viii

Contents

Acknowledgements iv
Abstract vii
1 Introduction 1

2 Gravitational Waves and Their Sources, Including Compact Binary Coalescences 3

2.1 Pillars of Relativity . . . . . . . . . . 3
2.2 Einstein’s Equations . . . . . . . . ... 4
2.3 Gravitational Wave Solutions . . . . . . . . .. ... L o 4
2.3.1 Linearized Gravity . . . . . . . . . . . e 5
2.3.2 Geodesic Deviation . . . . . . . .. Lo 6
2.3.3 Gravitational-Wave Polarizations . . . . . . . .. ... ... ... ... 7

2.4  Gravitational Wave Sources . . . . . . . . . . ... 9
2.4.1 Compact Binaries . . . . . . . .. 10
2.4.1.1 Compact Binary Inspiral Waveforms . . . . . . ... ... ... ... 11

2.4.1.2 Inspiral Waveform Approximants. . . . . . . ... ... ... .... 16

2.4.1.3 Inspiral Waveform Stationary Phase Approximation . . . .. .. .. 17

2.4.2 Other Types of Gravitational Waves . . . . . . . ... ... ... ... .... 17

3 Introduction to LIGO 19
3.1 History of Gravitational-Wave Detectors . . . . . . . . . . .. ... .. ... ..... 19

3.2 Design of LIGO . . . . . . . . o e 22



3.3 Dominant Noise Sources . . . .

3.4 Calibration . .. ... ... ..

3.5 Interferometer Antenna Response . . . . . . . . . . ... L oL

3.6 Networks of Detectors . . . . .

3.7 LIGO’s Past and Future . . . .

4 Astrophysics of Compact Binaries

4.1 Evidence for Neutron Stars and Black Holes . . . . . . . . . .. .. ... .. .....

4.2 Predicted Compact Binary Coalescence Rates . . . . . . .. ... ... ... ....

4.2.1 Extrapolations from Merging Binary-Neutron-Star Observations . . . . . . .

4.2.2 Population Synthesis of Field Binaries . . . . . . .. ... ... ... .....

4.2.3 Dynamical Simulations of Star Clusters . . . . .. ... .. ... ... ....

4.2.4 Extrapolations from Short-Gamma-Ray-Burst Observations . . . . . . . . ..

5 Gravitational Wave Signal Processing

5.1 The Optimal Filter . . . . . . .

5.2 The Waveform Overlap . . . .

5.2.1 Matched Filtering for Compact Binary Signals . . . .. ... .. ... ....

5.2.2 Template Bank Construction . . . . . . . .. .. . ... .. ... .......

5.2.3 Signal-Based Vetoes . .

5.2.3.1 The x?Veto Calculation . . . . . .. ... ... ... .........

5.2.3.2 The r2Veto Calculation . . . . . . . . o v v v v i i

5.2.3.3 The Effective Distance Cut . . . . . . . . . . .. .. .. ... ....

5.2.3.4 The Amplitude Consistency Check . . . . . . ... ... ... ....

5.3 Previous Detection Statistic: Effective SNR . . . . . . . . . . . .. ... ... ....

6 Data Analysis Pipeline and Tuning

6.1 Blinding the Analysis Pipeline

6.2 Simulated Waveform Injections

39

39

40

40

41

42

43

46

46

49

50

52

o4

%)

56

96

o8

59

60



6.3 Template Bank Generation . . . . . . . . . . . .. . ... ... e 66
6.4 First-Stage Single-Detector Trigger Generation . . . . ... ... ... ... .. ... 68
6.5 First-Stage Coincident Trigger Generation . . . . . . . . . . .. .. ... ... .... 71
6.5.1 Coincidence Algorithm . . . . . . . . .. ... 72
6.5.2 Background Estimation: Time Shifts . . . . . . .. ... ... ... ... .. 74
6.5.3 Coincidence Tuning . . . . . . . . . . L L e 75
6.6 Trigger to Template . . . . . . . . . L 77
6.7 Second-Stage Single-Detector Trigger Generation . . . . . . .. .. ... ... .... 77
6.7.1 Signal-Based Veto Tuning . . . . . . . . .. . ... . o 78
6.8 Second-Stage Coincident Trigger Generation . . . . . . . . .. .. ... ... ... .. 84
6.8.1 Application of Data Quality Vetoes. . . . . . . .. .. ... ... ... .. .. 84
6.8.2 Multidetector Signal-Based Veto Tuning . . . . . . .. ... ... ... .... 88
False Alarm Rate Detection Statistic 90
7.1 Definition of Trigger Categories . . . . . . . . . . . . ... o 91
7.1.1 Coincidence Types . . . . . . . .« . e 91
7.1.2 Veto Differences . . . . . . . . . . 92
7.1.3 Mass Differences . . . . . . . .. 95
7.1.4 Trigger Categories . . . . . . . . . . . 98
7.2 FAR: False Alarm Rate . . . . . . . . . .. . . .. o 98
7.3 FARc: Combined False Alarm Rate . . . . . . . . . .. ... ... ... ... . 100
7.4 Comparison of Detection Statistics . . . . . . . . . .. ... .. .. ... ....... 103
7.5 Plotting Background Trials: Lightning Bolt Plots . . . . . . . ... ... ... .... 105
7.6 False Alarm Probability . . . . . . . . . .. 107
Ranking of Detection Candidates 108
8.1 Separating Triggers by Data Quality Flag Vetoes . . . . . . . . ... ... ... ... 110

