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Call to me
And I will answer you

And tell you great and unsearchable things you do not know

— Jeremiah 33:3



Abstract

The direct detection of gravitational waves has transformed our view of the Universe, el-
evating them from a confirmation of General Relativity to a tool for precision astrophysics
and cosmology. Unlike electromagnetic radiation, which is subject to absorption, scatter-
ing, and extinction by baryonic matter, gravitational waves propagate through the Universe
largely unimpeded, carrying relatively clean information about both their sources and the

intervening gravitational structures.

Gravitational lensing, another prediction of General Relativity, naturally arises along such
propagation paths. Acting as a cosmic telescope, it magnifies distant signals while encod-
ing the lens properties into the observed waveform. This phenomenon has long been ex-
ploited in electromagnetic observations to probe dark matter, the expansion history of the
Universe, and the population properties of compact objects. When applied to gravitational
waves, lensing provides a complementary probe of these same questions, with sensitivity

to regimes that remain inaccessible to light-based observations.

In this thesis, I investigate both the detection of gravitationally lensed gravitational waves
and their scientific applications. Current searches focus on two regimes: strong lensing, in
which massive structures such as galaxies or clusters produce multiple images with time
delays ranging from minutes to years, and microlensing, induced by smaller-scale struc-
tures such as stars, compact remnants, or dark matter subhalos, which imprint frequency-
dependent interference patterns due to the wave nature of gravitational waves. Up to the
third observing run of the LIGO-Virgo—KAGRA Collaboration, no compelling evidence for
gravitational-wave lensing has been reported. I present results from a search for isolated
point-mass microlensing in the first part of the fourth observing run, highlighting an in-
teresting candidate event, GW231123_135430.

I then transition to a more astrophysically realistic lensing scenario. While an isolated
point-mass lens provides a useful approximation for the effect of an individual microlens,
microlensing is expected to occur within more complex lens environments, where compact
objects can be embedded in a larger-scale gravitational potential. I therefore extend the
search to scenarios involving combined strong lensing and microlensing. The complex and
highly degenerate nature of such signals poses a challenge for existing model-dependent
pipelines. To address this, a model-independent search framework based on residual tests
is developed, enabling rapid identification of candidate events, several orders of magnitude
faster than fully model-dependent analyses, while remaining sensitive to a broad range of

lensing-induced deviations from unlensed waveforms.
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Once detected, gravitationally lensed gravitational waves offer powerful applications in
cosmology. One of the central challenges in modern cosmology is the Hubble tension, the
discrepancy between measurements of the Hubble constant inferred from the early Uni-
verse and those obtained from local distance indicators. Gravitational waves provide an
independent way to measure cosmic distances through their amplitude, without relying on
the traditional distance ladder. In the presence of strong lensing, this capability is further
enhanced: combining multiple lensed images with an accurate reconstruction of the lens
mass distribution significantly improves the precision of luminosity distance estimates, of-

fering a promising avenue to alleviate this tension.

In addition to cosmological applications, gravitational-wave lensing provides a direct means
to probe the population of compact objects and the small-scale structure of matter. Because
gravitational waves are insensitive to baryonic effects such as dust extinction, lensing signa-
tures reflect the underlying gravitational field alone, enabling a mapping of the otherwise
invisible components of the Universe. Such measurements constrain the abundance and
mass function of intermediate-mass black holes, primordial black holes, and dark matter
subhalos, thereby providing insights into both compact-object formation channels and the
small-scale structure of dark matter, which are difficult to access through electromagnetic

observations only.

As we look toward the next decade of gravitational-wave astronomy—with the continued
operation of the LVK network and the anticipation of next-generation detectors and space-
based detectors—the detection of a definitively lensed GW event is no longer a matter of
if but when. This work establishes the essential methodologies required to both identify
such events and fully exploit their scientific potential, paving the way toward precision

cosmology and a deeper understanding of the dark Universe.

iv



Contents

Abstract

List of Tables

List of Figures

Acknowledgements

Declaration

Abbreviations

I

1

2

THEORETICAL AND METHODOLOGICAL FRAMEWORK

Gravitational Waves: From Source to Detection

1.1  Gravitational Radiation in Linearised GR

1.1.1
1.1.2
1.1.3
1.1.4

1.2.1
1.2.2

1.3 Detection Principles

1.3.1
1.3.2

Einstein Field Equation . . . . . .. ... ... ... ... ..
The Linearised Field Equation . . . . . ... ... ......
Generationof GWs . . . . . ... ... ... ...
GW Propagation . . ... .. ... ... ... L.
1.2 GW Source
Compact Binary Coalescences . . . . . . ... ... .....

Othersources . . . . . . . . . . . o i

Laser Interferometry . . . . .. ... ... ... .......

Signal Processing . . . . . ... ... ... L.

Gravitational Lensing of Astrophysical Signals

2.1 General Lensing Theory

2.1.1
2.1.2
2.13
2.14

2.2 Lens Model

LensEquation . . . . . .. ... ... ... ... ... .
Multiple Images and Magnification . . . . . ... ... ...
Time Delay Surface and Image Type . ... .........
Lensing Probability . . . . ... ... ... ... ... ....

iii

xii

Xix

xxi

xxii

0 N b~ W

10

11
13
15
15
19

25
27
30
31
34
35
36



2.3

2.4

2.5

221 PointMass. . . . ... . e
2.2.2  Singular Isothermal Sphere . . . ... ... ... ... .......
2.2.3  Navarro-Frenk-White Profile . . . ... ... . ... ... .....
2.24  Singular Isothermal Ellipsoid . . . ... ... ... .........
2.2.5 Singular Power-law Elliptical Mass Distribution . . . . . . ... ..
2.2.6  Pseudo-elliptical Navarro-Frenk-White Profile . . . . . .. ... ..
2.2.7 Beyond the Fiducial Lens Models . . . . ... ... .........
Lensing of Electromagnetic Waves . . . . . .. ... ... ..........
23.1 ExtendedSources . . ... ... ... ... ... . 0 L.
232 TransientSources . . . . . . ... ... ...
Lensing of Gravitational Waves . . . ... ... .. ... ..........
24.1 GW in Weak Gravitational Field . . . . . .. ... ... ... ....
24.2 Amplification Factor . . . .. ... ... .. Lo o L
Comparisons between EM and GW Lensing . . . . . ... ... ......

Gravitational-Wave Cosmology

31

3.2

The Cosmographic Distance-Redshift Relation . . . . ... ... ... ...
3.1.1 Friedmann-Lemaitre-Robertson-Walker Model . .. ... ... ..
3.1.2 Luminosity Distance . . . .. ... .. .. ... ... ... ...
3.1.3 Hubble-Lemaitre Law . . . . ... ... ... ............
3.1.4 The ACDM Framework and Hubble Tension . . . . . ... ... ..
GWs as Probes of Cosmic ExpansionRate . . . . ... ... ... ......
3.2.1 Standard Sirens . . . . .. ...

3.2.2 Uncertaintiesand Biases . . . . . . . . . . ... o

Bayesian Inference in Gravitational-Wave Astronomy

4.1

4.2

4.3

4.4

Fundamentals of Bayesian Statistics . . . . ... ... ... .........
41.1 Bayes’Theorem . . . . . . . . . ...ttt
41.2 Hypothesis Testing . . . . . ... ... ... ... ... ....
Stochastic Sampling . . . . . ... ... ... L o
4.2.1 Markov Chain MonteCarlo . . . ... ... .............
42.2 NestedSampling . ... ... ... ... ... ..
Analysis of GWsfromBBHs . . . . . ... ... .. ... .. ... .. ...
43.1 Standard 15 BBH Parameters and Waveform Models . . . . .. ..
43.2  Advanced Morphological Features . .. ... ... .........
43.3 Marginalisation of Nuisance Parameters . . . . ... ... ... ..
4.3.4 Parameter Estimation ofaBBHEvent . . ... ... ........
Hierarchical Bayesian Analysis . . . . . . ... ... ... ..........
441 BasicFramework . ... ... ... ... 000

442 Parametric Models of BBH Populations and Cosmology . . . . ..

vi

61
62
63
67
69
70
71
72
73

76
77
77
79
81
81
83
86
86
90
92
94
97
97
99



II SEARCHING FOR LENSED GRAVITATIONAL-WAVE SIGNALS 102

5 Basic Lensing Search Techniques 104
5.1 Single Distorted Lensed Signals . . . . . ... ... ... .......... 105
51.1 Wave-opticsRegime . . . . ... ... ... ... . ... ... 105

5.1.2  Geometrical-optics Regime . . . . .. ... ... ... ....... 108

5.2 Multiple Repeated Lensed Signals . . . . ... ... ... .......... 110
5.2.1 Joint Parameter Estimation . . .. . ... ... ... ........ 110

5.2.2  Strong Lensing with Substructures . . . . ... ... ... ... .. 112

6 Search for Microlensing Signatures in O4a BBHs 116
6.1 AnalysisSetup . . . . . . . ... 117

6.2 Point-Mass Microlensing Search . . . . . . ... ... ... L. 118

6.3 GW231123: The Most Lensing-Favoured Event . . . . ... ... ... ... 120
6.3.1 Inferred Lens Properties . . . . ... ... ... ... ........ 120

6.3.2 Inferred Source Properties . . . . . ... ... ... ... ... ... 122

6.3.3  Single-Detector Analysis and Consistency Checks . . ... .. .. 125

6.4 Conclusion . . . . .. ... 127

7 Residual Test to Search for Microlensing Signatures in Strongly Lensed Gravitational-

Wave Signals 130

7.1 Methodology . . . . . . . . . 131
7.1.1  Amplification Factors for Microlensing Fields within a Macrolens . 131

7.1.2  Mock Data Generation and Joint Parameter Estimation . . . . . . . 132

713 Residual Test . . . ... ... ... ... ... ... ... ... .. 134

7.2 Results . . . . e 137
7.2.1  Analysis using Realistic Population-based Events . . . . .. .. .. 137

7.2.2  Analysis using High-mismatch Events . . . . . ... ... ... .. 141

7.2.3  Effect of the Time Windowon A . . ... ... ... ........ 142

73 Conclusion . . . . ... 143

III' CosMOLOGICAL AND POPULATION INFERENCE 147
8 Lens Reconstruction for Delensing 149
8.1 Analytic Delensing with PM and SISModels . . . ... ... ........ 150
8.1.1  Effective Luminosity Distance . . . . . . ... ... ... ...... 150

8.1.2  Parameter Estimation Framework . . . . . .. ... ... ... ... 151

813 Results. ... ... ... ... ... 153

8.2 Beyond Simple Lens Models: Numerical Reconstruction . . . . . . ... .. 155
82.1 AnalysisSetup . . ..... ... ... o 156

vii



8.2.2  Lensing Observable Catalogue and Rejection sampling . . . . . . .
8.2.3 Axially Symmetric Lenses . . . . .. ... ... ... ... ...
8.24 Non-Axially Symmetric Lenses . . . .. ... ... .........
8.2.5 Non-Axially Symmetric Lenses with EM Observation . . . . . . ..

