)
can be interpreted most easily as the condition for a spherical photon orbit, the wave function for
the quasinormal mode we are considering is not localized around that orbit. The wave function at
leading order, in fact, has a constant magnitude at every location that homoclinic orbits reach (i.e.,
the entire r axis). We will derive the amplitude corrections in the next section.

The quantization of the frequency wg in terms of the multipolar indices | and m arises from the
quantization of the motion in the angular directions. For the azimuthal direction, it is easy to see
that for the wave function to be single-valued, we need to impose L, = m € Z. For the 6 direction,
we note that

0 =V’sin?4, (9.64)

and the #-quantization condition for the wave, Eq. (9.17), is
0+
VO do = (L - |m|)r. (9.65)
6

This corresponds to the Bohr-Sommerfeld condition for a particle moving in a potential given by ©.
Consequently, the condition for a standing wave along the 8 direction (at leading order) is equivalent

to

Q= Alm(wRa) - m2

2 2 2

~72 2 QWp| M
~L°—m 5 {1 LQ]' (9.66)

In summary, we connected the QNM’s wave function to the Hamilton-Jacobi principal function
of homoclinic null geodesics (at leading order). These geodesics have the same energy, Carter
constant, and z-component of its angular momentum as a spherical photon orbit; however only
spherical orbits with quantized Carter constants and z-angular momenta correspond to quasinormal
modes. In Table 9.1, we summarize our geometric-optics correspondence; so far we have identified
the first three entries on the table. We can find the next two correspondences by investigating

next-to-leading-order geometric optics in the next part.
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Figure 9.10: Schematic plot of trajectories in the r-6 plane of homoclinic orbits outside of the peak
of the potential (specifically for a black hole with spin a/M = 0.7 and a photon orbit with radius
ro/M = 2.584). The two horizontal grid lines mark the turning points, § = 64; between these
turning points, there are two homoclinic orbits passing through every point, while at turning points
only one orbit passes through. Vertical grid lines indicate when the value of parameter A has changed
along the orbit by (an arbitrarily chosen value) AX = 0.046M . Near the spherical photon orbit, each
homoclinic orbit undergoes an infinite number of periodic oscillations in # while r — 7y is growing
exponentially as a function of .

9.3.3.2 Next-to-leading order: radial amplitude corrections and the imaginary part of

the frequency

We showed in the previous part that the conserved quantities of a spherical photon orbit, (€, Q, L.),
R

i ,m), which are

correspond simply to the real parts of the quasinormal-mode parameters, (wg, A
the leading-order quantities of a quasinormal mode. Here, we will show that the behavior of the
homoclinic orbits—namely, how the orbits propagate away from the spherical orbit, and how they
move between 61 —reveals the spatiotemporal variation of the wave (i.e, the decay rate and the
shape of its wave function in space). In Fig. 9.10, we plot the trajectory of a particular series of
homoclinic orbits on the -0 plane, to which we will refer at several points in the discussion below.

With the appropriate values of (£, Q, L.), the function u in Eq. (9.58) solves the wave equation
to leading order and satisfies the required boundary conditions. To recover the decaying behavior
of quasinormal modes, however, we make corrections to the amplitude of the wave, which appear at
next-to-leading order in the geometric-optics approximation. Because of symmetry, there should not

be any correction to the amplitude in the ¢ direction, and the correction in the t direction should

be a simple decay; therefore, we write

u= Aexp(iS) = e " A, (r)Ag(0) e "€t eiL=0 TS0 oI5 (9.67)
—_——

A(t,r,0)

This general expression contains four possible directions in which the wave could be propagating:
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the +6 direction and the +r direction (depending on the signs in front of S, and Sp). Because the
boundary conditions require that the waves propagate towards r, — +oo for r > rg and r, — —00
for r < 1o, the sign in front of S, should be positive for r > ry and negative for r < ro. For 0
motion, however, we insist that both directions (signs) be present, because a quasinormal mode is a

standing wave in the 6 direction. Focusing on r > rg, we write

u=e VA (r) [Af e + Ay e 0] et FiL 0TS,

=up tu_. (9.68)

We will next require that both v, and u_ satisfy the wave equation to next-to-leading order,
separately. By explicitly computing Eq. (9.47) (or AV A = const) in the Kerr spacetime, we find

the amplitude satisfies the relation

dlosA 115 (A(r)5,.8,) + S,iag(sm 0005s)| . (9.69)

x d¢ 2 in 6

Here ( is an affine parameter along the geodesic specified by (€, Q, L.). If we use the parameter A
defined by d/d\ = Xd/d{ then we can separate the left-hand side of the equation as
dlog A d d dt

i " log A, (r) + Y log Ag(0) — e (9.70)

Because the right-hand side of Eq. (9.56a) for dt/d), separates into a piece that depends only

upon 7 and one that depends only upon 6, we will write Eq. (9.56a) schematically as

dt = =
- 71
™ t+t, (9.71)

where  is only a function of r and iis only a function of . Unlike in Eq. (9.56a), we will require
that 7 average to zero when integrating over A for half a period of motion in the 6 direction (i.e.,
from 6_ to 6;). We can ensure this condition is satisfied by subtracting an appropriate constant

from ¢ and adding it to . Combining Eqs. (9.69)—(9.71) and performing a separation of variables,

we obtain
dlog A, = R
dlog Af = 1
\/97059 L 5ot = —3——(VOsing), (9.72b)

where a prime denotes a derivative with respect to r for functions of r only, and a derivative with
respect to 6 for functions of 6 only (whether it is a @ or r derivative should be clear from the context).

While it might at first seem possible to add a constant to the definition of Z, and subtract it from ¢
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and still have both u; and u_ satisfy the next-to-leading order geometric optics, because we have

already chosen to have ¢ average to zero,

/ i i) (9.73)
Y—= = /”yt =0, 9.73
oo VO

this separation is the only way to guarantee that |Af9t\ match each other at both ends. We will
discuss the angular wave function in greater detail in the next part of this section.
Let us now turn to the radial equation, from which we will be able to compute the decay rate.

Close to rg, we can expand R(r) to leading order as

(r—rp)

2
R(r) ~ =R (ro). (9.74)

Substituting this result into Eq. (9.72a), we find

dlog A, 1 = [ 2 1
= iy === .
dr =10 [’Y Ry 2] ) (9.75)

where we used the notation Ry = R”(rg). For A, to be a function that scales as A, ~ (r —rg)"

around rg for some integer n (namely it scales like a well-behaved function), we need to have

TL+§

t

()

=(n+1/2) lim L _dr/d\

r—ro T —To <dt/d)\>9 ’ (976)

To arrive at the second line, we used Eq. (9.74), the fact that dr/d\ = VR, and that f is the part
of dt/dA that does not vanish when averaging over one cycle of motion in the @ direction; the limit
in the expression comes from the fact that the approximation in Eq. (9.74) becomes more accurate
as r — rp.

The physical interpretation of the rate that multiplies (n+ 1/2) is somewhat subtle. Because the
f motion is independent from the r motion, a bundle of geodesics at the same r slightly larger than
ro, but at different locations in # will return to their respective initial values of # with a slightly
increased value of r after one period of motion in the 6 direction. The area of this bundle increases
in the process, and by Eq. 9.51, the amplitude of the wave must decay; the rate of decay is governed
by the quantity that multiplies (n 4+ 1/2) in Eq. (9.76).

In addition, as shown in Fig. 9.10, the homoclinic orbits do pass through an infinite number of

such oscillations near ry, because the radial motion is indefinitely slower than the 6 motion as r
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approaches 1. It is clear from Fig. 9.10 that

1 Ar  Alog(r—ro)
r—ro A\ A

(9.77)
approaches a constant as r — rg. By multiplying the above equation by the constant value of
(AX)/(At) over one orbit of motion in the 6 direction,

1 Ar _ Alog(r —ro)
r—rg At At

=1 (9.78)

also approaches a constant. This is usually defined as the Lyapunov exponent of one-dimensional
motion; here, however, we emphasize that it is defined only after averaging over entire cycle of 6
motion. By comparing Eq. (9.78) with the second line of Eq. (9.76), and bearing in mind that the
Lyapunov exponent is defined after averaging over one period of § motion, one can write Eq. (9.76)

as

y=(n+ ). (9.79)

To put Eq. (9.76) into a form that relates more clearly to Eq. (9.42), we use the conditions on

the phase function,

95 05 _
R, o N

which hold for any point on the trajectory of the particle. We will apply this condition to two points

0, (9.80)

on the particle’s trajectory: one at (¢,7,0, ¢) and the second at (¢t + At,r+ Ar,0, ¢+ A¢p), where At
is chosen such that the particle completes a cycle in € in this time (and it moves to a new location
shifted Ar and A¢). Substituting in the explicit expressions for the principal function in Egs. (9.53)
and (9.54a), we find

o [ [+o VRGT _

% l/y NI dr' + ASy| = At, (9.81a)
b r+Ar R(T’/) , B

50 V VA(T,) dr' + ASy| =0 (9.81b)

where we have defined

ASp =2 / " e = 7{ NG A (9.82)
6_

Because the change Ar is infinitesimal for r near rg, the integrand is roughly constant, and the
r-dependent part of the integral becomes the product of the integrand with Ar. Then, one can use

Eq. (9.74) to write Eqgs. (9.81a) and (9.81Db) as

L OR A 0AS
V2R Ay OE T =10 o T

(9.83a)
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L _OR Ar  0AS
V2R{AGOQr —19  0Q

=0. (9.83b)

Now, we also note that for a given fixed L, = m, the angular Bohr-Sommerfeld condition in Eq.
(9.65) makes Q a function of £ through the condition that ASy = (L — |m|)m. Because ASp is a

function of &, its total derivative with respect to £ must vanish,

~0. (9.84)
BS

0ASy | 0AS (dQ
o " 99 \dE

Therefore, when we multiply Eq. (9.83b) by (dQ/d€)ps and add it to Eq. (9.83a), we obtain the

condition that

1 [872 OR <dQ) } AT Ay (9.85)

aRiA, L0€ T a0 \dE ) ye] T =70

Combining this fact with the definition of the Lyapunov exponent in Eq. (9.78) and Eq. (9.79), we

find that
B 1 V2R{ Ay
7—(n+2> aﬁ—i_aﬁ @ , (9.86)
08 0Q \ dE€ ) zq v

where we recall that the quantities should be evaluated at rg. Equation (9.86) is equivalent to

Eq. (9.42). Note, however, that in Eq. (9.86) we explicitly highlight the dependence of Q on &
through the term (dQ/d€)ps. There is an analogous term in Eq. (9.42) from the dependence of
Ay on w in the expression for the potential V", which we must take into account when computing
OV /Ow; however, we did not write it out explicitly in Eq. (9.42).

Summarizing the physical interpretation of the results in this subsection, we note that the Lya-
punov exponent ~y, is the rate at which the cross-sectional area of a bundle of homoclinic rays
expand, when averaged over one period of motion in the 8 direction in the vicinity of 9. The spa-
tial Killing symmetry along ¢ means the extension of the ray bundle remains the same along that

direction. This, therefore, allows us to write
A~ et (9.87)
Correspondingly, the Av/.A = const law requires that
A~ e 2 (9.88)

which agrees with the decay rate of the least-damped QNM. The higher decay rates given by
Eq. (9.76) come from an effect related to the intrinsic expansion of the area of a phase front.
More specifically, if the amplitude is already nonuniform at points with different r —ry (but same 6),

then shifting the spatial locations of the nonuniform distribution gives the appearance of additional
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decay.

9.3.3.3 Next-to-leading order: angular amplitude corrections and the imaginary part

of Carter’s constant

Having found a relation in Eq. (9.72a) between the imaginary part of the energy, wy, and the rate
of divergence of rays, we now turn to Eq. (9.72b) to understand the geometric meaning of the
complex part of Ay,,. We recall from Sec. 9.3.3.1 that Q = Aﬁ'ﬂ — m?, at leading order, for a real
Carter constant Q. Because Aj,,, becomes complex at next to leading order (and because m remains
unchanged), if the correspondence Q = A;,,, —m? holds for a complex Aj,,, then the Carter constant
should also be complex, and its imaginary part should be equivalent to AlIm. In this part, we argue
that this relationship holds.
By integrating Eq. (9.72b), we find that

AF = . (9.89)

0 7

vt /

:t/ ——df
0_ VO

To interpret this equation, we will assume that the orbit is sufficiently close to rg that the change

1
——ex
sin v © P

in r over the course of a period of motion in  is negligible. Under this assumption (and with the

fact that d\ = df/v/©) we can write the integral in the exponent in Eq. (9.89) as

0 7
~t /
—dbo
6. VO
At

= |10~ 01 - (55 ) 6~ A6 (9.90)

where At/AM is the average of dt/d\ over a cycle of § motion. We obtain this expression by using
the fact that d¢/d\ is equivalent to i plus a constant when 7 (and hence Z) does not change. Because
f has zero average (by definition) over a period of # motion, then when written in the form above,
the constant must be (At)/(A)). We can write this average rate of change in a useful form by noting

that, from Eq. (9.56a) and Eqs. (9.54b),

dt 1R ..
afﬁg‘f’a gCOS 0 (991)

Averaging this expression over a cycle of # motion, noting that the first term on the right-hand side

is independent of 6, and using Eq. (9.54b) gives

-1
ﬁ—iaﬁ+a2g o COSQGde /9+ d9
AN~ 2A 0E 0. VO 0. VO

1 9R | 9AS,/0€
T 2A 08 ' 20AS,/00
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1 0R 1/(dQ
- L2 <d5)BS . (9.92)

In the last step we have used the Bohr-Sommerfeld condition (9.84). Also according to Eq. (9.56a)
and Eq. (9.56¢), we can find

6
£0) — t(0-) 885/9 NG

1 OR

E%(A(Q) = A6-)), (9.93a)
0

A(0) — A(0-) :2i \V/O(0")do’, (9.93b)
9Q Jo_

where to derive these two equations, we can again use the fact that d\ = df/ v/© and also use the
definition of ©; for the first we also make use of Eq. (9.91).
Finally, we insert Egs. (9.93a), (9.93b), and (9.92) into Eq. (9.90) to find

/] 7
~t o, ) 0 dQ 0] ..
Dag = (—iy) | =+ (=) L2 . 94
/9_ @d& (—iv) [85 + (dé’ s 90 [iSp(0)] (9.94)
Substituting Eq. (9.94) into the solution for A7 in Eq. (9.89) gives that

exp {(£7) (5 + (4 )ps 50 [0 O)]}
sin §v/©

A7 =

(9.95)

The phase in this equation, however, is precisely the correction to the leading-order expression for

the phase ¢5°(?) if we allow £ and Q to be complex, where their imaginary parts are given by
d
Imé = —y=—w;, ImQ= e (=) - (9.96)
d€ ) g

Through next-to-leading order, therefore, the  portion of the wave is given by

¢i90(0) | ¢—iSa(0)

sin VO

AfetSo®) 4 Azemi50(0) = : (9.97)
where £ and Q used in Sy are complex.