8.2 Calculate Analyzed Times . . . . . . . . . ... 113



xi

8.3 Trigger Clustering and Separation by Category . . . . . .. .. .. ... ... .... 115
8.4 FAR Calculation . . . . . . . . . . . 116
9 Rate (Upper Limit) Calculation 117
9.1 Posterior and Upper Limit Calculation . . . . . . .. .. ... ... ... .. ..... 120
9.2 Incorporating Systematic Errors . . . . . . . .. ... 121
9.3 Cumulative Luminosity and Background Probability . . . . . . ... ... ... ... 122
9.3.1 Cumulative Luminosity and its Derivative . . . . . . .. ... ... ... ... 122
9.3.2 Background Probability . . . . . ... .. oo 123

9.4 Systematic Error Calculation . . . . . ... .. ... 0 o 124
9.4.1 Monte Carlo Errors . . . . . . . . . . ... 124
9.4.2 Calibration Errors . . . . . . . ... 125
9.4.3 Waveform Errors . . . . . . . . L 126
9.4.4 Galaxy Errors. . . . . ... e 126
9.4.4.1 Distance Errors . . . . . . .. . oo 126

9.4.4.2 Magnitude Errors . . . .. ... L oo L 127

10 Results of the Search for Low Mass Compact Binary Coalescences in the First

Year of Data from LIGO’s Fifth Science Run 129
10.1 Follow-up Procedure for Coincident Triggers . . . . . . . . . ... .. ... ... ... 130
10.2 Loudest Events . . . . . . . . . . 132
10.3 Coalescence Rate Upper Limits . . . . . . . . . . . . . . . ... .. .. ..., 135
10.3.1 Upper Limits Neglecting Spin . . . . . . . .. ... .. .. .. ... 137

10.3.2 Upper Limits Including Spin . . . . . . . ... .. ... ... ... ...... 139

10.4 Summary of the Search . . . . . . . .. .o 140

11 Future Improvements for Compact Binary Coalescence Searches 141
11.1 Detection Statistic . . . . . . . . . . . L 141

11.2 Background Estimation . . . . . . . . . . . . 143



xii

11.3 Coherent Analysis . . . . . . . . . e 144
11.4 Data Cleaning and Noise Regression . . . . . . .. ... ... ... ... ....... 145
11.5 Low Latency Searches . . . . . . . . . . . .. . . 145

12 Testing Effects of a Massive Graviton 147
12.1 Effects of Massive Gravitons . . . . . . . . . . . .. ... 148
12.2 Dispersion of Gravitational Waves . . . . . . .. .. ... . 0oL 148
12.3 Dispersion of Compact Binary Coalescence Gravitational Waveforms . . . . . . . . . 151
12.4 Recovery of Dispersed Compact Binary Coalescence Gravitational Waveforms . . . . 153
12.5 Using the Dispersion of Gravitational Waves to Bound the Mass of the Graviton . . 154
12.6 Beyond the Fischer Matrix Approach . . . . . . . .. . ... .. ... ... ... 162
12.7 Other Bounds on the Graviton’s Mass . . . . . . . . ... ... ... ... ...... 162

13 Toward Understanding Black Hole Merger Dynamics 164
13.1 The Landau-Lifshitz Formalism in Brief . . . . . ... ... ... ... . ...... 167
13.2 Momentum Conservation for a Fully Nonlinear Compact Binary . . . . . ... . .. 169
13.3 Post-Newtonian Momentum Flow in Generic Compact Binaries . . . . . . . . . . .. 171
13.3.1 Field Momentum Outside the Bodies . . . . . . .. .. ... ... ... .... 171

13.3.1.1 Field Momentum Specialized to the Extreme-Kick Configuration . . 175
13.3.2 Centers of Mass and Equation of Motion for the Binary’s Compact Bodies . . 175

13.3.2.1 Equations of Motion Specialized to the Extreme-Kick Configuration 179

13.3.3 The Momenta of the Binary’s Bodies . . . . . . .. ... ... ... ...... 180
13.3.3.1 The Momentum of a Star . . . . . . .. .. ... .. ... ... ... 180

13.3.3.2 The Momentum of a Black Hole . . . . . ... ... ... ...... 182

13.4 Momentum Conservation . . . . . . . . . . . . 186
13.4.1 Momentum Conservation for Extreme-Kick Configuration . . . . .. ... .. 186

13.5 Summary . . . ..o e e 188

Bibliography 189