8.3 Conclusion . . . . . . . .

9 The Impact of Strong Lensing on /{, Measurements with Gravitational-Wave
Dark Sirens

9.1 MockData . ... ...

9.1.1 Galaxycatalogue . . . ... ... ... ...

9.1.2 DarkSirens . .. ... ... ... e

9.2 Hjy Measurement with a Strongly Lensed Dark Siren . . . . . .. ... ...

921 Method . ... ... . ..

922 Results. . ... ... . ...

9.3 Hy Measurement with Multiple Strongly Lensed Dark Sirens . . . . . . ..

93.1 Method . .. ... .. . . ...

932 Results ... ... ... . ...

9.4 Challenges in Measurement due to Lensing Bias . . . . ... ... ... ..

9.4.1 Systematic Bias in Lens Reconstruction. . . . . . ... ... . ...

9.4.2  Selection Bias in Lensing Identification . . . . . ... ... ... ..

9.5 Conclusion . . . . . . . .

10 Gravitational-Wave Microlensing as a Probe of Compact Object Populations
10.1 Methodology . . . . . . . . . . .
10.1.1 Mock Microlensed GW Signals . . . . . ... ... ... ......
10.1.2 Hierarchical Bayesian Inference of Hyperparameters . . . . . . . .
10.2 Results . . . . ... e
10.2.1 Inference of the Compact-Lens Distribution . . . . ... ... ...
10.2.2 Constraining the Microlens Fraction in Dark Matter . . . ... ..

10.3 Conclusion . . . . . . . . . e

IV CoNcLUSIONS

11 Executive Summary and Future Prospects
11.1 Toward Realistic Searches for GW Lensing . . . . .. ... ... ... ...
11.2 Strong- and Micro- Lensing: Inferenceson Hpand fpp . . . . . . . . . ..

11.3 Challenges and Future Directions in GW Lensing . . . . .. ... ... ..

Appendix
A Posteriors of the Hubble Constant . . . . . . . . . ... ... ... .....

viil

168



Al
A2

Bibliography

Selection Effect Associated with Lensed Gravitational Waves

Line-of-sight Redshift Prior

ix



List of Tables

2.1 Classification of lensed images based on the local topology of the time-delay
surface. The physical properties of each image type are strictly determined by

the eigenvalues, determinant (det .A), and trace (tr.A) of the Hessian matrix. . . 35

4.1 Summary of the 15 parameters of a quasi-circular BBH. The parameters are
divided into intrinsic properties, which determine the binary’s physical prop-
erties and waveform, and extrinsic properties, which describe its orientation
and howitisobserved. . . .. ... ... ... .. o 87
4.2 Injected source parameters and prior ranges. The notation U|min, max| indic-

ates a uniform prior bounded by the provided minimum and maximum values. ~ 95

5.1 Network SNR, injected lens PM parameters, and log,, Bayes factors for the

three mock microlensed signals. . . . .. ... ... ... ... ... ... .. 106

6.1 Bayes factors and inferred point-mass lensing parameters for GW231123 across
different waveformmodels. . . . . ... ... Lo o Lo L 120
6.2 KS statistics and JS divergence (in nats) computed between the chirp mass and
spin magnitude posteriors inferred from individual-detector analyses under the

unlensed and lensed hypotheses, using the NRSur waveform model . . . . . . 125

7.1 The assumptions for component masses, macrolens, and microlens parameters
adopted to simulate lensed GW signals. . . . . . ... ... ... ... ... .. 133
7.2 Summary of the results of residual test depicted in Figures 7.2 and 7.4. Nioal,
N, and Ry, denote the total number of events satisfying the specified con-
dition, the number of events discerned as a microlensed signal, and the ratio
between the twonumbers. . . . ... ... ... ... ... .. . 142
7.3  The same configuration as in Table 7.2, but showing the ratio of events identified

as microlensed to the total number of events. . . . .. . . ... ... ... .. 145

8.1 Injection parameters and SNR values of three BBHs similar to GW200208_222617,
GW200216_220804, and GW200219_094415. . . . . . . . . . . ot 151

8.2 The Wyy and Rgg values that are obtained from GW200208_222617-, GW200216_220804-
, and GW200219_094415-like BBHs. Results from Cases A and B are compared

foreachinjection. . . . . . . .. ... . 156



8.3

8.4

8.5

9.1

9.2

9.3

9.4

Al

Injected 6; values used to simulate the nine GW lensing systems considered in
this section. . . . . . . . . ..
Priors on the main source parameters, including component masses (11, ms),
luminosity distance (dy.), and sky location (RA, DEC), as well as lensing observ-
ables (11, At) employed in this work. A broader prior on dy, ([0.1, 10] Gpc) is
adopted for NFW and PNFW systems to account for injected effective distances,
A > BGPC. . .
Quantitative evaluation of the improvement in lens parameter recovery from
additional constraints, such as multiple GW images and indicative EM obser-

VatIoNS. . . . . . o o e e e e e e e e

Assumed probability distributions for component masses (111, ms) of the source
of dark sirens and the main lens parameters, including the axis-ratio (¢) and the
velocity dispersion (0,), and dimensionless impact parameter (y), employed in
simulating strongly lensed GW signals. . . . ... ... ... .. ... .....
The mean SNR values (pyean), 90 % credible sky area (A€2yy ), numbers of galax-
ies within these area (/Vg_¢), and reduced numbers of galaxies whose properties
are consistent with those inferred from the lensed GW signals for each system
(NGG) o o e e
Relative uncertainties and the corresponding Hubble constant posteriors, along
with their 90 % C.I., inferred using spectroscopic redshifts for the double- and
quadruple-image lensing systems. . . . . .. ... ... oL
Median values and 90 % C.Ls of recovered H posteriors and their relative C.L

values (0, ) for each cataloguecase. . . . . .. ... ... ... ... ... ..

Information availability for the six possibilities determined by the observational
accessibility of the lens galaxy and the lensed source-galaxy images. G denotes
the case in which all lensed images are included in the catalogue, G’ denotes
the case in which none of the images are included, and G’ denotes the case in
which only a subset of the images is included. Similarly, LG and LG indicate
whether the lens galaxy is present in or absent from the catalogue, respectively.
A checkmark (v') and a cross (X) indicate that the corresponding quantity is
observationally accessible or not, respectively. For the (G’, LG) case, if two or
three images of a quadruple-image system are observed, the system is identified
as lensed and delensing is partially possible, though limited. The accuracy of
the delensing depends on the number of accessible observables. The numbers
in parentheses denote the relative error ranges of the recovered magnification
factors. Conversely, if only one image of a double-image system is observed,
the system would not be included in the galaxy-galaxy lensing catalogue, as it
may be interpreted as a weak lensing system or a special configuration of an

unlensed galaxy. In this case, delensing is not possible. . . . . ... ... ...

pel

157

157

166

173

176

180

187



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

2.1

2.2

2.3

Illustration of the parallel transport of a vector along a closed path (P, — P, —
P; — P)onacurvedsurface. . . ... ... ... ... ... ... .. ... .
lustration of the two GW polarisations (h., hy), showing the deformation of
a ring of freely falling test particles over one wave period (7). . . .. ... ..
In-spiral, merger, and ringdown phases of a compact binary coalescence. Each
phase is described by a different theoretical framework: post-Newtonian theory
for the in-spiral, numerical relativity for the merger, and black hole perturba-
tion theory for the ringdown. Adapted from [29]. . . ... ... ... .....
[lustration of the amplitude patterns, for a single detector, the LIGO-Virgo
network, and the LIGO-Virgo-KAGRA network. The colour bar indicates the
direction-dependent sensitivity, i.e., R(«, d). Figure is from [65]. . . . . . . ..
Simplified optical layout of the LIGO detectors during the fourth observing run,
showing the squeezed-light injection, main interferometer, and output signal
path. The main interferometer is a dual-recycled Michelson interferometer with
Fabry-Pérot arm cavities. Figure is from [68].. . . . . . . ... ... ... ...
Sensitivity curves (noise ASD) of the LIGO Hanford detector during the first to
third observing runs (O1-03), together with the design sensitivity of Advanced
LIGO and the projected A+ upgrade. Figure is from [68]. . . .. ... ... ..

11

12

17

18

21

Representative gravitational lensing of background galaxies. Figure credit: ESA/Webb,

NASA & CSA, H. Atek, and M. Zamani. . . . . . . . . . v v v v i v ..
Schematic of the gravitational lensing system. ¢ is the distance between lens
and image positions, the so-called impact parameter, and 7 is the source posi-
tion from the line of sight. D} and Dg are the angular diameter distances from
the observer to the lens plane and the source, respectively, and their difference
is Dpg. Adapted from [104]. . . . . . . . ... L
Example of critical curves and caustics in the image and source planes, respect-
ively. When a source crosses a caustic, multiple images are produced; near the

caustic, the images are highly magnified and distorted. Adapted from [108]. . .

xii

25

33



2.4

2.5
2.6

2.7

2.8

2.9
2.10

2.11

3.1

3.2

3.3

4.1

A critical line (solid black line) of a PM lens in units of normalised image and
source positions. Stars and dots represent the sources and images, respectively,
with each set of images and its corresponding source distinguished by colour.
The numbers next to the images indicate their order of arrival. . . . ... ...
Same configuration as in Figure 2.4, but foran SISlens. . . . .. ... ... ..
Same configuration as in Figure 2.4, but for an NFW lens (x; = 0.167). Unlike
the PM and SIS models, which lack radial caustics, the NFW profile exhibits
both tangential and radial caustics, and therefore two corresponding critical
curves. The radial caustic is depicted by the solid gray line. . . . .. ... ...
Same configuration as in Figure 2.6, but for an SIE lens (¢ = 0.63). Introducing
ellipticity breaks the spherical symmetry of the SIS model, leading to an ellipt-
ical radial pseudo-caustic (cut). Note that no true radial caustic is formed due

to the central singularity of this model. The cut is depicted by the dashed gray

Same configuration as in Figure 2.7, but for two SPEMD lenses with the same
axis ratio (¢ = 0.58) and different power-law slopes: 7 = 1.5 (steep) and v =
0.75 (shallow). . . . . . . . e