In the geometric-optics approximation, therefore, we have shown that we can account for the
amplitude corrections to the wave by allowing the conserved quantities, £ and Q, to be complex
[with their imaginary parts given in Eq. (9.96)]. Furthermore, through the geometric-optics corre-
spondence, and the definition of Allm in Eq. (9.30) we can confirm that AlIm = Qy; therefore, the

relationship

Q= Ay —m?, (9.98)
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is true for a complex Q and Aj,,.

In closing, we note that at the same 6, the magnitude of the two components of the wave in Eq.
(9.95) are not equal. More specifically, the integral involving # makes A* have a larger amplitude at
6 < 7/2 and a smaller amplitude at § > 7/2; A~ has the opposite profile. Therefore, the net wave

function remains symmetric about 6 = /2.

9.4 Features of the spectra of Kerr black holes

In this section, we will use the WKB formula and the geometric-optics correspondence in the first
two sections of this paper to explain several aspects of the quasinormal-mode spectrum of Kerr
black holes. Specifically, we will explain the absence of damping for a significant fraction of modes
of extremal Kerr holes. We will also decompose the frequency into orbital and precessional parts and
explain a degeneracy in the spectra of Kerr holes in terms of a rational relation of these frequencies

when the corresponding photon orbits close.

9.4.1 Spherical photon orbits and extremal Kerr black holes

We will first review the properties of spherical photon orbits. These orbits can be found by setting
R(r) =R/'(r) =0 (see, e.g., [53]), and their conserved quantities are fixed by the radius of the orbit
r and the spin of the black hole a to be

3(,.3 2 2 2
o ro(r® = 6Mr® 4+ 9M?r — 4a” M)
Q/E% =— 2 — M)? , (9.99a)
3 —3Mr2 +a?r 4+ o*M
L./JE=— alr — M) (9.99b)

We will next discuss additional features of these orbits.

For a given spin parameter a, there is a unique spherical photon orbit with parameters (£, L., Q)
for any radius between the outermost and innermost photon orbits (the retrograde and prograde
equatorial photon orbits). Their radii (which we denote 7, for prograde and ro for retrograde orbits)

are given by

_ 2 |a|
ry=2M {1 + cos (3 arccos < >>} , (9.100a)
— oM |14 cos (2 la] (9.100b)
ro = cos | 3 arccos | - . :

At each r; < r < ry, the spherical orbit’s inclination angle reaches a maximum and minimum of 6+



Figure 9.11: The values of r and cos #, of spherical orbits, for a/M = 0 (black, solid vertical line),
0.5 [red (light gray) dashed curve], 0.9 [blue (dark gray) dashed curve] and 0.99999 (black, solid
curve). Note that for a = 0, all such orbits have r = 3M, while for « = M, a significant fraction
reside at r = M.

(at which © = 0). These angles are given by

cos?0y =

[2\/MA(2r3 “3Mr2 + Ma?) — (r* — 3M2r + 2Ma?)| r
a?(r — M)? ’

(9.101)

which are equivalent to the turning points of the integral (9.17) (and, therefore, we use the same
symbols for these angles).

Using the geometric-optics correspondence between (£,L., Q) and (Qr,u,aft), we see that
equatorial orbits at r1 and 7y correspond to modes with g4 = —1 and +1, respectively, or modes
with m = +l and [ > 1 (strictly speaking, though, u = m/(l 4 1/2) never precisely reaches +1). We
can also relate rp, the real root of Eq. (9.40), to the polar orbit and modes with m = 0. For orbits
between the equatorial and polar ones, we can use Eqgs. (9.36a) and (9.36b) to obtain a p between
—1 and +1. Then, only those modes that can be written as m/(l + 1/2) with the allowed integer
values of [ and m correspond to a QNM (though the photon orbits that correspond to QNMs are a
dense subset of all photon orbits).

Note in Fig. 9.11 that for a ~ M, a significant fraction of spherical photon orbits of different
inclination angles all have nearly the same radius, r ~ M. Through the geometric-optics corre-
spondence, a large fraction of modes (a finite range of values of p) relate to this set of modes with
r ~ M. In Fig. 9.12, we explicitly show the relation between modes characterized by p and their
corresponding spherical-photon-orbit radii (normalized by the horizon radius) for several values of
a/M of slightly less than unity. The radius exhibits an interesting transition between two kinds of

behaviors: for p > . & 0.744, the value of r is very close to M (the horizon radius for an extremal
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Figure 9.12: Radii of corotating spherical photon orbits as a function of u, for a/M = 0.9 (black
solid line), 0.99 (red dashed curve), 0.9999 (blue dotted line). For extremal Kerr black holes, a
nonzero fraction of all spherical photon orbits are on the horizon.

Kerr black hole), and for p < p, the radii increase linearly. The orbits with p > u. have a range of
inclination angles. Their sin 1 span from 0.731 (at p., the most inclined orbit) to 1 (at p =1, the
prograde equatorial orbit).

For the extremal black holes, therefore, a nonzero fraction of corotating spherical photon orbits
appear to coincide with the horizon in the Boyer-Lindquist coordinate system. Although the proper
distance between these orbits will not vanish (see [54]), this does not seem to be a coordinate effect,
because there is a definite physical change of the modes for these values of p > p,. By comparing
with Fig. 9.12 with Fig. 9.5, we see that these orbits also have {2y ~ 0. A vanishing imaginary part
of the frequency corresponds to a vanishing of the radial Lyapunov exponent for this entire nonzero
region of spherical photon orbits. This, therefore, would lead to a curious effect for a highly spinning
black hole: for perturbations with y > u., modes do not move away from or into the horizon very
quickly. If we were to solve an initial-data problem containing these modes, we would find that
they live for a long time. One subtlety here is that QNMs with low damping rates are generally
difficult to excite: the black hole excitation factor for a generic Kerr black hole can be proved to be
proportional to wy (See [30] for Schwarzschild case and [55] for Kerr; see also [56] for Kerr). In the

long run the exponential factor e~trt

over the linear factor w; dominates and we would eventually
see these long-lived perturbations. Moreover, as these modes are centered around the equatorial
plane, we would see these perturbations escaping roughly near the equatorial direction. In fact [56]
showed that a long-lived emission in the form of superposed QNMs with zero decay results from the

perturbations of an extremal Kerr black hole; their work was for [ = m modes only, and together

with our eikonal results for generic m can provide a basis for future studies of zero-decay modes.
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9.4.2 A mode’s orbital and precessional frequencies

In this part, we will define two frequencies associated with individual spherical photon orbits (the
orbital and precessional frequencies) and understand their connection to the real part of the QNM
frequency. We begin by noting that because spherical photon orbits have only two independent
degrees of freedom describing their motion [see, e.g., Eq. (9.99)], the orbit can be characterized
by two frequencies. The first is the #-frequency, €2y, the frequency at which the particle oscillates
below and above the equatorial plane. During each #-cycle, which takes an amount of time given
by Ty = 27 /Qp, the particle also moves in the azimuthal (or ¢) direction. If this angle is 27 for a
corotating orbit (m > 0) or —2 for a counterrotating orbit (m < 0), then there is no precession (and
these simple, closed orbits have effectively one frequency describing their motion, as the spherical
photon orbits of a Schwarzschild black hole do). The difference between the A¢ and +27 (its

precession-free value) we will denote as the precession angle,
Adprec = A — 2msgnm, (9.102)
where sgnm is the sign of m. We can also associate the rate of change of ¢p..c With a frequency,
Qprec = Adprec/ Ty = Adprectls/(2) . (9.103)

Both Ty and A¢prec can be computed from geodesic motion [see the formulas for Qg and A¢prec in
Eq. (9.106)].

It is possible to perform a split of the real part of the QNM into two analogous frequencies. To
derive this split, start from a single ray, along which the phase of the wave must be constant. Also
suppose that the ray originates from f_ and ends at 6, after traveling only one-half of a cycle of

motion in the @ direction. During this time, the statement that the phase is unchanged is that
0=—wrTy/2+ (L —|m|)m + mA¢p/2. (9.104)
Using (half of) Eq. (9.102), the real part of the frequency is
wr = LQs(m/L) + mQprec(m/L). (9.105)

Note that g and Qpyec both depend on m/L.
More explicitly, given the orbital parameters (£, Q, L), the quantities Ty and A¢ can be obtained
by computing

0 1 OR do
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Figure 9.13: Orbital frequency, g, plotted against p, for a/M = 0.3 [red (light gray) solid curve],
0.7 [blue (dark gray) solid curve], 0.9 (purple dashed line), and 1 (black dotted line). The orbital
frequency vanishes for a significant range of u for extremal black holes.

1 0 1 OR de

(expressions that hold for any spherical photon orbit—not simply orbits that satisfy the Bohr-

Sommerfeld condition) and the two frequencies are given by

d 1 0R [ do\ "

A
Qprec = 99277(_? - (Sgan)QG . (9107b)
These can be expressed in terms of (£, Q, L,) using elliptic integrals (as was done in [47]), but we

will not carry this out explicitly.

For very slowly spinning black holes, a short calculation shows that

1 M
Qe = | 9.108a
0 /727M 7’8 ( )
2a 25
Qprec %27M2 = % 5 (9108b)

where 7 is the circular-photon-orbit radius for a Schwarzschild black hole, ro = 3M, and S = aM.
The expression for {2y is the Keplerian frequency of the spherical photon orbit, and Qprec = 25/13 is
the Lense-Thirring precessional frequency. In the slow-rotation limit, therefore, our formula recovers
Ferrari and Mashhoon’s result Eq. (9.2).

For any value of a, we can normalize Eq. (9.105) by L, and write

Qr(a, p) = Qola, p) + pprec(a; p) - (9.109)
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Figure 9.14: Precessional frequency, {14, versus p plotted identically to those curves in Fig. 9.13
representing the same black-hole spins. The precessional frequency approaches the horizon frequency,
Qp, for a range of values of p for extremal black holes.

In Figs. 9.13 and 9.14, we explore the two frequencies in the decomposition of g by separately
plotting g and e, for different values of a.

For small values of a/M, €y and Q.. are consistent with the constant values predicted by
Eqgs. (9.108a) and (9.108b). For larger values of a/M, €y does not vary much as a function of u
until a ~ 0.7M; for spins greater than this value, it is only for larger values of u that €y changes
significantly by decreasing from the equivalent values for a = 0. Finally, as a — M, )y vanishes for
p > pi ~ 0.744. The precessional frequency, 2prec, on the other hand, monotonically increases as
a function of p even for small values of a/M; as a — M, Qprec grows to Qg at u ~ w., and stays
there for all values of u > p.. For a ~ M and p > ., there is one additional feature worth noting:
because {29 ~ 0 and Qg ~ Qp, this gives rise to the interpretation of the mode as a ray that sticks
on the horizon and corotates with the horizon at its angular frequency of 25 ; moreover, there seems

to be no restoring force along the 6 direction.

9.4.3 Degenerate quasinormal modes and closed spherical photon orbits

Finally, in this section, we interpret the degeneracy of QNM frequencies (of which Fig. 9.1 was an
example). Recall that in that figure, for a/M = 0.7, we found pairs of modes such as (2,2) and
(3,—2), (3,2) and (4,—2), (4,2) and (5, —2), and so on, all have approximately the same frequency.
For another, lower spin a/M = 0.4, pairs like (3,3) and (4, —3), (4,3) and (5, —3), et cetera, have
approximately the same frequency.

The approximate degeneracy exists because the ratio between §2¢ and {6 can be rational, and

the photon orbits close. If for a certain mode of a black hole with spin a, with m and L, and for
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Figure 9.15: A diagram showing the spin parameters, a, and the ratios of the multipolar indexes
m/ L, at which the orbital and precessional frequencies have a ratio of p/q. Although we only perform
our numerical calculations at a discrete set of m/L values (shown by the dots), in the eikonal limit,
each set of points for a given ratio of p/q approaches a continuous curve.
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Figure 9.16: For black holes with spins a/M = 0.768, 0.612, and 0.502, the spherical photon orbits
With Worb = 2Wprec, On the left, worh, = 3wprec in the center, and worp, = 4wprec ON the right,
respectively. These orbits correspond to quasinormal modes in the eikonal limit with m/L = 0.5.
The top figures show the photon orbit, the red, solid curve, on its photon sphere (represented by a
transparent sphere). The dashed black line is the equatorial (§ = 7/2) plane, which was inserted for
reference. The bottom figures are the same photon orbits, but plotted in the ¢-6 plane, instead.
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integers p and g,

€2 (a, %) = pQprec (a, %) ; (9.110)

this means that there exists a closed spherical photon orbit that satisfies the conditions necessary
to correspond to a QNM. Equation (9.110) implies that
m m
LQy (a, f) + mprec (a, f)

m) + (m — Ep)Qprec (a, @) . (9.111)

If Qg and Qprec do not change much from p = m/L to ' = (m — kp)/(L + kq) (either because spin
is small—and therefore Qg and Qe depend weakly on p—or because L > kq and m >> kp), then

Wi g wlFkaem e (9.112)
Because 2; depends similarly on u, under the same conditions,
wh™ g htRam=hp (9.113)

therefore, the modes are degenerate. It is also clear from Eq. (9.110) that the degeneracy happens
at the same time that the corresponding orbit is closed. The three series mentioned at the beginning

of the paper correspond to p/q = 4, 6, and 8, respectively (for k& = 1).

9.4.3.1 Slowly spinning black holes

For a/M < 1, when Egs. (9.108a) and (9.108b) apply, the condition for degenerate modes becomes

qv/27

a
=—<1 9.114
o S (9-114)

(a statement that holds independent of p). This implies that orbits of all inclinations close for these
spins.

For these specific spins, the QNM spectrum is completely degenerate, by which we mean that all
modes have the same decay rate, and all real parts of the frequencies are integer multiples of only
one frequency (similar to those of a Schwarzschild black hole). Using this approximate formula to

find a for the three instances of degeneracy in Fig. 9.1, we find
ay4/1 ~ 065]\4'7 ae/1 ~ 043M, asg/1 ~ 0.32M. (9115)

These are not very far away from spins we found empirically.
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9.4.3.2 Generic black holes

For a generic spin parameter a, we will explain degeneracies that exist around a mode with L > 1
and |m| > 1. If the condition in Eq. (9.110) holds for p,q < min(L, |m|), then there is a range of
|k| < min(L, |m|)/ max(p, q) in which there is a degeneracy between all (L + kg, m — kp) and (L, m).
These modes must be those close to the mode of indices (L, m), because, strictly speaking, it is only
the orbit corresponding to m/L which is precisely closed.

To find this degeneracy, we will search for spin parameters a for which Eq. (9.110) holds for
any set of indexes (L,m) and integers (p,q) that satisfy L,|m| > p,q (we generally either find
one or zero solutions). To visualize this degeneracy, for each pair (p,q), we will mark all possible
pairs of (m/L,a) in a 2D plot; the values of the spins are sufficiently dense for each value of m/L
that they form a smooth curve when plotted against m/L. Some of these curves are shown in
Fig. 9.15. Because for a fixed p/q the degenerate spins for a/M < 0.3 are nearly independent of
m/L, Eq. (9.114) should be an accurate prediction for spins less that value. As a concrete illustration
of the orbits corresponding to these degenerate modes, we plot closed orbits for m/L = 0.5 and for
a/M = 0.5, 0.61, and 0.77 in Fig. 9.16. The values of the spins agree quite well with those predicted
in Fig. 9.15.

9.5 Conclusions and discussion

In this paper, we extended the results of several earlier works [9, 29, 40, 41] to compute the
quasinormal-mode frequencies and wave functions of a Kerr black hole of arbitrary astrophysical
spins, in the eikonal limit (I > 1). We focused on developing a greater intuitive understanding of
their behavior, but, in the process, we calculated expressions for large-I quasinormal-mode frequen-
cies that are reasonably accurate even at low [. Specifically, we applied a WKB analysis to the system
of equations defined by the angular and radial Teukolsky equations. Using a Bohr-Sommerfeld con-
dition for the angular equation, we related the angular separation constant to the frequency; when
we expanded the constraint to leading order in aw/l, we found an equally accurate and algebraically
simpler relation between the frequency and angular eigenvalue. We then used a well-known WKB
analysis on the radial Teukolsky equation to obtain expressions for the QNM frequencies and the
angular separation constants. The accuracy of the approximate expressions for the QNM frequency
are observed to be of order O(L~2) even though we had only expected a O(L™!) convergence for
the imaginary part.

Next, we reviewed that a massless scalar wave in the leading-order, geometric-optics approx-
imation obeys the Hamilton-Jacobi equations, which are very similar to the Teukolsky equations
when [ > 1. By identifying terms in the Hamilton-Jacobi equations and Teukolsky equations, we

related the conserved quantities of the Hamilton-Jacobi equations to the eigenvalues of the sepa-
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rated Teukolsky equations. Specifically, we confirmed that the energy, angular momentum in the z
direction, and Carter constant in the Hamilton-Jacobi equations correspond to the real frequency,
the index m, and the angular eigenvalue minus m? in the Teukolsky equations, respectively. Fur-
thermore, we found that the conditions that define a quasinormal mode in the WKB approximation
are equivalent to the conditions in the geometric-optics approximation that determine a spherical
photon orbit that satisfies an identical Bohr-Sommerfeld quantization condition.

By analyzing the next-to-leading-order, geometric-optics approximation, we showed that the
corrections to the amplitude of the scalar wave correspond to the imaginary parts of the WKB
quantities. Specifically, we saw that the imaginary part of the frequency is equal to a positive half-
integer multiplied by the Lyapunov exponent averaged over a period of motion in the # direction.
The imaginary part of the angular eigenvalue is equal to the imaginary part of the Carter constant,
which is, in turn, related to an amplitude correction to geometric-optics approximation to the angular
function for 6.

We then applied these results to study properties of the QNM spectra of Kerr black holes. We
observed that for extremal Kerr black holes a significant fraction of the QNMs have nearly zero
imaginary part (vanishing damping) and their corresponding spherical photon orbits are stuck on
the horizon (in Boyer-Lindquist coordinates). We plan to study this unusual feature of extremal Kerr
black holes in future work. In addition, we showed that for Kerr black holes of any spin, the modes’
frequencies (in the eikonal limit) are a linear combination of the orbital and precession frequencies of
the corresponding spherical photon orbits. This allows us to study an intriguing feature of the QNM
spectrum: namely, when the orbital and precession frequencies are rationally related—i.e, when the
spherical photon orbits are closed—then the corresponding quasinormal-mode frequencies are also
degenerate.

We hope that the approximate expressions for the quasinormal-mode frequencies in this paper
will prove helpful for understanding wave propagation in the Kerr spacetime. This not unreasonable
to suppose, because Dolan and Ottewill have shown in [28, 30] that to calculate the Green’s function
analytically in the Schwarzschild spacetime, one needs to know analytical expressions for the fre-
quency of the quasinormal modes (specifically, this comes from the fact that the frequencies of the
quasinormal mode are the poles of the Green’s function in the frequency domain). We, therefore,
think that our approximate formulas could assist with the calculation of the Green’s function in the

Kerr spacetime, in future work.
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9.A The Taylor expanded Bohr-Sommerfeld condition

The Bohr-Sommerfeld constraint (9.17) gives us a way to evaluate A;, in terms of [, m, and w; the
error in this approximation scales as 1/I. Because it is an integral equation, it is not particularly
convenient to solve, and it is beneficial to have an approximate, but algebraic expression for the
frequency of a QNM. With the benefit of hindsight, one can confirm through numerical calculations
of exact QNM frequencies performed using Leaver’s method that the parameter aw/! is numerically
a small number for all black hole spins. We can then expand the angular separation constant, Aj,,,

in a series in aw/l as Ay, = A o+ 0 Ay, where A?m satisfies the equation

\/ <l + - - |m|) (9.116)

and at leading order, 09 ,6° = +arcsin[m/(l +1/2)]. One can easily verify that the solution to this
equation is the angular eigenvalue of a Schwarzschild black hole, AY = (I+1/2)? (note that we are
assuming [ > 1). Now we will compute the lowest-order perturbation in aw/l, which turns out to

be quadratic in this parameter [i.e., (aw/l)?] below:

m + a%w? cos? 6

/90 \/Z—|—1/2 —m?2/sin* 0

0 =0. (9.117)

The integration limits 6, ,60_ also can be expanded in a series in aw/l, and the lowest-order
terms of this series are given by 69,6°; The perturbation in 6,,60_ would result in some quartic
corrections in aw/l [i.e., (aw/l)*] when we evaluate the integrals of Eqs. (9.117) and (9.116), because
the integrand is of order (aw/l)? and the width of the correction in 6, ,6_ are also of order (aw/l)%.
As a result, we will not need it here. Evaluating the integral in Eq. (9.117) is straightforward, and
we find

2,2 2

o 0 o a“~w _ m
Ay = Al + 641 = U1 +1) = {1 T 1)] . (9.118)

Interestingly, the above expression is consistent with the expansion of Ay, for small aw given in

[58], even in the eikonal limit, where aw is large. The reason for this fortuitous agreement is again
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that for QNMs of Kerr black holes of any spin, aw/l is small, and the expansion only involves even
powers of this parameter, (aw/l)?. Because the coefficients in the expansion of aw scale as 1/I¥
for even powers of (aw)® and 1/1*+1 for odd powers of (aw)¥, in the limit of large I, the two series
actually are equivalent in the eikonal limit. In principle, one can also expand and solve Eq. (9.17) to
higher orders in the parameter aw/l and compare with the expansion in aw in [58]; we expect that
the two series should agree. This would be useful, because it would effectively let one use the small

aw expansion in the eikonal limit, where the series would, ostensibly, not be valid.
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Chapter 10

Branching of quasinormal modes
for nearly extremal Kerr black
holes

We show that a nearly extremal Kerr black hole has two distinct types of quasinormal
mode frequencies. One set of frequency modes, the zero-damping modes, approach zero
decay in the extremal limit, and exist for all corotating modes (m > 0). The other set, the
damped modes, retain finite decay even for extreme Kerr black holes, and they exist for all
counter-rotating modes (m < 0) and for a subset of corotating modes. We also show that
as the spin approaches its extremal value, when both zero-damping and damped modes
are present, the frequency spectrum bifurcates into two distinct branches. We numeri-
cally explore the specific case of the fundamental [ = 2 modes, which have the greatest as-
trophysical interest, and also discuss the physical reason for the mode branching, in terms
of an analogy to the double-well harmonic oscillator of quantum mechanics. Finally, we
apply our new analytic expressions to confirm that many superimposed frequency over-
tones result in a power-law decay for the quasinormal ringing of a nearly extremal Kerr

black hole.

Based on paper by H. Yang, F. Zhang, A. Zimmerman, D. A. Nichols, E. Berti, and Y.
Chen, Phys. Rev. D 85, 040101 (R) (2013). Copyright 2013 by the American Physical
Society.

10.1 Introduction

Nearly extremal Kerr (NEK) black holes (BHs)—i.e., BHs for which the dimensionless angular
momentum a = 1 in the geometrical units, G = ¢ = M = 1, used in this paper—have drawn much

attention recently. Besides the mounting evidence for fast-rotating BHs in astronomy [1], NEK
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Figure 10.1: (Color online.) Phase diagram for the separation between the single- and double-branch
regime for NEK BHs. Large purple dots and gold crosses correspond to (I, m) pairs with only ZDMs
for perturbations with spin —2 and 0, respectively. Smaller blue dots correspond to (I,m) pairs
with both ZDMs and DMs. The green line is the phase boundary, computed using the eikonal
approximation.

BHs have considerable theoretical significance, e.g., in studies of weak cosmic censorship [2] and in
calculations of black-hole entropy [3].

For extremal Kerr BHs (a = 1) the near-horizon geometry reduces to AdSyx S? [4]. This
observation led to the Kerr/CFT conjecture, which states that extremal Kerr BHs are dual to the
chiral limit of a two-dimensional conformal field theory [5]. In the past few years the extremal Kerr
spacetime and spacetimes violating the Kerr bound were shown to be unstable [6]. The stability
of BHs depends on the sign of the imaginary part of their complex free vibration modes, called
quasinormal modes (QNMs) [7]. Therefore the NEK QNM frequencies studied here can shed light
on the onset of extremal Kerr instabilities and prove useful in quantum field theory (for example, in
the calculation of two-point functions [8]).

Detweiler first used an approximation to the radial Teukolsky equation for NEK BHs (see also [9])
to show that QNMs with angular indices I = m have a long decay time [10]. Using Detweiler’s result,
Sasaki and Nakamura [11] calculated QNM frequencies analytically and Andersson and Glampedakis
proposed long-lived emission from NEK BHs [12]. However, there remains a long-standing contro-
versy in the literature about what set of QNMs decay slowly [13], whether long-lived radiation is
possible [14], and whether the imaginary part of the QNM frequencies vanishes as ¢ — 1 (compare
[11, 14] with [13]). Despite the importance of this problem, our present understanding of the QNM
spectrum of NEK BHs is inconclusive.

In a recent paper [15], some of us used a WKB analysis to relate Kerr QNMs in the eikonal limit
to spherical photon orbits around Kerr BHs. We pointed out that a subset of spherical photon orbits
of extremal Kerr BHs reside on the horizon and that the corresponding QNMs have zero damping.

This happens when the parameter y = m/(l + 1/2) 2 p. ~ 0.74. Hod [16] computed p. in the
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eikonal limit, finding an approximate analytical result in agreement with [15].

In this work, we will show that the NEK geometry has two distinct sets of QNMs: zero-damping
modes (ZDMs) and damped modes (DMs). ZDMs are associated with the near-horizon geometry
of the BH, and they exist for all allowed values of [ and m > 0 (we classify modes using Leaver’s
conventions [17], but we use units in which the BH has mass M = 1). DMs are associated with
peaks of the potential barrier; in the eikonal limit, they exist when p < 0.74. This implies that
ZDMs and DMs coexist if 0 < p < 0.74. Figure 10.1 is a “phase diagram” in QNM space, showing
the regions where either the ZDMs or both the DMs and the ZDMs exist for scalar and gravitational
perturbations with [ < 15. We will discuss this phase diagram further below. When the ZDMs and
DMs coexist, and when the BH spin «a is small, for each (I, m) there is only a single set of QNMs
characterized by the overtone number n (where modes with larger n have stronger damping). For
larger a, this set of QNMs appears to break into two branches. The DM branch originates from
lower-overtone modes at smaller a, and its modes retain a finite decay rate as a — 1. The ZDM
branch originates from higher-overtone modes whose imaginary part becomes smaller than that of
DMs as a — 1, thereby forming the second branch. This is similar to the behavior of eigenmodes
in quantum mechanics when we parametrically split a single potential well into two potential wells
(cf. Fig. 10.2 below, as well as [18] for a somewhat analogous phenomenon in the theory of oscillations

of ultracompact stars).