38
40

42

45

Same configuration as in Figure 2.7, but for a PNFW lens (¢ = 0.82, k; = 0.167). 46

Left panel: Same source positions and lens parameters as the SIE lens shown in
Figure 2.7, with a core radius of x. = 0.1 introduced, resulting in an NIE lens.
Right panel: The same NIE lens as in the left panel, with an additional external
shear field (71,72) = (0.2,0.3). . . . . .
Unlensed waveform from a BBH event, shown as a reference, together with
microlensed waveforms in the cases of mild (red, left panel) and strong (orange,

right panel) microlensing. . . . . .. ... ... ... .. o

Constraints on the Hubble constant (Hy) from CMB, local distance-ladder meas-
urements, and GW observations, highlighting the Hubble tension and the po-
tential of future GW observations to resolve it. Figure is from [183]. . . . . . .
Hubble diagram constructed from supernovae over a range of redshifts. The
distance modulus is defined as ;1 = 5log,, (dy./pc) — 5. The colour bar indicates
the probability that a supernova is of Type Ia. Adapted from [191]. . .. ...
Probability density distributions of Hj inferred from various standard-siren
methods and their combination with the GWTC-4.0 catalogue data. Figure is
from [202]. . . . . e

[lustration of partitioning the multi-dimensional parameter space into nested
subsets based on L;. The left panel shows the progressive reduction of the prior
mass (X;) as A increases, while the right panel depicts the corresponding iso-

likelihood contours in the parameter space. Adapted from [262]. . . ... ...

xiii

74



4.2

4.3

4.4

4.5

4.6

5.1

5.2

53

6.1

6.2

6.3

6.4

Cartoon illustration of a BBH system. The component masses, spins, luminosity
distance, and inclination angle are indicated. . . . . ... ... ... ... ... 87
Waveform comparison between the time-domain /. strains from a non-precessing
BBH and a highly precessing BBH (), > 0.85), with all other source parameters
keptidentical. . . . . . ... L 91
Waveform comparison between the frequency-domain £ strains from a quasi-
circular BBH and a mildly eccentric BBH (e = 0.15), with all other source para-
meters keptidentical. . . . ... ... o oo oo oL 92
Time-domain GW waveforms including all modes, only the dominant (2, 2)
mode, and selected sub-dominant modes (2, 1), (3,2), (3,3), and (4,4) for a

BBH with ¢ = 0.3 and + ~ 70°. The x-axis denotes the time relative to the
merger time of the (2,2) mode. The mismatch between the dominant (2, 2)-

only waveform and the full waveform is clearly visible. . . ... ... ... .. 93
Corner plot showing the posterior distributions of a representative subset of

BBH parameters inferred from the simulated event. Only the most relevant in-
trinsic and extrinsic parameters are shown for clarity. Orange dashed lines and
markers indicate the injected values, while the navy dashed lines denote the

90% C.L. . o e 96

Corner plots showing the posterior distributions of M} and y for the (a) strong,
(b) moderate, and (c) weak microlensing cases. . . . . . ... ... ... .... 107
A complex lensing system in which a BBH signal is strongly lensed into mul-
tiple macroimages by a galaxy-scale macrolens, with additional microlensing
effects arising from stellar fields or compact objects embedded within the mac-
rolens.. . ... 113
An example of amplification factors for an isolated PM lens and for the same PM
perturber embedded in Type I and Type Il macroimages produced by a common

macrolens galaxy. Figure is from [318]. . . ... ... ... ... ... ..... 114

Histogram of log, , B¥°? for O4a BBH events and background injections. GW231123

is clearly separated from the background distribution. . . . . .. ... ... .. 118
Posterior distributions of the redshifted lens mass and dimensionless impact
parameter inferred from point-mass lensing analyses using the XPHM-ST (green),
NRSuUR (orange), and XO4A (purple) waveform models. . . . .. ... ... .. 121
Comparison of the detector-frame chirp mass posteriors and mass-ratio under

the PM microlensing (solid line) and unlensed (dashed line) hypotheses using
XPHM-ST, NRSUR, and XO4A waveform models. . . . .. .. ... ... ... 122
Comparison of the posterior distributions of the source-frame component masses

for GW231123 inferred with the NRSur model under the unlensed (orange) and
point-mass microlensing (sky blue) hypotheses. . . . . . ... ... ... ... 123

Xiv



6.5

6.6

6.7

7.1

7.2

7.3

7.4

7.5

Comparison of the posterior distributions of the dimensionless spin magnitudes

for GW231123 inferred with the NRSur model under the unlensed (orange) and
point-mass microlensing (sky blue) hypotheses. . . . . ... ... ... .... 124
Comparison between the c(WB reconstruction (magenta) and the 90 % credible
waveforms inferred under the lensed (sky blue) and unlensed hypotheses (or-
ange). The time represents the time relative to 2023 November 23 at 13:54:30.619

UTC. . e 127
Distribution of the mismatch between the cWB reconstruction and the recovered
lensed (sky blue) and unlensed (orange) waveforms for GW231123 within the

90 % C.I.. The vertical dashed lines indicate the mismatch values between the

cWB reconstruction and the mean unlensed and mean lensed waveforms, re-

spectively. . . . .o 128

Time domain strains of raw data (grey solid lines), injected waveforms (purple
solid lines), and residuals (red solid lines) for a representative BBH event in the
LIGO-Hanford detector, assuming Hg;, and H)s, in the top and bottom panel,
respectively. We assume the same BBH and macrolens parameters for the two
injected waveforms. . . . . ... ..o 136
Left panel: The A distributions and their corresponding Gaussian KDEs for each
of 200 N (blue), s (black), and r\y g, (red) samples obtained using the O4 sens-
itivity. sy and rysp have the same underlying noise strain. Right panel: The
results obtained by employing the O5 sensitivity. . ... .. ... ... .... 138
Scatter plots showing the correlation between Ay, and AA for (a) O4 and
(b) O5 sensitivities, colour-coded based on max(|dh|) and mismatch, denoting
the maximum strain of the pure residual and mismatch between hgs; and hys
computed by averaging the values obtained from aLIGO-Hanford and aLIGO-
Livingston, respectively. . . . . ... ... ... L L o L 140
The same configuration as Figure 7.2, but now showing A distributions for real-
istic population-based microlensed events (red), events with MM > 0.03 (cyan),
and events with MM > 0.1 (purple). . . . . . .. ... .. .. ... .. ... 141
ROC curves for the residual test constructed by comparing each of the three
event groups—Ay,, , values of events drawn from a realistic population (red),
events with MM > 0.03 (cyan), and events with MM > 0.1 (purple)—against
the background distribution given by the Ay, values shown in Figure 7.2 (Left:
04 sensitivity, Right: O5 sensitivity). The corresponding AUC values have also

been estimated. . . . . . . ... 143

XV



7.6

8.1

8.2

8.3

8.4
8.5

8.6

8.7
8.8

8.9

Ay, distributions obtained using various time windows determined by a con-
stant o and mismatch conditions (Left: O4 sensitivity, Right: O5 sensitivity).
Coloured segments in the distributions represent microlensed events with Ay,
falling within the range identified as microlensed, whereas grey segments in-

dicate microlensed events misclassified as unmicrolensed. . . . . .. .. ... 144

Flowchart of parameter estimation for an unlensed signal and its corresponding
strongly lensed pair constructed from it. The posterior of df- is first inferred

from the unlensed signal. The posteriors of d; " for the two lensed signals are

then obtained via joint parameter estimation and retrieval. Finally, the inferred
distance posteriors are compared to assess the precision of the posterior on the

true luminosity distance. . . . . ... ... o oo Lo L oL 152
Posteriors of dy, 4 and e obtained from JPEs of a pair of signals from GW200208_222617
lensed by SIS (orange) and PM (blue) models. Black dotted and dashed lines in-

dicate the injected values of dj, , for the SIS and PM cases, respectively. The in-

SIS~

jected values of ju, are nearly identical for the two lens models (23! ~ 55 ~

0.818); therefore, only a single vertical line is shown for e, . . . . . . . . .. 153
Posteriors of the recovered true luminosity distance (d; ) of the GW200208_222617-
like event for the PM (blue) and SIS (orange) cases. For comparison, the distance
posterior obtained from the corresponding unlensed signal, p(d{") (grey), is

also shown. The left and right panels correspond to the results from Cases A

and B, respectively. The black solid line indicates the true value. Coloured ver-

tical dashed lines denote the lower and upper bounds of the 99 % C.I for each
posterior distribution in the corresponding colour. . . . . ... ... ... .. 155
[lustration of rejection sampling. . . . . . . ... ... ... ... ....... 159
Posteriors of 8; and redshifted lens mass M} for System IDs 1 and 2. The col-
oured distributions are obtained using the rejection sampling technique, while

the grey distributions are derived analytically from i, posteriors using Egs. (2.36)

and (244). . . 160
Corner plot showing the posteriors of the lens parameters 8, = (y, ks) and
redshifted lens mass M} for SystemID3. . . ... ... ... .......... 161

Corner plots showing the posteriors of 8; and M} for System IDs 4, 6, and 8. . 162
Same configurations as in Figure 8.7, but showing the posteriors of 8; and M}
for System IDs 5,7,and 9. . . . ... ... oo 164
Same configurations as in Figure 8.8, but with the assumption that quadruple
(quintuple) image systems are detected with the additional EM observations
and thereby, axis ratios and image positions are confined with + 5% and 0.1°