10.2 Matched expansions

Fore=1-a < 1and w—m/2 < 1, the radial Teukolsky equation can be written in a self-similar
form when (r — 1) < 1 and in an asymptotic form (by setting @ = 1) when (r — 1) > /e (cf.
[9, 10, 19]). The solutions of the Teukolsky equation in these regions (hypergeometric and confluent
hypergeometric functions, respectively) can be matched at /e < (r—1) < 1 to provide the following

condition for QNM frequencies:

e—7r5—2i6 In(m)—146 In(8€) F2(226)F(1/2 +s—im— Z6)
I'2(—-2i6)0(1/2 4+ s —im + id)
y [(1/2 — s —im —i0)['[1/2 +i(m — § — V20)]
I'(1/2 —s—im +i8)T[1/2 +i(m + 6 — v2d))

=1 (10.1)

Here we denote the eigenvalues of the angular Teukolsky equation by .4, and we define 62 =
Tm?/4 — (s +1/2)? — JAp, and @ = (w — mQy)/y/€ [note that Oy = a/(r3 + a?) is the horizon
frequency and ry = 1+ /1 — a? is the horizon radius]. Scalar, electromagnetic, and gravitational
perturbations correspond to spin s = 0,—1,—2, respectively. If we choose the conventions that

Re(d) > 0 and Zm(5) > 0 when §2 is positive and negative, respectively, then the left-hand side of
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Figure 10.2: (Color online.) Plot of the potential term for a = 1, Eq. (10.6), for p = 0.4, 0.5, 0.6,
0.7, 0.8, and 0.9 (black-solid, red-dashed, red-dotted, blue-dotted, blue-dashed, and magenta-solid
curves, respectively). The transition from single-branch to double-branch happens between p = 0.7
and p = 0.8.

Eq. (10.1) is usually a very small number, except when it is near the poles of the I'-functions in the

numerator. When m > 0, we can always find the solution near the poles at negative integers:
1/24i(m — 6 — V20) ~ —n, (10.2)

or

wz’;‘sﬁz(qH;)\g (10.3)

Note that the overtone index n of these ZDM frequencies need not correspond precisely to the same
overtone index of Kerr QNMs at lower spins. This set of solutions was first discovered by Hod [13].
The matched-expansion derivation shows that this set of modes depends on the near-horizon region
of the Kerr BH. Equation (10.3) is quite accurate when |§| > 1, but when |§] < 1 it needs an
additional correction [19]. However, the /€ scaling of the decay rate is still correct when |§] < 1.
The solutions to Eq. (10.3) with m < 0 are those that arise from the symmetry wy,, = —w; _,;
there are no solutions with m < 0 and Re(w) > 0, when w — m/2 is not small. Thus, the ZDMs
only exist in the corotating regime m > 0.

Another set of solutions of Eq. (10.1) may exist when 62 < 0 and 2i§ ~ —n, with n a positive
integer. A more detailed analysis shows that, in this case, two nearly degenerate hypergeometric
functions have comparable contribution to the near-horizon solution [19]. As a result, Eq. (10.1) is
no longer valid when 2id ~ —n. As a consistency check, we looked for solutions with 2i§ &~ —n using

Leaver’s method and we did not find any.
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10.3 WKB analysis

The matched-expansion method assumes that w &~ m/2, but Eq. (10.1) does not hold for modes
which do not meet this requirement (i.e., DMs). To compute these modes, we will instead use a

WKB analysis in the eikonal limit { > 1. The radial Teukolsky equation when { > 1 is [15]

d?u, Pu, K?-— A)\?
@ TSy e = (10-42)

with

d A i
dr. — 1r24a2dr’

K = —w(r? +a?) + am,

M= Ay +a*w? — 2amw, A =1r*—2r4ad?. (10.4b)
We define w = wg —iwy, and we note that the real and imaginary parts scale as wg o I and wy o< {°,
while the angular constant scales as Aj,, o [?. We only keep the leading-order terms in the eikonal
limit in the following discussion (therefore all s-dependent terms are neglected, and the Ay, are real).
In Fig. 10.2 and below, we will refer to —V,. as “the potential”. According to the WKB analysis and
its geometric correspondence in [15], the position of the peak of the potential asymptotes the horizon
as a — 1 for some of the corotating modes. For this set of QNMs, one can verify that V" (where
primes denote derivatives with respect to 7.) scales as A?; thus, the peak 79 of the potential becomes
broad as rg approaches the horizon. It then follows that w; o \/W/QUVT — 0, and wg — m/2 in
order to satisfy V,.(wg,70) = 0 for these modes. Assuming that ro = 1+ ¢y/€ for the nearly extremal

modes, where ¢ is some constant, we can apply the eikonal equations in [15] and obtain

my/2e m_Fove <n+ 1) Ve (10.5)

rox~1l+——, wrp~ ,
0 Fo R T 2T R 2) V2

with Fo = \/Tm2/4 — Ajpp(w = m/2). Comparing this result with Egs. (10.3) and (10.5), we can
see the two sets of frequencies are essentially the same modes, although obtained in very different
ways. Here F¢ and 62 differ by 1/4, which is reasonable because in the eikonal limit Fy o [ and
d I (making 1/4 a higher-order correction).

To build intuition about Fy and d, we look at V. for extreme Kerr BHs, with w replaced by m/2:

L (=12 [(r+1)?
V=L e | g

3
it = alw) + 77| (10.6)

where L = | +1/2 and a(u) = Ajn/L?. According to the WKB analysis of the radial Teukolsky
equation [20], the QNM frequencies are determined by the peak of the potential. As shown in

Fig. 10.2, when p is large the maximum of the potential is at the horizon, » = 1, as expected for
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ZDMs. As u decreases and falls below some critical value ., the peak moves outside the horizon,
and the horizon becomes a local minimum of the potential. At the peak w; is nonzero because
d?V,./dr?|., # 0, so we have DMs. The criterion for having no peak outside the horizon is

(r+1)? ,

3
M —a(u)%—zuz >0 for r=1, (10.7)

i.e., F& > 0 (or 62 > 0). The values at which FZ (or %) vanish lead to the condition for the critical

pe: a(pe) = Tp2. If we use the approximation a(p) &~ 1—a?w?(1—u?)/(2L?) [15], this will reproduce

Hod’s approximate analytical result u. =~ [(15 — v/193)/2]'/? [16]. We can obtain the exact . (in

the eikonal limit) by inserting a(u.) = Iu2 into the Bohr-Sommerfeld condition for a derived in
[15]:
6+ 2 2
/ \/a— B o520 = (1 — |, (10.8)
0 sin“9 4

where 6, = 7—60_ and §_ = arcsin(v/3—1) are the angles at which the integrand vanishes. Therefore

we have

L 7 /0+d0\/7 CEIE Y (10.9)
= ——, = - — —— + —cos?0, :
a 1+Z/m 0. 4 sin?0 4

which yields the numerical value p. ~ 0.74398. In the eikonal limit, when p > p. NEK BHs have
only ZDMs (“single-phase regime”) ; when 0 < p < p.., both DMs and ZDMs exist (“double-phase

regime”).

10.4 Phase boundary

Although there is a clear criterion for determining the boundary between the single-phase regime
and the double-phase regime in the eikonal limit (when g < ., the peak of the potential no longer
resides on the horizon) it is not immediately clear if a similar criterion holds when [ is small. For
scalar perturbations, however, we can write the radial Teukolsky potential for extreme-Kerr BHs
with generic [, m, under the assumption that w = m/2 (and, therefore, the gA;,, remain real for the

ZDMs):

(P17 [r+1?
Vtr - —0A m
RS
-1)2 [3 —1)(2r2 4+3r—1
70; )2 32y T 1er J;ZT . (10.10)
(r241)2 |4 (1+72)
It is not difficult to see that there is still no peak outside the horizon when %mZ > gApm, or

F2 > 0. For electromagnetic and gravitational perturbations the potential terms —V,. are complex

functions, thereby making the positions of their extrema more difficult to define. Detweiler [21],
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however, has shown that the radial function can be transformed so that it satisfies a differential
equation with a real potential. Using this potential, the criterion to exclude peaks outside the
horizon is [19]:

fQ

1l
|~

2 _ _m
m2 —s(s+1) — yAim (w 2) > 0. (10.11)

Note that this expression respects the pairing symmetry _sA;, = sA4;m + 2s, and that for all s,
.7-'52 and 62 differ from each other only by 1/4. For s = 0,—2 and 2 <[ < 100, we have searched
all QNMs numerically and have not found any mode simultaneously satisfying §% < 0 and F2 > 0;
therefore, the sign of 6% also determines whether a peak exists outside the horizon. In addition, we
have used Leaver’s continued-fraction algorithm to determine the phase boundary numerically. As
shown in Fig. 10.1, the actual phase boundary matches the criterion predicted by the eikonal limit,
= . In addition, for scalar and gravitational perturbations, we find numerically that modes are
in the single-phase regime when F2 > 0 for all | < 15. This reinforces our physical understanding
that DMs are associated with a peak of the potential outside the horizon, while ZDMs are somewhat

similar in nature to the s-modes in ultracompact stars [18].

10.5 Bifurcation

10.5.1 Numerical investigation

Schwarzschild and slowly spinning Kerr BHs have a single set of QNMs for each [,m that are
characterized by their overtone number n. If the ZDMs originate from modes at higher-n than the
DMs when the BH spin is low, then when the spin increases beyond a critical value as = 1 — €5, a
single set of QNMs may split into two branches.

We numerically investigate this bifurcation effect by examining the complex QNM frequency
plane to search for solutions of Leaver’s continued-fraction equations [17, 19]. In Fig. 10.3, we plot
the contours of constant value of the logarithm of the continued-fraction expansion, truncating at
N = 800 terms. The QNM frequencies correspond to the local minima of this sum, where the
contours cluster. The shading indicates the value of the fraction, with darker values nearly zero.

When u < p., a single set of QNMs splits into two branches for increasing a (see the left-hand
panels of Fig. 10.3, where [ = 10, m = 7, as the spin increases from a = 0.9990 to a = 0.9999 from
the upper panel to the lower). The ZDM branch is quite accurately described by Eq. (10.3); the
imaginary part of the ZDMs scales like /¢, and they move towards the real axis as € — 0. The DM
branch changes relatively little with increasing spin (it is expected that the WKB peak can only
support a finite number of modes [19], and there are only 3 DMs in the lower-left panel). In this
case, the WKB formulae of [15] are in good agreement with the lowest-overtone DM (marked with

a X in the figure).
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Figure 10.3: (Color online.) QNM frequencies with | = 10 for NEK BHs. Contours are constant
values of the logarithm of the continued fraction in the complex plane; darker shading indicates values
near zero. The + symbols are the ZDM predictions, a x is the lowest-overtone WKB prediction
from [15], and the box is centered at the WKB prediction from Eq. (10.5). No branching is observed
for modes with m = 8. Note that the closed contours with light shading have large values and do
not correspond to any QNM. Further discussion of the figure is in the text.

For p > p. there is no bifurcation, and the modes are predicted fairly well by Eq. (10.3). We can
see this in the right-hand panels of Fig. 10.3, where [ = 10, m = 8 and we again raise the spin from
a =0.9990 to a = 0.9999. For the m = 8 modes, we also mark the leading-order WKB prediction of
Eq. (10.5) with a box. For the bifurcation effect, we can define a benchmark a, = 1 — €. as the BH
spin at which the imaginary part of the fundamental ZDM is equal to that of the fundamental DM:

Ve 1,27
2\/5(1+2|5|)_ S| (10.12)

To

The right-hand side of Eq. (10.12) can be evaluated using the approximate WKB formula in [15].
Since both sides of Eq. (10.12) depend on €, we solve for €. iteratively; this converges quickly for
a variety of initial spins. By computing €, for I < 15 and 0 < m < (I + 1/2)u., we find that
L?%¢, = 1073(11.6 — 3.12u — 18.02) is a reasonable fitting formula. For the [ = 10, m = 7 case,
Eq. (10.12) gives €. ~ 1075, which is in agreement with numerical results; for the [ = 2, m = 1 case
it gives e, ~ 1073,

In Fig. 10.3, however, it is clear that the bifurcation actually starts when the fundamental ZDM’s
imaginary part equals the imaginary part of the highest-overtone DM (in Fig. 10.3 it is the third

overtone). This happens at a spin as < a.. Because we do not have a good estimate of the number
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of modes in the DM branch (beyond the fact that it should be proportional to L and a function of
w in the eikonal limit [19]) and because WKB techniques are not accurate for these high-overtone

DMs, finding an analytic solution for as remains an open problem.

10.5.2 Bound state formulation of the radial Teukolsky equation

The radial Teukolsky equation generally describes a scattering problem, in the WKB approximation.
When the boundary condition is specified as describing outgoing waves at infinity and ingoing waves
at the horizon, the corresponding eigenmodes are just QNMs. It is often interesting to transform
this scattering problem to a bound-state problem, as shown by Mashhoon [25] for slowly rotating
BHs in the eikonal approximation. Here we describe a transformation procedure for perturbations
of generic Kerr BHs that is similar to Mashoon’s for slowly rotating BHs. For generic Kerr BHs, the
radial Teukolsky equation is given in Eq. (10.4a) (with general s). The angular eigenvalue can be

expressed as a function of L =14 1/2, m, and w: A, = A(L, m,w,a). After the transformations:

r— —ir, M — —iM,m — —im, L — —iL,

a— —ia,s — s,w — Q, (10.13)

the new radial equation becomes

dQJ B K2 +25(r — M)K — A(dwrs + X))

dr? (r2 + a?)?

- [G2+ ;Ki] u=0, (10.14)
K =Q(r? + d®) — ma, (10.15)
N = —A(—iL, —im, Q, —ia) + a’Q* — 2maQ. (10.16)

Note in the equation above we restored the black hole mass M, because it is also transformed.
Because the angular separation constant has the functional form, A(L,m,w,a) = A(L,m/L,aw/L),

then A(—iL,—im, ), —ia) and A0

lm

are real if ) is real. Now Eq. (11.21) describes a bound state

Qr. o e~ (@=ma/@2Mri))re  The eigen-

problem; when r, — 400, the wavefunction asymptotes to e
value 2 = Q(L, m,n, a) should be a real-valued function depending on L, m, and a (n is the overtone

number). Knowing the functional form of €2, we can then apply the inverse transform to obtain w:

w=wpr —iw; = Q(L,im,n,ia,iM). (10.17)
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As an example of this idea, we shall take the formula for the QNM frequency in the eikonal limit
and study the DMs. In this case, A(—iL, —im,Q, —ia) = —A(L,m,Q,a) and Eq. (11.21) becomes
Pu | K? — A(A+ 202 — 2amQ) d*u

@ 7 e w= gz~ V=0 (10.18)

where we have only kept leading-order terms in L. Because the potential well is very deep as L > 1,
the fundamental mode and the first few overtones should be located near the bottom of the potential

well: V,.(Qo, rpeak) = 0r V- (Qo, "peax) = 0. We shall Taylor expand V, near its extrema:
1
Vi (Q + 0Q, Tipeak + 0rs) = 0o V,0Q + 5‘/,.”57"3 , (10.19)

where primes denote derivatives with respect to .. The new equation becomes

d?u
dr?

— (agwm + ;Vr"&“f) u. (10.20)

This is now a standard bound-state eigenvalue problem, and the solution is

50 = <n + 1) Vel (10.21)

2) 0qV, ’

or

PAZAY
Q:Qo+<ﬂ+2 GVT

QVr
_ 1 L 1 10.22
= wo(p) + n—|—§ wi(p)| - (10.22)

It is then straightforward to obtain

w=Q(L,im,n,ia,iM)

2V
—Qp—i (n + 1) r (10.23)

2) 0V, ’

which agrees with the eikonal limit QNM formula in [20].
Besides DMs, the ZDMs can also be examined in the dual bound-state picture. For simplicity,
we focus on scalar perturbation s = 0 and make the approximation that A — —A. ! After the

transformation in Eq. (10.13), the near-horizon-limit Teukolsky equation becomes:

dy? Yy -y V2) T a—y)2

'In reality A — —A', FZ — ]—'g/ and A’ # A for generic s,l,m, and the value of A’ can be obtained using the
expansion in [28]. Here for illustration purposes we take the approximation A’ = A.

9 2
o Puy | du [&2 . 2v2my (w B m) W} w =0 (10.24)
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=2, m=1)

|ur|(l

Figure 10.4: | =2, m =1, s = 0, ZDM wavefunctions in the bound-state picture. Black solid, red
dashed, blue dashed, blue dotted and magenta solid lines correspond to n = 0, 1, 2, 3, 4 respectively.
The wavefunctions approach 0 when r — r or v/er, — 0, and stay negligibly small for r — 1 > \/e.
Therefore the wavefunction is bounded in the near horizon regime, as we expected. In addition, as
we increase the overtone n, the wavefunctions monotonically move away from the horizon. This is
a general feature for all ZDMs.

The solution can be written as Hypergeometric functions

u =y P(1—y) 2Fi(a, 8,7, y), (10.25)
but with

p=-0/V2, ¢=-1/2-7,
a=1/2+ (m+ 0 +V20), B=1/2—m+7,

where y = V2" and 8’ = \/F2 — 1/2. The resonant (bound state) condition is still ¥ — § &~ —n or

1 1
@zﬂ(n+2+m—6’) (10.27)

which will transform back to Eq. (10.3) if we apply the inverse transformation of Eq. (10.13). In
Fig. (10.4) we plot the wavefunction for the first five overtones of the ZDMs with (I = 2, m = 1).
The wavefunction in the regime r — 1 > /e can be obtained using the matching method as shown
in Sec (10.2). It is approximately zero, and is not shown in the plot. One can similarly evaluate the
DM wavefunctions in this dual picture, and see their support being close to the WKB peak, which
is well separated from these ZDMs as a — 1. Therefore this bound-state transformation serves as a

useful technique to study mode bifurcation.
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10.6 Late time tails of NEK excitations

It was argued by Glampedakis and Anderson [26] that the perturbation of rapidly rotating black
holes decays as 1/t at late times. Their argument used the NEK QNM frequency formula which is
less accurate. Therefore it would be interesting to reconsider this problem taking advantage of our
current understanding of NEK QNM spectrum.

We will consider a generic scalar perturbation of a NEK spacetime at an initial Boyer-Lindquist
time slice, and we initially follow the calculation of [26] closely. Suppose we have initial data given
in terms of the initial scalar field values ®(¢t = 0,7, 6, ¢) and time derivative 0;®(t = 0,r,0, ¢). This
gives a corresponding source function 7 which we can separate into angular harmonics, using the

spheriodal harmonics,
Tim = / sin 0d0de Sy (0)e " T (1,0, ) . (10.28)

By expanding ®(x) in the frequency domain, we can write the scalar field at times ¢ > r, + r, by
integrating the source term using the radial Green function G(r., ) for the radial function u(r).

The result is [26]

eim (10.29)
! %;q v rz T a2

G(re, )Ty (w, ")
(,,1/)2 _|_a2 :

1 .
b, :—/dwdr’e_WtSlm(w,G) (10.30)
27

Focusing on the QNM contribution to the scalar field, we deform the contour of integration over w
into the lower half plane. Each QNM frequency wjn,, is a simple pole in the lower-half plane, and
the contour is converted into a sum over the residues of these poles. For simplicity, we will assume
that the source is localized at a large radius and that the observer is also at a large radius. In this

case the contour integral resolves as

_7/ Z lmn 77,w;mn(t Th— T*)Sl /Tlm('l") (1031)

Almn ZWlmn

where am, = dA™/dw |,=.,,,,. The terms A°" and A" are the amplitudes for the ingoing and

outgoing waves in the “in” wave solution,

etk rT—= T4,

u™ ~ . (10.32)

Aouteiwr* +A1n67iwr* , r— +OO,

For the ZDMs, expressions for A™ and A°" can be obtained by using the matched-expansion tech-
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niques. The important point for the current discussion is that, keeping only the leading order terms

in e < 1 and n < 1, we can write

7 Aout

i51n86+in7r\/’
e €
— ~ C(m,d
2 « (m, 9)

ZDM n!l[—n + 2i0]

(10.33)

where the constant C'(m, §) is only weakly dependent on the overtone number n, through higher order

terms in €. Inserting this into Eq. (10.31) allows us to perform the sum over overtones explicitly,

—imT/2—+/€/8T

@mwceiélnSeﬁ/drle
efn\/e/2T+in7r 27;"1

Ilm
7!

10.34
% Zn: n!l'[—n 4 2i0] im ( )
N Cei(S In 8¢ /dr, Ee—z’mT/Q— €/8T (1 . €/2T> 2i8
T'[2i6] | _ e—v/e/2r
27,
X Slm - bm . (1035)
m

For early times, T' > 0 and T'y/€/2 < 1, the integrand in Eq. (10.35) reduces to

. 2i5
eﬂmT/2QSlm QZ;ZL <\/e/2 T) . (10.36)

For a fixed r,, this gives the ~ 1/t dependence of the amplitude of the QNM ringing, provided
82 > 0. We see that the power-law decay is only valid for a short period of time, which is ~ 1/,/e.
At larger times, the decay transitions to an exponential decay, which is quickly dominated by the
n = 0 overtone decay rate. This explains recent results by Harms et al. [27], whose numerical
investigations of perturbed, rapidly rotating Kerr holes shows exponential decay at late times unless
¢ — 0. In this case, the limit of the integrand gives a decay for the response function equal to v/2 /T.
A careful examination of Fig. 17 of [27] show that for large spins at early times, while T\/€/2 < 1,
the asymptotic perturbation decays slower than exponential, and in fact seems to obey a roughly
1/T dependence (that figure actually plots the gravitational, s = —2 ringdown, but it is clear that
the spin dependence enters in only in the coefficient C).

As an example, we take for our initial data ®y = 0 and let ®,,(0,7,0) = AS(r — 70)S522(0)dms.

This simplifies the source term to 1

Tim = iwlmnArzé(r —70)0m2 , (10.37)
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Figure 10.5: The scalar QNM response to an initial perturbation, as described by Eq. (10.35) for
a scalar [ = 2, m = 2 perturbation with a radial d-function distribution. The initial amplitude is
normalized to unity. The blue curve plots the logarithm of R[®](T'), and its envelope is shown by a
black dotted line. Also plotted is a curve 1/T (purple dot-dashed line) and the decay envelope for
the n = 0 ZDM (red dashed line).

and the asymptotic scalar field at » — oo is then

A’I“O

/36 In 8¢ —iT—+/€¢/8T
2(a) & 205 (0)70 vee

(1—eVe/2T)2i5 1 g=Ve/2T

(10.38)

In Fig. 10.5 we illustrate the time dependence of this QNM ringing by plotting the time dependent
amplitude of R[P] at some fixed radius and angle, with the amplitude normalized to unity at T =
t—r. —7ro« = 0, so that at this time the functional behavior limits to 1/T. Of course, the divergence
at T = 0 is an artifact of summing the full geometric series from n = 0 to n = oo; the ringdown
amplitude is in fact finite and proportional to N if the sum is terminated at overtone number N.
We can similarly evaluate DM contribution to Eq. (10.31) according to the WKB QNM frequency
formulas [15]. It will be straightforward to see that DM will induce exponential fall off (o< e=*1%)
which will be buried under other parts of the tail (ZDM contribution, branch cut contribution and

SO on).

10.7 Conclusion

We identified two different regimes in the NEK QNM spectrum. In the double-phase regime, we
found that the lowest ZDM becomes less damped than the lowest DM at some critical a., for which
we provided an analytical estimate. For sufficiently large a, Eq. (10.3) is accurate at the least for
those ZDMs with smaller decays than the point where the branches bifurcate. We estimate that the
number of ZDMs below the bifurcation is oc y/es/e [19]. In the future, we would like to investigate

the behavior of the ZDM branch in the high-overtone limit [22], where these approximations break
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down.
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10.A Numerical methods

To compute the QNM frequencies more accurately when a < 1, we use a modified version of Leaver’s
continued-fraction algorithm [17] which we describe below. The most significant difference between
Leaver’s and our methods arises in the solution to the angular Teukolsky equation. When s # 0,
we use the series expansion of Fackerell and Crossman [23] (see also Appendix B of Fujita and
Tagoshi [24]) to express the angular eigenvalue in terms of a continued fraction that depends upon
the frequency of the mode. (Fackerell and Crossman expand the angular Teukolsky function in a
series of Jacobi polynomials, whereas Leaver finds his solution in terms of powers of 1+cosd.) When
s = 0, we use Mathematica’s built-in function for the eigenvalue of the spheroidal harmonic equation
to find ¢gA;,,. For the radial Teukolsky function, we compute Leaver’s expansion, but we specialize
his expressions for nearly extremal spins, a = 1 —e. We then compute the continued-fraction solution
for the frequency in terms of the angular separation constant. When explicitly find a QNM, we use
a nonlinear root-finding algorithm. We can then solve the set of two continued-fraction equations to
find the frequency and separation constant of a mode. Because nonlinear root finding often requires
an initial condition for the algorithm that is close to the actual solution, we seed the inital conditions

at nearly extremal spins using solutions at lower spins.

10.B Criteria for phase boundaries for electromagnetic and
gravitational modes

For electromagnetic and gravitational perturbations, the radial Teukolsky potential is a complex

function. To obtain a real potential and a well defined peak, we apply the transformations described
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n [21]. Before the transformation, the radial Teukolsky equation is

d (As+1dRs> K2 isAK - AQisK' + )j,,)

AT —
dr dr A

:0,

R

(10.39)

where R, and u are related by u = A%/2(r2 4+ a?)*/2R,. A new field variable X can be defined by

X = A2 (r% 4 a?)/? {a(r)Rs + ﬂ(T)AS“%

(10.40)

The functions «(r) and B(r) can be chosen such that the master equation satisfied by X has a real

valued potential. For electromagnetic perturbations (s = —1) the corresponding transformation is
aA + 1 bA
= ) = = ) 10.41
“ k1/2[Re(aA) + 1]1/2 b k1/2[Re(aA) + 1]1/2 ( )

where

a=[4K? 4+ 2AGK — \)]/A%, b= —4iK/Ak,

K = (4A% — 160°w? + 16awm)? ,

and A= X\, = Af + a’w? — 2amw. The potential term is

—K?2+ XA Ar(Ar+4Ma?)
Ve = r2+a2)2 (2 +a’)t
. AJA(10r2% + 202) — (r2 + ) (1172 — 10r M + v?)]
(r2 +a2)?[(r? 4+ v2)? + nA]
12A7(r2 4+ v2)?[Ar — (r2 + %) (r — M)]
2 + a2)2[(r2 + 12)2 + A2
A(r — M)*n[2(r2 + v*)* — nA]
(12 +a?)?[(r2 + v2)2 +nA]2

where

vi=a% —amjw, 1n=(k—-2)\)/(4w?).