EITOr TANEES. . . ¢ v v v v e v v e e e et e e e e e e e e e e e 165

XV1



9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

The redshift distributions of galaxies in the unlensed catalogue (UGCO; red), and
of background galaxies in double-image (blue) and quadruple-image (green)
systems in the lensed catalogue (LGCO0). . . ... ... ... ... .......
Sky localisation maps for the selected double- and quadruple-image systems.
The star symbols mark the true sky positions of the corresponding GW lensing
Systems. . . . ... L e e
Distributions of the median relative magnification factors and time delays ob-
tained from EM observations for the source-lens galaxy systems within the
localised sky area of each double-image case. In the inner box, the error bars of
treipm and Atgyareshown. ... oL oL oL Lo Lo
Posteriors of the apparent (orange) and retrieved true (green) luminosity dis-
tances for each case, along with the recovered magnification factor (blue), y1,
for the first-arriving lensed GW signal obtained via rejection sampling. . . . .
The posteriors of the Hubble constant for the four representative lensing sys-
tems. . . ... e
Scatter plots showing the distributions of pyean and z for all detected doubly-
(circle markers) and quadruply-lensed (diamond markers) GW systems in our
sample pool, colour-coded by dpy,. . . . . . ..o oo
Posteriors of Hj for the four analysis scenarios. The left panels use complete
galaxy catalogues (UGCO and LGCO0), while the right panels incorporate cata-
logue incompleteness (UGC1 and LGC1). . . .. ... ... ... ........
Hj posteriors obtained from multiple simulated GW signals sharing the same
doubly lensed lensing configuration with a true SIE density profile. The BBH
component masses and noise realisations are varied while keeping the lens
parameters and the other source parameters fixed. The dashed red lines indic-
ate the true value of H,. The top, middle, and bottom panels correspond to the
cases of no delensing, SIS delensing, and delensing with the correct SIE model,
respectively. . . . . ..
Biased H posteriors obtained when a subset of signals is misclassified in a pop-
ulation where the majority are correctly identified. The top and bottom panels
show biases arising from classifying unlensed signals as lensed and lensed sig-
nals as unlensed, respectively. The dashed black lines denote the true value of
H,, while the correctly inferred posterior from Figure 9.7 is shown for refer-
ence. As the number of misclassified events increases (N}g?} in the left panel
and Ng}ir in the right panel), the inferred posteriors progressively shift away

fromthe truevalue. . . . . . . . . .

xVvil

171

176

177

178

179

180

186

188



10.1

10.2

10.3

10.4

Distributions of log Ax? between microlensed and corresponding unlensed wave-
forms for signals satisfying the network detection threshold p,et > 8, shown as

a function of M, and the redshift ratio z;/z,. The colour scale represents y. The

red line indicates the adopted distinguishability criterion. . . . . . . .. .. .. 197
Corner plots showing the posteriors of an, and log, , 7y inferred from the Ny ger =
50, 100, and 132 cases for the two fiducial scenarios ayy = 1 (left panel) and

ayr = 2 (right panel). The black dotted lines denote the corresponding true
values. . . .. 201
Posteriors of fpy inferred for the apy = 1 (left panel) and apyp = 2 (right
panel) scenarios using catalogues with Ny 4e¢ = 50, 100, and 132 detected
microlensing events.The black dotted lines denote the corresponding true values. 203
The differential fraction of DM, %2 for the ayy = 1 (left panel) and oy, =

’ dloglO Ml ’
2 (right panel) scenarios using catalogues with Ny ¢t = 50, 100, and 132 de-

tected microlensing events. The black dashed lines denote the corresponding

true spectra. The solid coloured lines denote the median recovered spectra. . . 204

XViil



Acknowledgements

This thesis could not have been completed without faith, hope, and love.I am deeply grateful
for the opportunity to have carried out the research contained within these pages. First and
foremost, I offer my praise and gratitude to Almighty God, who granted me the strength to
persevere and surrounded me with love and wonderful people both in Glasgow and across
the world. Without His Spirit, I would not have found the hope and resilience to endure

this journey.

I must express my deepest appreciation to my supervisor, Professor Martin Hendry. You
have guided me with great care, shaping me into a better gravitational-wave researcher.
Your unwavering support and constant encouragement enabled me to navigate and com-
plete the demanding and often exhausting path of a PhD. I am incredibly proud to have
been your student. I would also like to extend my sincere thanks to Professor Graham
Woan. Whenever I felt discouraged or overwhelmed, you always provided encouragement
and reassurance. I will always cherish your practical advice and your reassuring words that

you would stand by me.

Beyond Glasgow, I am deeply grateful to the academic advisors. I am particularly thankful
to Professor Tjonnie G. F. Li, who has provided continuous encouragement and guidance
since my MPhil and has patiently supported my development as a good and confident re-
searcher. I also thoroughly enjoyed collaborating with Professor Justin Janquart during my
PhD. Although I had known you before my PhD, it was through our close collaboration
that I came to truly appreciate your insight, meticulousness, and thoughtful approach to
research. I have learned a great deal from working with you. I would also like to give my
heartfelt thanks to Doctor Kyungmin Kim. It has been a true privilege to work together
on the basis of mutual trust and to achieve fruitful results. Your comment that you genu-
inely enjoyed working with me remains deeply meaningful, and it has encouraged me to
continue pursuing my goal of becoming a better researcher. Additionally, I wish to extend
my gratitude to Professors Otto A. Hannuksela and Jose M. Ezquiaga for your academic
guidance and insightful discussions. I greatly appreciate the opportunities to interact and
collaborate with you during my visits to Hong Kong and Denmark, which helped open new

avenues in my research and contributed significantly to my academic development.

Next, I am also fortunate to have shared my PhD journey with wonderful friends and
colleagues. First, to my dear friends, Doctors Mick Wright and Ania Liu: learning about
gravitational-wave lensing together was a joy—even though I certainly learned far more
from you both—and your patience and encouragement kept me grounded. I must also thank

the entire Institute for Gravitational Research community at the University of Glasgow.

Xix



Learning how to communicate and collaborate as a scientist among such brilliant faculty
members has been a privilege, and I am grateful for the respect and kindness I was al-
ways shown. Additionally, I would also like to thank my dear friends in Room 253—Storm
Colloms, Varun Deshmukh, Victoria Graham, Jessica Irwin, Ross Johnston, Natalia Koziol,
August Miller, Naren Nagarajan, Thejas Seetharamu, Josh Sharkey, Leigh Smith, Federico
Stachurski, and Elizabeth Todd—for making my PhD experience so warm and memorable. I
truly hope our paths cross again in the future. Special thanks also go to Xiaofei Dong, Qian
Hu, and Zhuotao Li, with whom I shared not only the ups and downs of PhD life, but also

many conversations, meals, and moments of comfort along the way.

I would also like to thank my examiners, Professors Christopher Berry and Chris Clarkson,
for asking such profound and thought-provoking questions during my viva. Although I was
certainly nervous, I genuinely enjoyed engaging with your questions, and the discussion
made me even more enthusiastic about the field. It reminded me how much I enjoy doing
research in this area and made me feel that pursuing a PhD in this field was absolutely the
right choice. Your comments on my thesis have been immensely helpful in improving it
and making it a more thorough and polished piece of work. I am truly grateful for your
thoughtful feedback, which will make this thesis a meaningful and lasting record of my

academic journey.

To all my co-authors and collaborators with whom I have had the opportunity to publish
our work, this thesis would simply not have been possible without your collective expertise

and support. I look forward to continuing our work together in the years to come.

Finally, my time in Glasgow would not have been complete without Pastor Sunghoon Kim,
Ms. Mi-kyung Seo, and my precious friends at the Glasgow Korean Church. The fellowship
and encouragement shared within the community, grounded in God’s love, became a mean-
ingful and important part of my doctoral journey. I am deeply grateful for your support,
which helped me persevere through challenges and encouraged me to live with patience

and love.

Lastly, I would like to thank my mother and grandmother. Thank you for your endless love
and support, which has been a constant source of strength throughout my studies abroad.
I am deeply grateful for everything you have done for me, and I wish you continued health

and happiness. Although we may be physically apart, you are always in my thoughts.

XX



Declaration

I declare that, except where explicit reference is made to the contributions of others, this
dissertation is the result of my own work carried out under the supervision of Professors
Martin Hendry and Graham Woan at the University of Glasgow, and has not been submitted
for any other degree at the University of Glasgow or any other institution. All chapters of

this thesis were written with editorial input from Professor Martin Hendry.

Chapters 6 to 9 include material derived in part from papers that have been published,
submitted, or are currently under review in peer-reviewed journals. Chapter 10 includes
material that has neither been published nor submitted to a peer-reviewed journal. Unless
explicitly stated as “Figure is from [reference]” or “Adapted from [reference]”, all figures
and plots in Chapters 1-10 were generated using figure-generation tools or scripts written
by the author.

XX1



Abbreviations

aLIGO Advanced Laser Interferometer Gravitational-Wave Observatory
AdV Advanced Virgo detector

BAO baryon acoustic oscillations

BBH binary black hole

BH black hole

BNS binary neutron star

BWD binary white dwarf

C.L credible interval

CCSN core-collapse supernova

CDM cold dark matter

CMB cosmic microwave background

CW continuous wave

DESI Dark Energy Spectroscopic Instrument
DM dark matter

DR data release

EFE Einstein field equation

EM electromagnetic

EOB effective one-body

FAP false alarm probability

FAR false alarm rate

FFT fast Fourier transform

FLRW Friedmann-Lemaitre—Robertson-Walker
FPP false positive probability

GR general relativity

GRB gamma-ray burst

GW gravitational wave

GWTC Gravitational-Wave Transient Catalog
HBA hierarchical Bayesian analysis

HOM higher-order mode

IMBH intermediate-mass black hole

ISCO innermost stable circular orbit

JPE joint parameter estimation

KDE kernel density estimate

ACDM Lambda-cold dark matter

XXii



LOS line-of-sight

LVK LIGO-Virgo-KAGRA

MCMC Markov Chain Monte Carlo

MH Metropolis-Hastings

NFW Navarro-Frenk-White

NIE non-singular isothermal ellipsoid

NR numerical relativity

NSBH neutron star-black hole

PBH primordial black hole

PM point mass

PN post-Newtonian

PNFW pseudo-elliptical Navarro-Frenk-White
PSD power spectral density

ONM quasi-normal modes

ROC receiver operating characteristic

SFR star formation rate

SGWB stochastic gravitational-wave background
SIE singular isothermal ellipsoid

SIS singular isothermal sphere

SLGW strongly lensed gravitational wave

SN supernova

SNR signal-to-noise ratio

SPEMD singular power-law elliptical mass distribution

TT transverse-traceless

xXX1il



PART |

THEORETICAL AND METHODOLOGICAL

FRAMEWORK







Chapter 1

Gravitational Waves: From Source to

Detection

The exploration of the Universe relies on various physical carriers of information, often
referred to as messengers. Electromagnetic (EM) radiation has long served as the most es-
tablished observational window, spanning an extensive range from solar and galactic stel-
lar emission to high-redshift extragalactic sources and the Cosmic Microwave Background
(CMB) [1]. In addition to EM waves, neutrinos offer a unique probe into high-energy as-
trophysical processes [2]. While solar neutrinos have been extensively studied, providing
insights into the nuclear fusion processes within the Sun [3, 4], only a small number of

extragalactic neutrino sources have been identified to date [5, 6].