(10.42)

(10.43)

(10.44)

As with our analysis of scalar modes, we take the limits a — 1 and w — m/2 and check whether there

is a peak in the potential outside the horizon. After some calculation, we arrive at the condition for

the existence of such a peak:

7
_1Alm, > Zmz .

(10.45)
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For gravitational perturbations (s = —2) the transformation involves the functions
o 2(a1A%ilas A? + \1n|)7 5= 2iby A2 | (10.46)
|kl(a1 A% + |k])2 |kl (a1 A2 + |1])2
with
8K* 8K? (M?—a?
MZAT T A ( A A)
+ 425(3 24+ 2Mr —54d°) + L2 ZQA<A+2) ;
ag = _241;:[(2 - A _AM)K +dwrA + 12wM ,
bzz_gg_% [2(M2A_ a?) _A} _SK‘”(MT—J), (10.47)
and

k=[N (\+2)% + 1446w (m — aw)? — a*w? (40)\* — 48))

+ awm(40X% + 48)\)]% + 12iwM (10.48)

and the new potential term is

-K?+ A A(bap' A
_SKTEAN  AbpA) o dG

= : 10.49
(r2 +a?)? (r2 +a?)2byp drs ( )

where p = (a1 A2 4 |x|)~ 2. It turns out this potential gives the following criterion for existence of a
peak outside the horizon:

7
oAy > Zm2 —2. (10.50)

There is another transformation listed in [21] which also gives a master equation with real-valued
potential. After repeating the calculation above for the alternative transformation, it can be shown
that Eq. (10.50) remains valid for the new potential. Combining Eq. (10.45), Eq. (10.50) and the
criterion for the scalar modes, the condition for generic spin of the perturbations can be summarized
by Eq. (10.11). If there is indeed a peak outside the horizon in the critical-BH-spin limit, it is often
helpful to view the radial Teukolsky equation as a bound-state problem, as discussed in Sec. 10.5.2.

For a standard bound state problem in quantum mechanics, no matter how shallow the potential
well is, there is always at least one bound state. For generic Kerr BHs (except Schwarzschild BHs),
however, the dual bound-state problem has more complicated dependence on the eigenvalue, and it
is nontrivial that any shallow potential well can support at least one bound state. In the original
scattering problem, this means that even if there is a potential peak outside the horizon, there may

not exist a DM associated with it. As the potential well becomes deeper and wider (62 becomes
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more and more negative), we know from WKB analysis that DMs must exist for these peaks. Based
on our numerical investigations of gravitational QNMs up to [ = 15 (summarized in Fig. 10.1), the
presence of a peak outside the horizon is a necessary and sufficient condition for the existence of

DMs.
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Chapter 11

Scalar wave propagation in Kerr
spacetime

In this article we try to obtain an analytical understanding of the scalar Green function
of the Kerr spacetime. We first apply the spectral representation of the Green function,
and obtain an approximate form of the part of Green function due to quasinormal mode
contribution. This approximate analytical Green function diverges between points that
are connected by null geodesics, and recovers the four-fold singular structure of Green
functions that are seen in Schwarzschild [5] and other spacetimes [6]. This Green func-
tion also carries signatures of Kerr spacetime such as frame-dragging. We expect this
work to benefit the understanding of wave propagation in Kerr spacetime, and perhaps

the Kerr self-force problem in the long run.

Based on paper in preparation by H. Yang, A. Zimmerman, F. Zhang, and Y. Chen.

11.1 Introduction

Supermassive Black Holes (SMBHs), sometimes also referred to as Massive Black Holes (MBHs) are
the black holes with masses higher than 10° M; they are believed to exist in almost all galaxies.
The closest example, Sagittarius A*, is the one at the center of our own galaxy, discovered by
radio observations [1]. These stars usually are more than ~ 1000 Schwarzschild radii away from the
SMBH, and possible to be driven much closer to the SMBH via the Kozai-mechanism [2] or or due
to chaotic 3-body interaction [3]. Once a star moves into orbits close enough to the central SMBH,
gravitational wave radiation takes over and the star will eventually merge into the SMBH due to
radiation reaction.

One way to compute the effects of radiation reaction for a small object moving in a SMBH

background (also referred as extreme mass ratio inspiral or EMRI) was proposed by Mino, Sasaki
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and Tanaka [4]. The basic idea is to express the tail part of the metric perturbation as the convolution
between Kerr gravitational Green function and the small object’s stress energy tensor, and hence
obtain the radiation reaction. In this formalism, it is physically clear how the test object sources
gravitational perturbation which propagates in the curved spacetime and back-reacts onto its source.
However, for realistic EMRI evolutions, it is highly nontrivial to obtain the Green function.

For a Schwarzschild background spacetime, Dolan and Ottewill [5] used a spectral method to
relate the scalar Green function to quasinormal modes. By adopting a matched expansion technique,
they managed to obtain an approximate analytical form of the Green function. Moreover, they
showed the Green’s function is singular on the lightcone, and that it has a four-fold singular structure
as d(0),1/0,—0(c),—1/0 (see Sec. V for detailed discussions), where o is the Synge’s world function.
This four-fold singular structure matches the earlier expectation by Casals et al. [7, 8], which was
proved by using the Hadamard ansatz for the Direct part of the Green’s function. On the other
hand, Zenginoglu and Galley [10] used numerical methods to obtain the time-domain scalar Green
function in Schwarzschild background. They also observed the four-fold singular structure as caustic
echoes.

In this work, we focus on studying the scalar Green function for a generic Kerr background. We
use a spectral representation of the Green function similar to [5], and apply the WKB techniques
developed in [12] to compute the quasinormal mode (QNM) contribution to the Green function. We
will then show that this Green function is related to spherical photon orbits. In addition, we will
compare our analytical Green functions with numerical computations.

This paper is organized as follows. In Sec. 11.2 we discuss the spectral representation of the
scalar Green function. In Sec. 11.3 we review the WKB approximation for QNM frequencies and
wavefunctions which are useful for later computations. In Sec. 11.4 we explicitly obtain the so-called
excitation factors from WKB wave functions. We combine all results in Sec. 11.5, and deduce an
approximate formula for the scalar Green function. We then discuss its four-fold singular structure,
as well as its relation to trapped photons in spherical orbits. In Sec.V we compare our results with

numerical simulations for several configurations. In Sec. 11.6, we summarize our conclusions.

11.2 Spectral decomposition

In this section we review the spectral decomposition of the scalar Green function and discuss its
different components. In a generic spacetime, the scalar Green function satisfies the following equa-
tion:

OGhet(z,2') = 9y (V=99"0,Ghret) = 6D (x — ') (11.1)

-
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We only consider the retarded Green function Gyet(z,2’), for which z’ lies on or within the future
lightcone of x. We shall use the Boyer-Lindquist coordinate, in which the line element is written as:

2Ma27'2$in2 0 d¢2 .
p
(11.2)

Here A = 72 —2Mr+a? and p? = r?+a? cos? 0, M is the mass of the background black hole and a is

2M 4aMrsin® 0 2
ds? = — (1 _ p;) dtk%dtdm %dr2+p2d92+sin29 (1"2 ta?

its spin parameter. The scalar wave equation (11.1) in Kerr spacetime is separable in the frequency
domain, and we can write down the following spectral decomposition of the Green function (see

Appendix A for detailed derivations):

1
N 2mVr2 + a2v/r'? + a2

Gret (557 LC/)

/ dwe ™" M=) N G, () (0) Gl (1,77
m l
(11.3)
For a = 0, the above expression clearly recovers the Schwarzschild limit in [5]. Here Spmne(6) is the
spheroidal harmonic function; in [12], we obtained its analytical approximation in the case of [ > 1

(we will also review this in Sec. 11.3). The function, G is the radial Green function which satisfies

G [K*-AX ., dH

_ A= (s — 1 11.4
where
H=7rA/(r*+a*)? K =ma—w(r®+ad?), (11.5)
dr* (r*+a?®
@& _ v T =A 202 -2 11.
o A A Im + a‘w am, (11.6)

together with A;,, being the eigenvalue of the angular Teukolsky equation (11.20) and in-going
(out-going) boundary condition at horizon (spatial infinity).

In order to solve for the Green’s function, it is useful to look at the homogeneous solutions of the
above equation. The in-going solution u;, satisfies Eq. (11.4) but without the source term on the
right hand side. Moreover, u;, satisfies the in-going boundary condition at the background black
hole’s horizon

e r* — —o00,
Uin (w, 1) = (11.7)
-

A P
L€ wr +C+ etwr , 7‘*—>OO7

Imw

where = w—ma/(2Mry) and r; is the horizon radius. Similarly, we can define out-going solution
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Uoyut Which satisfies the out-going boundary condition at spatial infinity:

D-

Imw

Uout (W, ) = (11.8)

—ior™® + T * _
e + D€ , r*— —00,

iwr™® *

The radial Green function can be constructed using the in-going and out-going homogeneous

solutions above

Gl (r, 1) = —%W (11.9)

with 7~ given by min(r, ') and r~ given by max(r,r’); the Wronskian W, is given by

” duout u duin
in — Wout .
dr* dr*

Wi = (11.10)

At some particular complex-valued frequencies wyy,,, the in-going wave solution wu;, also satisfies

out-going boundary condition at infinity: C; = 0. Given the boundary condition, apparently this

mw

solution must be a multiple of the out-going solution. In other words, u;, and u.,t are degenerate

with each other at these frequencies. As a consequence, the outgoing wave solution ug,; must
+

Ilmw

is called the Quasinormal Mode (QNM), and from construction it is easy to see that at these QNM

correspondingly satisfy the ingoing wave condition at the horizon: D = 0. This set of solutions

frequencies D, C;f

lwimn ~ lWimn

=1 [apply equation (11.7), equation (11.8) and the degeneracy condition].
We can plug Eq. (11.9) back to Eq. (11.3) to perform the integral over frequency w. Similar to the
Schwarzschild case, this integral can be evaluated using the residue theorem and divided into three
pieces. The first piece (“direct part”) is the integral on the high frequency arc, it is expected to
quickly approach zero after the initial pulse [11]. The second piece is the integral on the branch cut
on the imaginary frequency axis, it contributes to the power-law decay at later times and is also
non-negligible at early times [6]. The final piece comes from residues at poles whose frequencies
correspond to those of the QNMs, and it is important only at early and mid times. In this work
we shall focus on the QNM contribution to the Green’s function and study its early to midtime
behavior. It has the following form (with wueyu replaced by wi, for simplicity, as they are degenerate

at QNM frequencies):

1
G z,7') = X
axu( ) 2mvV7r2 + a2/ + a2

Re Z eim(d)id)/) Z Stmw (G)Sl*mw (0/) Z Bimn Uin (T)ﬂin(T/)eiiwlm”(tft/fr*77",*)
m l n

(11.11)

As appeared earlier, wy,, is the quasi-normal mode frequency with spheroidal harmonic index I, m
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and overtone number n (except for near extreme Kerr black holes, which may have two branches of
QNMs). The coefficient By, is usually referred to as the “black hole excitation number ”, because

it is the multiplication constant characterizing each QNM’s contribution to the Green function. It

Cltnw acl:nw o

is given by

Blmn =

W=Wimn
Apparently, Bj,, depends on the gauge freedom of r,: if r, — r, + C [see Eq. (11.6)], we have

Bimn — Bimne 2mnC  In this paper, we will choose

2 2
et =2 g (7“ _ 1) _ %1% (Tr _ 1) , (11.13)

where 74 = 1 + /1 — a2 are the outer- and inner-horizon radii. It is also easy to check that for
a = 0 the above expression reduces to the commonly used relation: r, = r + 2log(r/2 — 1) for
Schwarzschild black holes. In Eq. (11.11), we have also used a normalized in-going wave solution
Uin (1) (see also [5])

in(r) = uin(r) x [Cf, emn] ! (11.14)

Imw

such that it asymptotically approaches 1 when r — 4oc0. In the following sections, we will use WKB
analysis and matched expansion techniques to obtain approximate analytical forms of Sy, @i, and
Bimn. After that we will evaluate the summation in Eq. (11.11) for Gonm(z,2") and discuss its

implications.

11.3 QNMs in the eikonal limit

In order to evaluate the summation in Eq. (11.11) to obtain the QNM part of the Green function,
we have to insert the frequencies and wavefunctions of all QNMs. While the exact frequencies and
wavefunctions can only be obtained numerically, analytical approximations for them are available
in the eikonal limit [ > 1. In this section, we will review the WKB analysis on Kerr BH’s QNM
frequencies and wave functions based on [12]. The same technique will be applied in the next section.

Before we proceed, let us define a set of variables for later convenience: L =14+1/2, N =n+1/2

(where n is the overtone number), 8 = m/L. In the eikonal limit, QNM frequencies are given by
Wimn = wr —iwr = Lf(B,a) —iNA(B,a) + O(1/L) (11.15)

The function dependence of f(8,a) and A(5,a) can be found in [12] (in which f, A are referred as
Qr, Qp respectively). In the case of a Schwarzschild background with a = 0, f = A\ = 1/4/27, they

are both constants. In fact, for generic Kerr black holes, the function f(8,a) can be determined by
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the orbital and precession frequencies of some particular spherical photon orbit (3 can be viewed as
parameterization of all spherical photon orbits), while A(8,a) is given by the Lyapunov exponent
of the same orbit. This correspondence gives a geometric meaning to QNMs and interested readers

can find more details in [12].

11.3.1 The radial wavefunction

As shown by Teukolsky [9], the angular and radial dependencies can be separated in the frequency
domain. QNM wave functions can also be approximated analytically using WKB analysis. The
radial wavefunction wu;, describes a scattering problem

dzuin + Q(w T)U' . dQ’LLin + K2 — A)\O
dr2 [ (r2 4+ a?)?