A transformative addition to this multimessenger landscape is gravitational waves (GWs).
The existence of GWs, defined as ripples in spacetime curvature propagating at the speed
of light, was fundamentally predicted by Albert Einstein [7, 8] within the framework of
general relativity (GR) [9, 10]. These waves are generated by the acceleration of asymmet-
ric mass distributions. Since gravity is intrinsically weak, as reflected in the small value of
the gravitational constant (G, detectable GW amplitudes are only produced by extremely
dynamic, high-energy astrophysical events. Main detectable sources include catastrophic
stellar collapses such as supernovae (SNe) and gamma-ray bursts (GRBs), the inspiral and
merger of compact binary systems comprising neutron stars (NSs) or black holes (BHs),
and the stochastic gravitational-wave background (SGWB) originating from cosmological

inflation.

The experimental efforts to detect GWs began with Joseph Weber’s development of
resonant-mass detectors [11]. However, these early attempts did not detect any decisive
GW signals, primarily because the expected event rate of detectable GW sources within the
local universe was insufficient for the sensitivity of the apparatus. A pivotal turning point
occurred in 1974 with the discovery of the Hulse-Taylor binary pulsar [12]. The observed
orbital decay of this system matched the energy loss predicted by GR via GW emission,
providing the first indirect confirmation of their existence and galvanising the development

of more sensitive detection technologies.
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The decades of experimental refinement culminated in September 2015, when the Ad-
vanced Laser Interferometer Gravitational-Wave Observatory (aLIGO) [13] achieved the
first direct observation of a GW signal, designated as GW 150914 [14]. This signal, detected
by both the LIGO-Livingston and LIGO-Hanford detectors, was identified as the merger
of a binary black hole (BBH) system, marking a milestone in GW astronomy. Almost two
years later, the two aLIGO detectors and Advanced Virgo (AdV) [15] detected GW 170817, a
binary neutron star (BNS) merger with EM counterparts, heralding the advent of multimes-
senger astronomy [16, 17]. Furthermore, [18] announced the first detections of two neutron
star—black hole (NSBH) mergers, GW200105 and GW200115. Although some NSBH mer-
gers could produce EM counterparts if the NS is tidally disrupted before being swallowed
by the BH, none were confidently identified [19].

More than a decade has passed since the first detection of GWs. As of the time of writing,
the LIGO-Virgo-KAGRA (LVK) Collaboration has reported a few hundred GW events [20],
signifying a transition from the discovery of individual sources to an era of population-level

inference.

In this chapter, we provide a comprehensive overview of the theoretical foundations
of GWs and categorise the diverse astrophysical and cosmological sources that have been
identified to date and can be detected in the future. Furthermore, we discuss the instru-

mental principles of laser interferometry and how to find GW signals in the observed data.

1.1 Gravitational Radiation in Linearised GR

Within the framework of GR, GWs can be understood as radiation in the form of propagat-
ing disturbances in the fabric of spacetime, sourced by time-varying mass—energy distri-
butions. Although their generation occurs in regions of intense gravitational interaction,
their subsequent evolution depends on the ambient spacetime through which they propag-
ate. Specifically, while the emission process is governed by the nonlinear dynamics of the
strong-field regime near the source, the subsequent propagation toward distant observers
in the asymptotically flat universe, where the spacetime curvature is sufficiently weak, is

well described by linear perturbations of a background metric.

1.1.1 Einstein Field Equation

GR can be concisely defined as a geometric theory of gravitation, in which the curvature
of spacetime is dynamically coupled to the energy and momentum of matter and radiation
via the Einstein Field Equations (EFE) [10].
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To define the spacetime curvature, we first need the mathematical framework to de-
scribe the four-dimensional manifold of our Universe, i.e., a space with three spatial di-
mensions and one time dimension. Throughout this work, we adopt the metric signature
(—,+,+, +) and employ the Einstein summation convention, in which repeated indices—
one in the upper (contravariant) and one in the lower (covariant) position—are implicitly

summed over their range'.

The metric tensor, g,,, defines the spacetime interval and causal structure in curved
spacetime. The infinitesimal displacement between two events, ds, is given by the line ele-

ment:
ds® = g dztdz”, (1.1)

where dx# and dx” represent small displacements along the spacetime coordinates and g,,,,
encodes the local geometric properties of spacetime. In the limit of flat spacetime, the metric

reduces to the Minkowski metric, 7, = diag(—1,1,1,1).

Within the framework of GR, spacetime is described not by Euclidean geometry but by a
pseudo-Riemannian manifold, a topological space that is locally Minkowskian but globally
curved [21, 22]. On this manifold, the metric g, varies smoothly across the coordinates,
reflecting the intrinsic curvature of spacetime. Consequently, gravity is no longer a force in
the Newtonian sense, but a manifestation of spacetime geometry. To describe the dynam-
ics of fields on such a manifold, we generalise the notion of differentiation. The covariant
derivative, V,, ensures that the derivative of a tensor remains a tensor—i.e., it transforms
covariantly under coordinate transformations— by accounting for the variation of the co-
ordinate basis vectors along the manifold. Unlike the partial derivative, it accounts for the
variation of the basis vectors themselves. For a vector (or (1,0) tensor) @, the covariant de-

rivative is expressed as:
aa’)\ — ATV > '
g —ax’u )\ —|— a FM>\€V7

where €), and €, are the coordinate basis vectors of @ and '} are the Christoffel symbols of

V,a =

the second kind, which encode how the coordinate basis vectors vary from point to point
on the manifold. They are uniquely determined by the metric and defined as [21]:

v

1
pA 591/0 (aug)\a + 8)\g,ua - aagu)\) ) (1'3)

where 9y, = 0/0x.

1. For example, for arbitrary covariant and contravariant four-vectors A, and B*, this summation is ex-

pressed as: A, B* = Zi:o A, B*.
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Figure 1.1: llustration of the parallel transport of a vector along a closed path (P, — P, —
P; — P;) on a curved surface.

The presence of curvature is formally indicated by the non-commutativity of covariant
derivatives. As shown in Figure 1.1, a vector parallel-transported around a closed loop in a
curved spacetime generally returns with a different orientation. Geometrically, this indic-
ates that parallel transport along distinct paths between the same endpoints yields different
results. This deviation is quantified by the Riemann curvature tensor, R”,,,, defined as [21]:

R’ gy = 0,1%, — 0,15, + 10,13, —T0,T5,. (1.4)
To extract the physical components of curvature relevant to the EFE, the Riemann tensor
is often contracted. The Ricci tensor, R, = R® 4., sums over two indices, and further con-
traction with the metric yields the Ricci scalar, R = ¢""R,,,. While the Riemann tensor
contains the full information about the spacetime curvature, the Ricci tensor and scalar
provide a measure of how the local volume of a region deviates from the flat Euclidean
case. However, the Ricci tensor alone cannot ensure energy—momentum conservation. Ac-

cording to the Bianchi identities, specifically the contracted form V,(R* — 3g"'R) = 0,

one can construct the Einstein tensor, GG, defined as:
o 1
Guy = R“V — §gMVR. (15)

The Einstein tensor is symmetric and divergence-free under covariant differentiation, which
ensures local conservation of energy and momentum. It encodes the curvature of spacetime

induced by matter and energy.
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The distribution of matter and energy is described by the stress-energy tensor 7},
which captures both the density and the flux of energy and momentum. For any physical
matter or fluid, local conservation of energy and momentum is enforced through the vanish-
ing covariant divergence (V, 7" = 0) [21]. The consistency between the divergence-free

property of G* (from geometry) and 7" (from physics) forms the basis of the EFE:

8t
G;w + Ag,uz/ = W_Tum (1'6)

A
where A is the cosmological constant [23]. In the context of GW generation in the local
universe, the effect of A is negligible compared to dynamical metric perturbations, and
henceforth we set A = 0. Eq. (1.6), which are non-linear partial differential equations,
dictate the reciprocal interaction between matter and geometry. In the following section, we
linearise the Einstein equations and demonstrate that small metric perturbations propagate
as GWs.

1.1.2 The Linearised Field Equation

In the absence of extremely compact matter sources, gravity is typically weak, and the
spacetime geometry deviates only slightly from flat Minkowski spacetime. In this regime,
the gravitational field can be treated as a small perturbation about a fixed background met-
ric. This approach, known as linearised gravity, assumes that the spacetime metric differs
only marginally from the Minkowski metric, 7, [24]. Accordingly, the full metric can be

written as:
Guv = Ny + hum (17)

where h,,, represents the small metric perturbation satisfying |k, | < 1, which allows the

Riemann curvature tensor in Eq. (1.4) to retain only terms up to first order in /.

Using the metric in Eq. (1.7), the (0,4) Riemann curvature tensor, the Ricci tensor, and

the Ricci scalar are approximated as follows:

Roppy = % (0.08hav + 0a0yhyups — 8,0, hap — 0aOshy) (1.8)
Ry =0’ Rayupy
= % (8,050, + 8,0,h%, — 8,8,h — Oh,,) (1.9)
R=n"R,,

= 8,0,h" — Oh, (1.10)
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where h = n/”h,, is the trace of the perturbation and O = 9,0 = V?* — C%g—; is the
d’Alembertian operator. From these linearised curvature quantities, the Einstein tensor can
be constructed to first order in h,,, using Eq. (1.5). To simplify its structure, it is convenient

to introduce the trace-reversed metric perturbation [24]:

- 1
hyw = by — §nw,h. (1.11)
Note that h = 7**h,, = —h. By substituting h,, into the linearised forms of the Ricci

tensor (Eq. (1.9) and scalar (Eq. (1.10)), the first-order Einstein tensor is written as [24]:
1. - _ _ _
G = -5 (Ohy + 10,0507 — 8,0,h°, — 0,0,h",) + O(h?). (1.12)

In the linearised regime, a coordinate transformation z'* = z# + £#, with 0,&* ~ O(h),
acts as a gauge transformation of the metric perturbation: h,, — h,, — 9,&, — 9,&,. To
decouple the differential equations in Eq. (1.12), we impose the harmonic gauge condition
(also known as the Lorenz gauge), 0" ]_”Ll“, = (), which eliminates the second, third, and fourth
terms on the right-hand side. In the presence of a source 7},,, the EFE in Eq. (1.6) reduce to

uncoupled wave equations:

_ B 167G

Oy, = Ty (1.13)

A
These equations, known as the linearised field equations, show that in the weak-field limit,
the metric of spacetime behaves like a relativistic field that propagates at the speed of light,
as the d’Alembertian operator directly relates the spatial and temporal second derivatives
through c. In this regime, 7}, acts as the source of gravitational radiation, analogous to

how charge density acts as a source for EM waves.