Uin = 0. (11.16)

It is easy to see that Q(w,r) is on the order of L? and lower order terms of L have been dropped
out from the potential (Here w is a QNM frequency). It is natural to apply a WKB expansion with

expansion parameter scaling as 1/L:

u(r) ~ eSotSit...

So = +i /T* VQ(w, r)dr.,

S1 = —i log[Q(w, )] . (11.17)

Sy contributes mostly to the phase and S; contributes mostly to the amplitude. Since Sy scales
as L and Sy scales as log L, the phase varies much faster than the amplitude. In addition, because
w = wp —iwy is a complex number and wr o< L', wr < L (wg > wr), Q(Wimn,7) is mostly real
and Sy also contains a relatively small real part, which contributes to the amplitude factor. We
can single it out by further expanding Q(wimn,”) as Q(wg,r) — iw;dQ/dw and correspondingly Sy

becomes

T s Tx 1
So =~ iz’/ VQ(wg,r)dr. i/ L 9Qluntor dr,, (11.18)
2 Q(var)

and for obvious reasons we only keep the leading order term for Sy
1
S~ 1 log[Q(wr,7)] . (11.19)

According to [12] (also see Fig. 11.2), Q(wg,r) is a positive function except at its extrema
(also referred as the peak of the potential in [12]), where r = rpeax and Q(wg, Mpeak) = 0. It is
important to notice that this WKB analysis breaks down near the peak of the potential function

where Q(wr, Tpeak) — 0. This means Eq. (11.17) only works well outside the peak regime, and we
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need a separate treatment for the wavefunction in the peak regime to connect to solutions on both
sides of the peak. This matched-expansion procedure will be carried out in the next section, where

we work out the “black hole excitation factor”.

11.3.2 The angular wavefunction

The angular Teukolsky equation has the following form

d 2

.o dug 2 2 2
— 06— 6 — s Aim
sin 6df (Sm d6 ) T (@wTeos™0 = 2 gy e Aunus
2 0
+ (—QawSCOSQ— Lgoes —5° Cot29+s> ug =0. (11.20)
sin

where s is the spin index for the perturbation field: s = 0, —1, —2 corresponds to scalar, electromag-
netic and gravitational perturbations respectively. All the terms containing s in the potential are
sub-leading in L and we shall neglect them from now on. This angular Teukolsky equation can also
be written in a form suitable for WKB analysis. Define « = log[tan(6/2)], the angular Teukolsky

equation becomes

d2U9 0
T3+ V=0, (11.21)
with
V9 = q%w? cos? 0sin? 0 — m? + Ay, sin® 6 = Osin’ 6. (11.22)

It is straightforward to show that this equation describes a bound state problem with V¢ serving as
the potential well [12]. For z — 400 (§ — 7/0), V¥ becomes negative and the wave solution tends
to decay to zero: uy — eIl so the wavefunction is trapped inside the potential well. By applying

WKB expansion to the second order it is straightforward to obtain

1 +i [? V/Odo

Ug ~

Similar to the radial potential, we can expand © as O + iO; and they are separately given by

2

@R=a2w§00529— + Agr, (11.24)

sin? 0
O; = A; — 2a*wprwy cos? 0, (11.25)

where A;,, = Ar +iA;. Here Ap o< L? and A; « L, and hence O o« L? and ©; < L. Using the
expansion for ©, we can then separate the phase and amplitude contributions in the wavefunction

ug, and write as

(@-129)1/46ﬂ J? VORdoF1/2 [ ©1/\/ORdO (11.26)
RS

Uy ~
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Figure 11.1: (Color online.) WKB approximated wavefunction for [ = 10, m = 6 spherical harmonics.
The red dashed line corresponds to the WKB wavefunction described by Eq. (11.27), it blows up at
the classical boundary and values outside the boundary are set to zero. The blue dotted line is the
exact Y}, function. The solid black line corresponds to the solution we obtained by matching the
Airy function near the classical boundary with Eq. (11.27).

We recall that the solutions for Eq. (11.20) are the spin-weighted spheroidal harmonics. After
neglecting the spin index s, ug should just be the spheroidal harmonic function Si,(w,8). More

precisely speaking, S, (w,8) is a linear combination of the above two solutions

C if?  VORrdI—-1/2 [° O/ /ORdo m_—i[?  VOrdI+1/2 [°, O/ /Ordo
Slmw:4(9R51n29)1/4(6 f«/2 R / f,r/z 1/VOr +(71)l+ e fﬂ/z rdO+1/ fﬂ/z 1/VOr )7
(11.27)
where C' is some constant which can be fixed by normalization condition f StmwSin,d2 =1, or
%Cz/ 0 (=13 ©1/VBRa0 | f ©1/\EradY _ 1 (11.28)
R

According to [12], d§/+/Or = d¢ where £ is the “Mino time”, and the integral is performed in

the “classical regime” where O > 0. In addition, we have

A = 2a*wpwr(cos® §)
dé€ cos? 0 [ d€ cos? 0
= 242 fi = 2a2 B 11.29
a“WRWT fd§ a " WRWT fO ( )

As aresult, Eq. (11.28) can be rewritten in a form that is related to geometric optics and spherical

photon orbits

27_‘,02/ d§(672a2w3w1 fOE(COSQ 6—(cos? 6))de’ + 620,2wa1 fog(cos2 6—{(cos? 0))d§') -1. (1130)
one cycle
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Because black hole “rotation” breaks parity symmetry, Sj,. no longer satisfies the parity rela-
tion Sy (T — 0,7 4+ @) # (=1)'S1m0 (0, @) [ although for spherical harmonics Yy, (7 — 0,7 + ¢) =
(=13 (0, ¢) is true].

As WKB approximation breaks down near the classical boundary ©r(f1) = 0, separate treat-
ment has to be taken if we want to extend the wavefunction outside the classical regime. In Fig.
11.1, we compare the wavefunction generated by Eq. (11.27) with exact spherical harmonics (for
simplicity, we take @ = 0). The dashed red line is predicted by Eq. (11.27). It fits the exact spher-
ical harmonic function (blue dotted line) pretty well except near the classical boundary, where the
WKB approximation breaks down and the WKB wavefunction blows up. In order to take care of
the wavefunction near the classical boundary, we can expand Vy as (z — z4)V' = 0,V|p (x — z4)

a.nd lr}/ (() S()l\/e
dl‘z

The solution turns out to be an Airy function,

u ~ Airy[(2L232\/1 — 32)Y3(x — 21)) (11.32)

which can be matched with Eq. (11.27) in some buffer zone to fix its coefficient. In the end we
can just replace Eq. (11.27) with the above wavefunction near the classical boundary and obtain a
better estimate. The solid black line in Fig 11.1 is generated using this method, and it fits with Y;,,
pretty well globally. Since one can show that the boundary treatment only contributes sub-leading
WKB terms for Green function, later in the paper we will just use Eq. (11.27) to approximate the

angular wavefunction.

11.4 Matched expansions

Given the frequency and wave function of each QNM, the last quantity that needs to be computed is
the “black hole excitation factor” By, defined in Eq. (11.12). This quantity determines the weight
of each QNM’s contribution to the Green function [Cf. Eq. (11.11)]. Because the amplitude of the
wave can be expressed as the convolution between the Green function and source, this “black hole
excitation factor” also determines the weights of each QNM excitation due to a source distribution.

According to Eq. (11.12), in order to compute By, we have to obtain the frequency dependence

and C;"

of the reflection coefficients of both in-going and out-going wave solutions (i.e. C;_ lwlm").

lWimn
As we recall from WKB analysis on radial Teukolsky equations in Sec. 11.3, the scattering potential
term Q(wg,r) is approximately zero near its peak, and that is where all the WKB expansions fail.
In fact, the WKB approximation works in two separate regions: one on each side of the scattering

potential. In order to relate the boundary conditions at the horizon to those at spatial infinity we
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Figure 11.2: (Color online.) Different regimes for the radial wavefunction. WKB analysis are valid
in regime I, IT, IV and V. The scattering-peak regime is located at IL,III and IV. Regime II and IV
are the buffer zones to match near-peak and WKB solutions.

have to connect the WKB solutions on both sides of the scattering potential. This can be done by
writing down a separate solution near the peak of the potential and then, matching it separately with
WKB solutions on both sides and then fixing the reflection coefficients. This matched expansion

procedure is also illustrated in Fig 11.2.

11.4.1 Wavefunction near the peak of the scattering potential

We start the matching procedure by solving the radial Teukolsky in the potential-peak regime
(regions II, IIT & IV in Fig. 11.2). Suppose the peak is located at r = r, or r. = r.,. By definition,

we have

aQ(wRa 7')

=0. 11.
- 0 (11.33)

T:Tp
Combing with the fact that the potential term also equals zero at its peak Q(wg,7,) = 0 [12] 1, we

can Taylor-expand Q(w,r) in the potential-peak regime (assuming w = wr — iwr + €) [12],

Qw,r) = %QS(wR,rp)(r* — ) + g—g » (€ —iwr)
1 1
= 5Q6(r )’ + (04 H)VIQF (i + )
= V22 + 2NVE(—i+ =), (11.34)

wr
where Qf = 8,2.*Q|,:Tp is positive near the peak of the potential, and

2 2
rp—i—a

A

2= (k)4 (re —rip) = (O)YA4(r — 1) kK %Qg kL2 . (11.35)

Since k o L2, the rescaled radial position parameter z is proportional to v/L. Therefore for small

1Note in the geometric correspondence picture, Q@ = Q’ = 0 is the condition for a massless particle to stay on the
unstable spherical photon orbit
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but finite » — r;,, in which case the leading order Taylor expansion is accurate, the corresponding z
goes from 0 to infinity as we take the eikonal limit L — oo. In order to perform the matching, we
need to set boundary conditions for the peak-regime. This can be done by taking z — Fo00, which
is satisfied in region II and IV of Fig. 11.2.
Defining 1 = u, as the radial wavefunction, with the new set of variables defined above, the
radial Teukolsky equation can be re-written in a more compact form

2w 9 €
I

The solutions of the above equation can be expressed by parabolic cylinder functions (see the ex-

pressions below). The two independent solutions are given by

1 = Dy (2(=141)), 2 = Dy (2(1 = ), (11.37)

where 17 = ie/A and n is the overtone number. In order to satisfy the ingoing boundary condition
at the horizon, we have to pick 1)1 as the solution (see the following section). In regime IT and IV of

Fig.2, the asymptotic behavior of 15 is

. )
2n/2677,n7r/4|z|n62z /2’ Z — —00,

2n/263in7r/4‘z|n61'22/2 +77F(n+ 1)(27.r)1/28—3i7r(n+1)/42—(n+1)/2|Z|—(n+1)e—i22/27 2 — 00,
(11.38)

11.4.2 WKB wavefunctions away from the peak of the scattering poten-
tial

We must match v, with the WKB solution away from the peak of the scattering potential. Let us

recall the WKB solutions in Eq. (11.17), and single out part of the r dependence for later convenience:

1 " S
s = oyl — Tl E e (11.39)

where Sy is given by

lwpw +1/2
\/ (wg, T dr*if [% o RI_l:*J'_T/*pI:l dry, z>0,

(WRir)

So= (11.40)

Ty Ty —Q RW n
+1 f ?/Q(wr,r dr*:lzf P[é 6:2 1) m+1r/j)|} dr,, z2<0.
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The » — 7, limit of this solution should match with the z — 400 limit of ;. As discussed in
Sec. 11.3, the first integral in the above expression for Sy corresponds to the phase and the second
integral contributes to the amplitude. With the (r. — r*p)i(”“/ 2) being singled out, the amplitude
factor in Sy asymptotes zero in the r — rp limit. Taking the limit that » — 7, but keeping |z| — oo,
2 i.e, in the buffer zone II and IV, the WKB solution in Eq. (11.39) can be greatly simplified using

the rescaled radial position z:

uy = k14 (Z| e /2 (11.41)

—1/2+(n+1/2)
k1/4>

It is worth pointing out that w4 is the “out-going” solution when r > r, and the “in-going”
solution when 7 < r, (and vice versa for u_). This is because \/Q(wg,) =~ k'/*z for z > 0 and
—kY*z for z < 0. With this property, we will show that for QNMs uy will be the only surviving
solution.

For generic frequencies, in order to compute the “black hole excitation factor”, we also have to

know the asymptotic behavior of u4 in the limit r, — Foo. For later convenience we will define the

following phase factor:

—WRTp + /w(\/m— wR)dT* = Lal(ﬁva)a
TV

WRTxp + /r vV Q(wg, 7") — @R)d’/’* = Lag(ﬁ,a) . (11.42)

Here wr = wg —ma/(2Mry) is the radial frequency for QNMs approaching the horizon. The phases
aq and ag are both finite numbers, which have the physical meaning of the accumulated phase errors
at the position of the peak, if we were to extrapolate the |r.| — oo wavefunctions to the near zone.

Similarly, we can define the accumulated amplitude factor as follows:

r oQ o 2Q
N A I N 1 3%|w
/ - v lwner - dry + Nlog(rh —rsp) —wim +/ 77‘9“’| R wr| drs
Txp Q(wRu’r) Tsx = Txp 1 2 Q(wRar)
= N’Yl (ﬂ7 CI,) )
T 2Q T R
v[122, N : [129),
/ - _Ow | rRWI o d?’* + NlOg(T*p o 7,2) +wire + / 7M —wr dT'*
T2 2 Q(WR7T) Tsp = T'x —0o0 Q(WR7T‘)
= Nya(B.a). (11.43)

where 7,72 are two constants satisfying r1 > r., and 79 < 7.,. By taking the derivative of the
above expressions with respect to r1, 7o, it is straightforward to show that +; and ~» are independent

of the choices of ri,ro. We introduce extra terms N/(r. — ry,) and wy into the integrands to make

2For example, this can be achieved by requiring rx — Tap X L=Y4 In the L — oo limit, obviously we have r — 7,
and |z| — oo.
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Figure 11.3: (Color online.) Amplitude and phase factors for different a and p. Black solid lines
correspond to a = 0, they are flat because of the spherical symmetry. Red dashed lines correspond
to a = 0.4. Blue dotted lines correspond to a = 0.6. Magenta solid lines are for a = 0.9.

sure the integrals are well defined in the r — r, or |r.| — oo limit.