1.1.3 Generation of GWs

To understand how astrophysical sources generate GWs, we need to solve the linearised
field equations in the presence of a non-zero stress-energy tensor 7),, (Eq. (1.13)) [24]. The
inhomogeneous wave equation can be solved using the retarded Green’s function, which
accounts for the finite propagation speed of gravity, ensuring that the perturbation at a
spacetime point (¢, ¥) is determined by the state of the source at an earlier retarded time,
t, =t — |¥ — ¢|/c. Here, & and ¢/ denote the spatial coordinates of the field point and the

source point, respectively. The solution is given by [24]:

B 4 T . t— |f*g|’ e
iy (1,7) = 2 / i Dy (1.14)

ct
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For most astrophysical sources, the internal velocities are non-relativistic (v < ¢), the

observer is located in the far-field region (|7 — | > |¢]), and the source size is much smaller
than the wavelength of the emitted GWs, so that it may be treated as effectively point-like.
Under these assumptions, we can perform a multipole expansion of the retarded solution

in Eq. (1.14).

While the conservation of energy and momentum forbids monopole and dipole grav-
itational radiation, the leading-order contribution arises from the higher-order moments
of the stress-energy tensor. In the non-relativistic limit, the energy density component,
T ~ pc?, is the dominant term, while the momentum density 7% ~ pcv and the stress
tensor T ~ pv? are suppressed by factors of (v/c) and (v/c)?, respectively. By applying
the identity derived from the local conservation law 9,7"" = 0, the volume integral of the

stress components 7" can be related to the second time derivative of the mass distribution

as follows [24]:
T 37 — 1 & 700, 0 B
Y= 92 di? Yiy;ay

1 d?
“aae

where M;; is called the mass quadrupole moment. In the slow-motion and far-field limits, the

(1.15)

spatial components of ,,, are dominated by the second time derivative of this quadrupole

moment. Substituting Eq. (1.15) into Eq. (1.14), the quadrupole radiation is written as:

N X
i ~ e Mi(t).

(1.16)

The number of independent components of /,,, in Eq. (1.13) is initially 16. Consider-
ing the symmetry of the tensor, along with the Lorenz gauge and the vacuum condition
(Oh,, = 0), this number reduces to 6. Nevertheless, h,, still contains unphysical degrees
of freedom due to coordinate invariance. This residual gauge freedom can be further re-
duced by adopting the transverse-traceless (TT) gauge, in which the perturbation is purely
spatial (hg, = 0), traceless (hi = 0), and transverse (0’ h;; = 0). The TT gauge effectively
eliminates all non-dynamical components, leaving the gravitational radiation with only
two independent polarisation states, iy (plus) and h, (cross). These polarisations encode
the intrinsic geometry of the radiation and serve as the fundamental observables for dy-
namic astrophysical sources. For example, the amplitude and phase evolution of these two
polarisations directly reflect the orbital dynamics of a compact binary, as will be discussed

in Section 1.2.1.
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The physical TT components of the far-field gravitational radiation can be extracted
by projecting onto the plane orthogonal to the propagation direction. The projection is
performed using the Lambda tensor [24, 25], constructed from the transverse projector,

P;j = 0;; — n;n;, where n; is the unit vector in the direction of wave propagation:
o 1
Nijga = PPy — 5 PijFia - (1.17)

Applying the Lambda tensor to Eq. (1.16), and noting that the traceless condition ensures

l_ﬁf = hiTjT, the spatial components of the metric perturbation in the TT gauge can be written
as: i
TT i _ o\ cbar

hi (t,2") = Aij o i Quitr). (1.18)

Here, Qn = My, — %5klem is called the reduced quadrupole moment.

1.1.4 GW Propagation

In vacuum, far from the source (7},, ~ 0), Eq. (1.13) reduces to the homogeneous wave

equation describing the propagation of the perturbation:

O, = 0. (1.19)

We consider monochromatic plane-wave solutions travelling in the z-direction with an

angular frequency w. In the TT gauge, the general solution is given by [24]:

hy(t,z) = A} cos [w (t - E)] : (1.20)

where A, is a constant 4 X 4 symmetric amplitude tensor containing 2 independent com-

ponents, given by:

0 0 0 0
0 A, Az O
Al = Y (1.21)
0 Ay —Agw 0
0 0 0 0

The components A,, and A,, are conventionally denoted /. and h,, respectively, corres-

ponding to the two polarisations of a GW waveform introduced above.

Consequently, the metric perturbation can be expressed as:

0 O 0 0
h h
hy, = 8 h+ ; 8 cos|w (t - E)} (1.22)
x TRy
0 0
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Figure 1.2: Illustration of the two GW polarisations (h, h.), showing the deformation of
a ring of freely falling test particles over one wave period (7).

Eq. (1.22) shows that, despite the initial complexity of the 16-component metric tensor, the
physical content of gravitational radiation in GR is fully captured by only two transverse,
quadrupolar degrees of freedom. As the wave propagates along the z-direction, the two
polarisation modes remain transverse and induce tidal deformations in the perpendicular
plane. Figure 1.2 illustrates this effect for a ring of freely falling test particles, which is peri-
odically distorted into an ellipse as the wave passes. The h, and i, components correspond
to two independent quadrupolar deformation patterns rotated by /4 with respect to each

other.

1.2 GW Source

While the previously established theoretical framework indicates that any asymmetric ac-
celeration of mass generates GWs, this section focuses on signals that can be observed.
Since gravity is inherently weak, spacetime responds only slightly even to large amounts
of energy (c* /87 (), detection is only feasible when the GWs originate from systems char-
acterised by large masses and relativistic acceleration. We therefore describe the astrophys-
ical and cosmological sources most likely to generate observable signals, classifying them

according to their emission mechanisms and waveform characteristics.

1.2.1 Compact Binary Coalescences

Among GW sources, compact binary coalescences (CBCs) are currently the most frequently
and robustly detected. A CBC system consists of two compact objects, such as BHs and
NSs, orbiting one another and decaying via GWs. CBCs are categorised depending on their
components. Namely, BBH, NSBH, and BNS *.

2. Additionally, there are binary white dwarfs (BWDs), but their orbital frequencies are too low to be detected
by ground-based interferometers. Despite that, BWDs will be the most ubiquitous continuous sources in the
millihertz band for future space-based detectors [26, 27, 28].
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Figure 1.3: In-spiral, merger, and ringdown phases of a compact binary coalescence. Each
phase is described by a different theoretical framework: post-Newtonian theory for the
in-spiral, numerical relativity for the merger, and black hole perturbation theory for the
ringdown. Adapted from [29].

The orbital evolution of a CBC is deterministic and can be divided into three distinct
phases (see Figure 1.3) [29]. The first phase is the in-spiral phase, characterised by a gradual
orbital decay driven by the emission of GW. To leading order, this phase can be analytically
described using the quadrupole approximation for a quasi-circular binary [30]. For a system
with component masses m; and m, located at a luminosity distance d;, the emitted GW

strains in the time domain are expressed as:

5/3 2/3
ho(t) = = (GMC) (ﬁ) H+OSQL cos(27 1 + o),

dr, 2 c
§ M (1.23)
hy(t) = o ( > C) (7) cos ¢ sin(2m ft + ¢y),

where f is the GW frequency, which is twice the orbital frequency, f = 2f.u, ¢ is the
inclination angle between the binary’s orbital angular momentum and the observer’s line
of sight, ¢ is the initial orbital phase, and M. is the chirp mass defined as:

(m1m2)3/5
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By equating the energy radiated by GWs to the loss of orbital binding energy, the frequency

evolution with time scales as f x ,/\/li/ 3 /s

, implying that lower-mass systems, such as
BNS, evolve much more slowly. Consequently, they remain within the sensitive frequency
band of ground-based detectors for a significantly longer duration, reaching much higher

frequencies before coalescence compared to more massive BBHs.

The analytical description in Eq. (1.23) remains valid until the binary separation reaches
the innermost stable circular orbit (ISCO). To accurately track the phase accumulation near
the ISCO, however, higher-order post-Newtonian (PN) expansions of GR are required, as
the leading-order quadrupole approximation becomes insufficient in the strong-field re-
gime [31]. For a non-spinning binary with total mass M = m; + my, the ISCO is located

at Risco = 6G M /c?, corresponding to a maximum in-spiral frequency of:

63

Jisco =~ M (1.25)

The ISCO marks the definitive end of the stable inspiral. Beyond this point, the system enters
the merger phase, where the strain amplitude reaches its maximum. This phase cannot be
described analytically and requires full numerical relativity (NR) simulations for accurate
modelling [29].

Finally, the newly formed remnant black hole enters the ring-down phase. During this
stage, the distorted BH settles into a stationary state by emitting GWs, described by quasi-
normal modes (QNMs) [32, 33]. They are called quasi-normal because the BH is a dissipat-
ive system. Unlike the standard normal modes of a closed system, QNMs are exponentially
damped over time as energy and angular momentum radiate away. Measuring the specific
frequencies and decay times of these modes is known as BH spectroscopy, enabling preci-

sion tests of the no-hair theorem in the strong-field regime [34].

1.2.2 Other sources

Other GW sources beyond CBCs are briefly introduced for pedagogical purposes, although

no direct detections have yet been confirmed.

Firstly, in GW astronomy, continuous waves (CWs) are persistent, quasi-monochromatic
signals with nearly constant frequency and amplitude over observational timescales. The
primary astrophysical candidates include rapidly spinning, isolated NSs with non-axisymmetric
deformations (often referred to as mountains), which may be sustained by strong magnetic
stresses or elastic strains in the solid crust [24], as well as millisecond pulsars in the Milky

Way center [35] and annihilating ultralight boson clouds around rotating BHs [36, 37, 38].
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The main challenge in detecting CWs lies in their extremely weak strain amplitudes.
Since the signal is buried well below the detector noise, detection does not rely on transient
high-SNR events but instead on coherent integration over months to years. This approach
requires precise matched filtering that accounts for Doppler modulations due to the Earth’s

rotation and orbital motion, making CW searches computationally demanding.

Secondly, GW bursts are short-duration transient signals, typically lasting from mil-
liseconds to seconds, for which accurate waveform models are not available. The canon-
ical sources are core-collapse supernovae (CCSNe) [39, 40]. In these systems, GW emis-
sion arises from complex, asymmetric fluid motions, including neutrino-driven convec-
tion, standing accretion shock instabilities, and oscillation modes of the proto-neutron star.
While bulk motion produces low-frequency emission (f < 200 Hz), higher-frequency com-
ponents can arise from gravity-mode (g-mode) oscillations. Other burst candidates include

magnetar flares [41, 42] and cosmic string cusps [43]".

Since reliable templates for the bursts are unavailable, matched-filtering techniques are
not applicable. Instead, burst searches rely on unmodelled or weakly modelled methods.
A standard approach employs coherent network algorithms, such as coherent WaveBurst
(cWB) [44], which identify excess power consistent across multiple detectors while sup-

pressing instrumental noise artifacts.