We explore the dependence of ay,as,71,72 on a and § in Fig. 11.3. For Schwarzschild black
holes with a = 0, the corresponding 71,2, a1, g are all constants, because Schwarzschild QNMs do
not depend on 3 or azimuthal quantum number m. As a increases towards 1, all these phase and

amplitude factors quickly gain their dependence on (.

11.4.3 Matching solutions

The next step is to match the interior and exterior solutions in the buffer zone II and IV. The

solution 1)1 of the scattering-peak regime can be written as

Cinuy z— —00,
1 = (11.44)

Binu_ + Boutu4, 2z — 00,
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by comparing it with Eq. (11.41), we can read off the coefficients Ciy, Bin, Bout,

Cin = kD Agn/2p=int/4 g — O (—1)", (11.45)

Bin = nl(n + 1)(2n)Y/2e=3mn+1)/4g=(n+1)/2p—n/4 (11.46)

For QNMs n and e are both zero. According to Eq. (11.45), Bi, is zero and u4 is the only
surviving solution, as we expected. Now we can write down the asymptotic behavior of u, near

horizon or spatial infinity:

((DR)*1/26*i@zmnm+iLa2+N’Yz7 Ty — —00,

ut = (11.47)

—1/2giwimnrs+iLon+ Ny
b

(wr) e — 400,

and similarly for ™ in the case of r, — 400 (4~ in the r, — —oo limit turns out to be not useful
in our case);

u = (WR)—1/26—21:.217,””-*—iLoa—N’Yl7 re — +00. (1148)

By comparing Eq. (11.47) and Eq. (11.48) with Eq. (11.7), Eq. (11.44) and Eq. (11.45), we can

show that
+ @Bout iL(a;—az)+N(y1—72)
C1lrnau - €
WR Cin

- WR Bin in(—a1—as)+N(=y1—vs)
ci = 1o HN (=) 11.49
Imw WR Cin € ( )

Therefore the back hole excitation factor is just given by
-1
lmw aclmw
2w Ow
W=Wimn

_ eQiL(x1+2N'yl A 2nkn/2 Z\/E (_’L)n
2Wimn T nl

~e 2iLa;+2N~y; 7MY )‘\/» \/>(_’L2\/>L)
2WR T n!
_EeziLm(_iéL)n
VL n!

Blmn =

(11.50)

with the constants B, £ given by (note wg = Lf(0,a)),

e'YlQI 9
= =2 " 11.51
oY 6= e (1151)

As we neglected the sub-leading terms in L, the error of the expression for By, scales as L"~3/2
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(relative error 1/L). For a = 0, it is straightforward to check that By, recovers the Schwarzschild
"black hole excitation factor” derived in [5]. For generic Kerr black holes, we can check our WKB
“black hole excitation factor” against the numerical value obtained using Leaver’s methods [13], and

the agreement is decent, even for a close to 1.

11.5 The Green fucntion

In this section, we will combine all previous results on QNM frequencies, wave functions and the

“black hole excitation factor” to obtain an approximate Green function in the analytical form.

11.5.1 Summation over of all QNM contributions and the singular struc-

ture

Now we are ready to evaluate the summation in Eq. (11.11) to obtain the Green function in the
eikonal limit. The spheroidal harmonic function Sj,.,(#) in the eikonal is discussed in Sec. 11.3 and
the normalized “in-going” radial function @i, (r) can be expressed by (for now we are only interested

in the case r, 7’ both outside potential barrier)
iin(r) = U(r)[p(r)]"e 00, (11.52)

with U(r), p(r) and & (r) given by

a0 =1 [ (VQGmn) -wn)dr. (11.53)

. 2Q
log(p(r)) = 7/ A3, a) [;% - 1] dr. (11.54)
U(r) = wi? Qp((:])m. (11.55)

Note that p(r) o< (re — 7p) and Q(wr,r) x k(1. — rp«)? when r — r,, so U(r) converges to a
constant when r — r,. Equation (11.11) contains the summation over n,m,l. We can first evaluate

the summation over overtone in Eq. (11.11)

0 - - _ Y
ZBlmnei Jo @1/\/®Rd9uin(r)uin(r/)e N(t—t'—r.—rl)
n

:EeiL@ozl—dl(r)—d(r'))e)\/QTe:tY(O,GI)/QU(T)U(T/)

VL
Z (_iﬁ,ylp(r)p(r/)L)ne—nA(B,a)Tej:nT(G,O’) + O(Ln—l)

X
n!

n
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B it[mm e —mmpmp)e O] ypar s #1002 (11.56)

~—=€

VL

with T =t—¢t —r, —r. and

, % 2a2wr (3, a)((cos? ) — cos? 6) o 2a2wpA(B,a)({cos? 0) — cos? )
Y(0,0") =
6.6) /7r/2 VOR - /77/2 VOR
1

ai(r) = Z/”( Qwn, 1) — wi)dr. . (11.57)

P

After dealing with the summation over overtone n, we compute the summation over m next.

Now the relevant terms are

3 emienThim(@=d) ki & VORAD iL (@1 (r)+a1 (1) —r p(r)p(r! e~ NI TEX @0
02
(ORr(0)sin? 0)1/4(OR(0") sin? 0/)1/4

« Ee)‘/zTU(r)U(r’)eiT(Q’G/)/Q

N7 (11.58)

All the terms in the first line are rapidly changing in phase, because the exponential indices
are all oc O(L). The functions in the second line also depend on m but they are slowly changing
in amplitude. In addition, we recall that 5 = m/L and we will apply the approximation that
>, — L [dB,as L>> 1. As a result, we can apply the method of steepest descent to evaluate the

summation, which basically says in the eikonal limit

. 2 .
dBe9P) ~ |- etLa(Bo) 11.59
/ T (1.5
with £y being the extrema point of g(3): ¢'(8)|5, = 0. In fact, one can view the above integral as a
simplified version of path integral, and in the classical limit L > 1, we only pick the paths near the
classical trajectory ¢’(8) = 0, where g(3) here is explicitly given by

Lg:(0) = ~wnT +m(o &) & | B + L (r) + a1 (1) — wyp(r)p( )N PDTETOI]
/ (11.60)
As argued in [5], the Schwarzschild Green function becomes singular when all terms in the sum-
mation over [ are resonant in phase. This can be translated into g(8p) = 27j where j is an integer.
On the other hand, the Green function should be singular along the null geodesic [6]. This observa-
tion gives a consistent check of our method, by examining whether g(p) = 27j gives a null geodesic

connecting points (1,60, ¢) and (', 60, ¢"). It may be helpful to first look at some special cases:

1. Suppose r = r’ = r,(8y), and we have a1(r) = a1 (r’") = p(r) = p(r’') = 0. Consequently
Lg(B8) = —wrT+S,=£Sp, and the requirement that g'(3)|5, = 0 basically means that the stationary-
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phase trajectory is the Kerr spherical photon geodesic.

2. For a = 0, i.e., Schwarzschild spacetime, Eq. (11.60) agrees with the one derived by Dolan et
al. [5]. It is actually easy to see this point: when a = 0, only m(¢ — ¢') + f;/ VORdH = Sy £ Sp
in Eq. (11.60) depends on m and its extrema are just +L+v, where « is the angle between (6, ¢)
and (0',¢') on the photon sphere and it satisfies cosy = cosfcos@ + sinfsiné’ cos(¢p — ¢’). So
g(Bo) = 2mj (Jj is an integer) reduces to Eq. (41) in [5], hence the results are consistent with each

other.

3. For arbitrary r,r’, we believe the optimal trajectory is a null geodesic connecting points
(r,0,¢) and (1,60, ¢'). But since we made an approximation when computing the black hole excita-
tion number Bi,n, Eq. (11.60) is only an approximate formula for the total phase factor and the best
way to demonstrate this point maybe through numerical investigation. Dolan et al. [5] encountered
the same problem for Schwarzschild Green’s function. They found that g(5y) = 27 in Schwarzschild
gives a slightly different prediction to the geodesic requirement but nevertheless the error is very
small. In principle we can do the same thing here and demonstrate g(5y) = 275 is also a good ap-

proximation for a geodesic in Kerr. This part of the numerical verification will be left to future work.

11.5.2 The Green function

In order to compute the Green function (not only its singular structure), we still need to evaluate
the summation in L. We will apply the trick in [5, 7] by converting the summation over L to an

integral. The QNM Green’s function under eikonal approximation is just

Goik = ReZil/z(X+(l, x,2')ei™/4eila+(Bo) 4y (1, 3,2 )e~i™/4eila-(Bo))
1
k=400

= Z (—1)SRe/ dve?™ kv (y e+ (Bo) 4y iv9-(Bo)) (11.61)
k=—o00 0
with x4 (I, z,2") given by
L 27

x+(l,z,2") =

2mVr? 4+ a2v/r? +a? \| Lg" (Bo)

| B /2T N ,EY(0,07)/2
X —e U(r)U(r)e '

C? }
(Or(0)sin® 005 (0)sin20)/4 [ 5 o 0

(11.62)

Since C' o« LY? and ©p o L?, x(I,z,2’) is independent of I and we can move it out of the
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integral in Eq. (11.61)
Geik =Re Y _ I, (11.63)
k=0

where

fOOC dy(—l)k/2 (Xieik:m/eiug, (Bo) 4 ,L'X+e—ik7rueil/g+(ﬁg)) , k even,
Iy = (11.64)
fooo d]/(*l)(kJrl)/Z (X+Z-6i(k:+1)7rueiug+(,80) + X_efi(kJrl)ﬂ'ueiug,(ﬁo)) , Lk odd.

The integral can be evaluated using the identity
o ; . )
/ dve™ati€’) — Z 4 75(q), (11.65)
0 q

where € is a positive infinitesimal running constant and the Green function is singular when the
phase factor ¢ becomes zero. Here we are only interested in the case that T' > 0 (required for the
QNM sum to converge) and the singular time T increases with increasing m. Therefore we drop the

latter terms in Eq. (11.64) and it becomes

(=1)*/2x_md[nk + g_(Bo)], k even,
Rel), = (11.66)

—ix (,1)(k+1)/2
kDo (Bo) k odd,

which recovers the four-fold singular structure similar to the Schwarzschild background case [5] and
other spacetimes [6]. In addition, it confirms our earlier argument that the Green function becomes

singular when ¢(5p) = 27j, where j is an integer.

11.6 Conclusion and future work

In this chapter, we applied a WKB method and obtained an approximate expression for the QNM
part of Kerr spacetime’s scalar Green function, which arises due waves scattering off the strong-
field-region of the Kerr black hole. An immediate next step of this work would be to compare our
analytical formula with numerical Green functions [14]. Besides the application in EMRI modeling,
we also think this Green function could be useful for electromagnetic (EM) observation from stars
near SMBHs. More specifically, if the star moves in the strong-gravity regime of the SMBH, it is
natural to expect a series of pulses to arrive at the earth at different times, as the EM signal can

orbit around the black hole a few times before propagating towards the earth. The time interval
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between these pulses can be obtained by examining the singular structure of the Green function,
or equivalently by solving the geodesics in Kerr spacetime. More importantly, the shapes of these
sequential pulses depend strongly on the non-singular part of the Green function. As a result, given
the signal from a series of pulses, one can try to decode the information about the orbit of the star
as well as the spin of the central SMBH. In the future, we plan to explore the application of the

Kerr Green function in this direction.

Acknowledgments

We thank Sam Dolan and Marc Casals for helpful discussions on the Schwarzschild Green function,
and Anil Zenginouglu on the numerical Kerr Green function. This research is funded by NSF Grants
PHY-1068881 and PHY-1005655, CAREER Grants PHY-0956189 and PHY-1055103, NASA Grant
No.NNX09AF97G, the Sherman Fairchild Foundation, the Brinson Foundation, and the David and
Barbara Groce Startup Fund at Caltech.

Bibliography
[1] D. C. Backer and R. A. Sramek, Astrophys. J. 524 805, (1999).
[2] P. B. Polnarev, A. G. Polnarev and P. Saha, Mon. Not. R. Astron. Soc., 358, 1361, (2005).
[3] X. Chen, P. Madau, A. Sesana and F. K. Liu, Astrophys. J. 697 L149, (2009).
[4] Y. Mino, M. Sasaki and T. Tanaka, Phys. Rev. D. 56 3457, (1997).
[5] S. Dolan, A. Ottewill, Phys. Rev. D. 84, 104002, 2011.
[6] M. Casals, B. C. Nolan, arXiv:1204.0407.
[7] M. Casals, S.R.Dolan, A. C. Ottewill and B. Wardell, Phys. Rev. D. 79, 124043, (2009).
[8] M. Casals, S.R.Dolan, A.C. Ottewill and B. Wardell, Phys. Rev. D. 79, 124044, (2009).
[9] S.A.Teukolsky, Phys. Rev. Lett. 29, 1114, (1972); Astrophys. J.185, 635, (1973).
[10] A. Zenginoglu, C. R. Galley, Phys. Rev. D. 86 064030, (2012).
[11] E. W. Leaver, Proc. R. Soc. A 402,285, (1985).
[12] H.Yang, D. Nichols, F. Zhang, A. Zimmerman, Y. Chen, Phys. Rev. D. 86, 104006, (2012).
[13] E. Berti and V. Cardoso, Phys. Rev. D. 74, 104020, (2006).

[14] A. Zenginouglu, private communication.