Lastly, the SGWB is an incoherent superposition of unresolved signals originating from
all directions. It is often compared to the CMB, but contains both astrophysical and cosmo-

logical contributions [45].

The astrophysical SGWB arises from the cumulative emission of distant, unresolved
sources such as CBCs, CCSNe, and other transients throughout cosmic history [46, 47, 48].
A major development occurred in 2023, when several pulsar timing array collaborations
reported strong evidence for a nanohertz SGWB, broadly consistent with expectations for

a population of inspiraling supermassive BBH [49, 50, 51, 52].

The cosmological SGWB originates from the early Universe and carries information
from epochs preceding the formation of the CMB [45, 53]. Proposed sources include ampli-
fied quantum tensor fluctuations during inflation [54, 55], first-order phase transitions [56,
57], and cosmic strings [58, 59]. Detecting this component remains a major goal of mod-
ern cosmology, as it would provide a direct observational probe of fundamental physics at

extremely high energies.

3. Short GRBs are primarily associated with BNS or NSBH mergers rather than unmodelled burst sources.
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1.3 Detection Principles

The fundamental principle of GW detection rests on measuring the geodesic deviation
between free-falling test masses [21]. To study the physical effects of a passing GW, we
consider two particles situated in the TT frame. Particle 1 is placed at the origin (¢, 0,0, 0)
and Particle 2 is located at (¢,¢,0,0) with ¢ < 1, and both particles initially at rest at
t = 0. When a GW propagates along the z-direction, the proper distance Al between the

two particles is given by the line element:

1/2

Al = / V|ds?| = ‘/g#,,dx“dx”

€
:/ ’gxx’1/2 dx
0 (1.26)
— / ‘nm +hlT V2 ix
0

~ {1 4l = 0)} ‘.

2$$

The Al is not constant but varies in time because 1! itself is time-dependent. As dis-
cussed in the previous section, the metric perturbation propagates with distinct plus (+) and
cross (x) polarisation states. Consequently, the proper distance between the test particles
does not change arbitrarily, but oscillates harmonically, exhibiting a characteristic quadru-

polar modulation.

To analyse this effect locally, we adopt the proper detector frame, a locally inertial co-
ordinate system centered on the detector in which the metric reduces to the flat Minkowski
form at the origin, and its first derivatives vanish [24, 60]. In this frame, as the GW propag-
ates across the particles at ¢, the components of the metric tensor are perturbed. For ground-
based detectors, the instrument size is much smaller than the typical GW wavelength.
Hence, the spatial gradient of the metric perturbation across the detector is negligible, al-
lowing the local strain to be approximated as a spatially uniform and purely time-dependent
strain, h(t) [24, 61]. In this section, we review the principles of GW detection with inter-

ferometers, along with the methods used to extract and process the signals.

1.3.1 Laser Interferometry

To translate the strain h(¢) to physical length changes of the detector arms, the geomet-
ric response of the interferometer to an incoming GW must be specified. The measured
strain corresponds to the projection of the GW metric perturbation onto the detector tensor
DY [62]:

h(t) = D"h;;(t), (1.27)
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where h;;(t) denotes the metric perturbation of the GW and the detector tensor is construc-

ted from the unit vectors @ and ¥ pointing along the two interferometer arms as follows:

D;; = % (wiu; — vivy) . (1.28)
To explicitly calculate the projection in Eq. (1.27), h;; is rotated from its propagation frame
into the Earth-based detector frame, which depends on the source’s sky location, typically
defined by its right ascension («) and declination (9), and the polarisation angle () of the
GW [61]. As shown in Eq. (1.22), the GW signal consists of two independent polarisation
states, h, and h,, and the angular coefficients resulting from the geometric projection
are defined as the antenna pattern functions, F'; and F\, which quantify the directional

sensitivity of the detector to each polarisation state.

When the two interferometer arms are orthogonal (4 - © = 0), as is the case for the
aLIGO, AdV, and KAGRA [63, 64], the resulting antenna patterns are expressed as:

F+(04>57¢) -

Fx(a>5a¢) =

(1 + cos? a) cos 20 cos 2¢) — cos « sin 20 sin 21 ,
(1.29)

(1 + cos? a) cos 26 sin 21 + cos a:sin 20 cos 2.

N~ DN~

Since the antenna patterns are continuous functions of the sky coordinates, ground-based
interferometers are effectively un-targeted, all-sky monitors. However, their sensitivity is
highly anisotropic, peaking at zenith and nadir and dropping to zero at specific locations
along the detector plane. This limitation can be mitigated by combining multiple detectors
into a network. The differing orientations and geographical locations of the detectors lead to
complementary antenna patterns, thereby reducing directional blind spots and improving

the overall sky coverage and detection sensitivity.

For convenience, the antenna response is often expressed in terms of an amplitude

pattern, defined as R(«, ) = /< F} >, + < F?2 >, which characterises the direction-

dependent sensitivity of the detector independent of polarisation [65]. Figure 1.4 shows the
corresponding amplitude patterns for a single detector and for the current ground-based
detector network, including the operating LIGO and Virgo interferometers, as well as the
forthcoming KAGRA detector.

Ultimately, the strain h(¢) measured by a single detector is the linear combination of
the two independent GW polarisations, weighted by the corresponding antenna pattern
functions:

h(t) = F_,_(Oé, 5777Z))h+(t) + Fx (Oé, 57 ¢>h><(t> (1'30)
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Figure 1.4: Illustration of the amplitude patterns, for a single detector, the LIGO-Virgo
network, and the LIGO-Virgo-KAGRA network. The colour bar indicates the direction-
dependent sensitivity, i.e., R(«, d). Figure is from [65].

For a detector with an arm length L, the metric perturbation induced by the GW pro-

duces a fractional change in the proper length, § L(¢), which can be approximated as:
h(t)L. (1.31)

Typical astrophysical sources, such as CBCs, produce a dimensionless strain amplitude on
the order of h ~ 1072! when reaching Earth [24]. For a kilometer-scale detector (L ~
103 m), this strain corresponds to an absolute length variation of approximately 1078 m, a
scale significantly smaller than the diameter of a proton. Measuring length changes at this
sub-nuclear scale requires differential optical phase measurements with laser interferomet-
ers [66].

To measure the tiny changes in arm length induced by a passing GW, current ground-
based detectors employ a power-recycled Michelson interferometer configuration [67]. In
this setup, a coherent laser beam is divided by a beam splitter and directed along two or-
thogonal arms of length L. Figure 1.5 shows the simplified schematic of the current LIGO

detectors.

GW’s quadrupolar nature differentially stretches one arm while compressing the other
by 0 L(t). When the laser beam travels down an arm and reflects back, it covers a total round-
trip distance of 2L. Consequently, the length variation introduces a total path difference of
29 L. Multiplying this path difference by the wavenumber (k = 27/ \juse;) yields the relative

phase shift A¢ between the recombining beams as follows:

47

>\laser

Ag(t) SL(1), (1.32)

where \j; is the wavelength of the laser. The phase shift modulates the interference pattern
observed at the photodetector, converting the spacetime strain into a measurable optical

power fluctuation [66].
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Figure 1.5: Simplified optical layout of the LIGO detectors during the fourth observing
run, showing the squeezed-light injection, main interferometer, and output signal path.
The main interferometer is a dual-recycled Michelson interferometer with Fabry—-Pérot arm
cavities. Figure is from [68].

However, the strain h(t) is not a static deformation but oscillates with a period Tgw =
1/ fow. If a photon remains in the interferometer arm for longer than half of this period
(Tow/2), the GW phase changes from stretching to compressing, so the accumulated optical
phase shift begins to cancel. To maximise the measurable signal, the photon’s round-trip
travel time (7 = 2L/c) must perfectly match a half-period of the GW:
2L Tow c Acw

c 2 4fow 4 (1.33)

During the late inspiral and merger, the GW frequencies of stellar-mass BBHs and BNSs
sweep through the 10-10* Hz band [24]. To optimise the detector for a typical 100 Hz signal
within this band, the ideal arm length would be L = (3x10° km/s) /(4 x 100 Hz) = 750 km.

Constructing a vacuum baseline of this scale is geographically infeasible.
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To overcome the physical length problem, modern interferometers incorporate Fabry-
Perot cavities within each arm [69]. By placing highly reflective mirrors at both ends of
the arms, the laser beam is trapped and traverses the baseline multiple times before re-
combining at the beam splitter. As the cavity stores photons, the laser power is enhanced,
effectively increasing the optical path length from the physical length L to an effective

length Lg:
2
L2

™

L ~ (1.34)

where F denotes the finesse of the cavity, a dimensionless parameter determined by the
mirrors’ reflectivity. By effectively extending the arm length, the accumulated optical phase

shift is amplified, thereby enhancing the detector signal-to-noise ratio (SNR).

However, as the effective length increases, the photon storage time in the cavity in-
creases as well. As noted above, when the storage time becomes comparable to the GW
period, the positive and negative strains begin to cancel the accumulated optical phase shift,
which sets a characteristic frequency scale, the cavity pole frequency. For GW signals below
this pole frequency, the phase shift is coherently amplified. For signals above the pole fre-
quency, the detector’s response begins to attenuate. Therefore, by carefully designing the
finesse JF, the cavity pole frequency can be tuned so that the detector’s peak sensitivity ac-
curately aligns with the target 10-10? Hz band, achieving optimal observational capability
without requiring impractically long arm lengths [66, 70].

1.3.2 Signal Processing

In practice, any physical measurement is fundamentally limited by instrumental and envir-
onmental noise. In laser interferometry, sensitivity at low frequencies (< 20 Hz) is primarily
limited by seismic noise, in the mid-frequency range (50-300 Hz) by thermal noise from the
mirrors and suspensions, and at high frequencies (> 500 Hz) by quantum shot noise of the
laser beam [71]. The cumulative noise from these sources produces a time series vector n(t).
To estimate the noise background, we assume the noise is stationary and follows a Gaus-
sian distribution [72]. Under this assumption, the noise exhibits no correlation between
different frequency bins. Consequently, the ensemble average of its Fourier components is

represented by a diagonal matrix [24]:

() = 5560 = 1), (13%)

where [] denotes the Fourier transform, [1* indicates the complex conjugate, and 9 is the

Dirac delta function. The term S,,(f) is a real, symmetric function with dimensions of Hz".
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In practical experiments, data is continuously recorded over a finite observation time
T, which sets the frequency resolution of the Fourier transform to Af = 1/T. Evaluating
the Eq (1.35) at f = f’ gives the variance:

(JA()P) = 55.(H)T
2 Af

Since we assume the noise is stationary, the ensemble average of the noise variance in the

time domain remains constant:
)= [ [ aar (o enor
- %/: S, (f)df (1.37)
= [ st

where the function S,,(f) defines the one-sided power spectral density (PSD) [24]. Through-
out this thesis, we utilise the one-sided PSD rather than its two-sided counterpart, as it
is strictly a function of physical frequencies. The square root of the PSD, \/m, is the
amplitude spectral density (ASD), which characterises the detector’s sensitivity and carries
units of Hz /2. Figure 1.6 shows representative sensitivity curves of the past and future
LIGO detectors.

The data stream d(t) recorded by the interferometer consists of the GW strain h(¢) and

the detector noise n(t):
d(t) = h(t) +n(t). (1.38)

In reality, n(t) is strongly coloured, with an amplitude that varies by orders of magnitude
across frequency. Before signal analysis, d(t) needs to be conditioned to mitigate instru-
mental artifacts and to account for the frequency-dependent noise [14, 72, 73]. Narrow-band
notch filters are first applied to remove known instrumental spectral lines, after which d(t)
is whitened to flatten the noise spectrum. Whitening is performed in the frequency domain
by dividing the Fourier-transformed data d( f) by the detector’s ASD, \/m :

w(f) = —F—=—=—. (1.39)

This normalisation suppresses frequency bands with large noise and amplifies those where
the detector is most sensitive. The resulting noise n,,(t) is approximately white, with a

nearly flat power spectrum and unit variance.
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Figure 1.6: Sensitivity curves (noise ASD) of the LIGO Hanford detector during the first to
third observing runs (O1-03), together with the design sensitivity of Advanced LIGO and
the projected A+ upgrade. Figure is from [68].

Following the data conditioning, the next step is to extract i(t) from the processed data.
As previously established, the detector noise is modelled as stationary and Gaussian. Under
this assumption, the likelihood of observing a data stream d(t) given a waveform template

hr(0) parameterised by 6 can be written in logarithmic form [74, 75], as follows:
1
log (‘ng<d | 0)) X _§<d - hT(O) | d— hT(0)>7 (1-40)

where (...) denotes the noise-weighted inner product [76]:

(a]b) =2 / T (bul) + an(DELL)S. (141)

Eq. (1.40) can be interpreted as the log-likelihood of the signal hypothesis, Hg,,. The null
hypothesis, H,, corresponds to the case in which the data consists entirely of instrumental

noise (d = n). Under this hypothesis, the log-likelihood simplifies to:

1
log £y = —§<d | d). (1.42)
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Hence, the log-likelihood ratio between the signal hypothesis and the null hypothesis is
given by:

log A = log Ly (d | 6) ~log £o = {d | hr(6)) — £ (hr(6) | hr(6)). (143

This ratio effectively cancels the purely data-dependent noise term.

Two SNR measures are useful for characterising signal detection. The optimal SNR,
Popt> Tepresents the maximum achievable SNR for a perfectly matched signal in stationary
Gaussian noise, that is its intrinsic strength. The matched-filter SNR, p,,¢, quantifies how
strongly the data correlate with the expected template and therefore provides a measure of

the presence of a signal in the data [24, 77]. They are defined as:

popt = /(1 (8) | hr(8)),
(d| hr(0)) (1.44)

V{(hr(0) | hr(0))

Substituting these definitions into Eq. (1.43), the log-likelihood ratio is reformulated in
terms of SNRs:

Pmf =

1
log A = poptPmt — §ngt~ (1.45)
For a given template, where p, is fixed, Eq. (1.45) shows that maximising the log-likelihood
ratio is mathematically equivalent to maximising p,,s. Therefore, matched filtering is defined
as the process of cross-correlating the continuous data stream d(t) against a discrete bank

of waveform templates h(8) to find the exact parameter set that maximises pyys.

In practice, matched filtering is computationally demanding, and several techniques are
employed to mitigate this challenge. For example, the GstLAL pipeline [78] filters the data
primarily in the time domain. To handle the large number of templates, GstLAL applies
Singular Value Decomposition (SVD) [79, 80] to compress the template bank into a smaller
set of orthogonal basis vectors, substantially reducing the computational cost and enabling
the generation of low-latency triggers required for rapid multi-messenger alerts. Alternat-
ively, the PyCBC pipeline [81] performs matched filtering in the frequency domain using
Fast Fourier Transforms (FFTs), enabling the matched-filter inner products in Eq. (1.43) to

be computed efficiently over large template banks.

After the matched-filtering procedure identifies candidate triggers, additional signal-
consistency tests are applied before a GW signal can be confidently established as an astro-
physical event. This is necessary because transient instrumental artifacts can also produce

high-SNR triggers that mimic signals from CBCs. For example, the PyCBC pipeline employs
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a x? consistency test to evaluate whether the frequency evolution of a trigger is consist-
ent with that of a true CBC waveform. The resulting x? value is then used to reweight the
matched-filter SNR [82, 83], thereby down-ranking high-SNR triggers caused by instru-

mental glitches.

The statistical significance of the remaining candidates is then evaluated by comparing
them against the expected behaviour of detector noise. This significance is typically quan-
tified using detection metrics such as the false alarm rate (FAR), which denotes how often
detector noise is expected to produce triggers with ranking statistics (e.g., SNR) greater
than that of the candidate [72, 84]. To estimate these quantities, an empirical background
distribution of the ranking statistic is constructed using time-shift analyses, in which the
data streams from different detectors are artificially offset by time intervals larger than the
inter-detector GW travel time. Any coincident triggers identified in these shifted analyses
therefore arise purely from accidental noise coincidences rather than true astrophysical
signals. Repeating this procedure many times produces a large background sample from
which the false alarm rate can be estimated as:

FAR(p") = 2P > 7)) (1.46)

Thg
where p* is the threshold ranking statistic, Vg is the number of background triggers with
ranking statistic exceeding p*, and Tj, is the effective background livetime accumulated

from all time shifts.

Another commonly used measure of statistical significance is p,gy0, Which quantifies the
probability that a candidate is of genuine astrophysical origin rather than a noise-induced
artifact [85]. Unlike the FAR, which characterises the rate of noise triggers exceeding a
given ranking statistic, p.so estimates the relative probability that a candidate belongs to
the astrophysical-signal population instead of the terrestrial-noise population. Formally, for
a candidate with a ranking statistic x, P,y is is modelled using a Poisson mixture frame-

work [86, 87]: APL(o)
- LR P
AwPu(p) + M Pa(p)’

where P, (p) and P,(p) denote the probability density functions of the ranking statistic for

pastro(p) (147)

astrophysical signals and terrestrial noise triggers, respectively. The parameters A;, and A,

represent the expected occurrence rates of signal and noise events in the analysed dataset.

In practice, the noise distribution P,(p) is empirically estimated using background ana-
lyses such as the time-shift procedures employed in FAR estimation, whereas the signal
distribution Py (p) is derived from simulated astrophysical populations together with de-
tector selection effects. Consequently, p,s, naturally depends not only on the candidate
ranking statistic itself, but also on the relative abundance of expected astrophysical mer-

gers and noise transients.
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Candidates with sufficiently low FAR values and high p,q;, are identified as confident
GW detections and are subsequently reported in official GW transient catalogues. In the
LVK transient catalogues, events are typically classified as confident detections if they sat-
isfy criteria such as FAR < 1 yr~! and paso > 0.5. For particularly important discoveries,
such as the first observation of a new class of GW sources (e.g., GW150914), more stringent
significance requirements are imposed, often corresponding to an effective significance ex-
ceeding the 5o level [14].

Taken together, the sequence of matched filtering, signal-consistency tests, and statist-
ical significance estimation enables modern GW searches to robustly distinguish true astro-
physical signals from detector noise. Once a confident detection has been established, the
next step is to infer the source’s physical properties using Bayesian inference techniques,

which will be introduced in Chapter 4.



Chapter 2

Gravitational Lensing of Astrophysical

Signals

Another important prediction of GR is gravitational lensing [88, 89]. Since mass determines
the curvature of spacetime, any signal travelling through it, such as EM waves or GWs,
follows a curved path. This phenomenon is termed lensing because the gravitational field
of a massive foreground object bends the trajectories of travelling signals, much like a con-
ventional glass lens refracts light in classical optics (see Figure 2.1). As a result, the source
appears deflected from its true position, and its signal can be magnified (appearing brighter

or louder) or demagnified (appearing dimmer or quieter) to the observer.

Figure 2.1: Representative gravitational lensing of background galaxies. Figure credit:
ESA/Webb, NASA & CSA, H. Atek, and M. Zamani.
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The concept of gravitational lensing was famously proven in 1919 when Arthur Ed-
dington, Frank Dyson, and Charles Davidson observed the deflection of starlight passing
near the Sun during a total solar eclipse [90]. Based on GR, Albert Einstein predicted that
a ray passing a point mass M at an impact parameter b would be deflected by an angle
a = 4G M /c*b. The angle is exactly twice the value expected from Newtonian mechanics,

and its observational confirmation solidified lensing as a key physical phenomenon.

EM lensing is now a well-established observational probe across a wide range of phys-
ical scales. On small object scales, microlensing events enable the detection of exoplanets
and compact objects that emit little light [91, 92, 93]. On galactic scales, strong lensing of
distant quasars [94, 95] and supernovae [96, 97, 98] produces multiple repeated images and
observable time delays. Measuring these time delays provides a direct method to constrain
the Hubble constant, independent of the local cosmic distance ladder. Furthermore, weak
lensing is widely used to map the large-scale distribution of dark matter (DM) across galaxy
clusters [99, 100]. At the largest cosmological scales, the lensing of the CMB by intervening
large-scale structures helps constrain the sum of neutrino masses, the amplitude of matter

density fluctuations, and the Hubble constant [101].

GW lensing is emerging as a practical observational frontier. With the rapidly increas-
ing number of GW detections, the probability of observing lensed GW events is stead-
ily growing. Because GWs pass through intervening matter without being absorbed or
scattered, their lensing provides an exceptionally clean probe for determining the mass dis-
tribution of the lens. Looking ahead, the joint detection of a lensed GW and its lensed EM
counterpart, known as multi-messenger lensing, is a major scientific objective [102]. Since
both signals travel the same lensed path, comparing their arrival times can directly test the
fundamental speed of gravity. Additionally, combining the luminosity distance extracted
from the GW signal with the redshift and lensing time delays from the EM counterpart

would yield a highly precise, independent measurement of the Universe’s expansion rate.

In this chapter, we review the theoretical framework of gravitational lensing. We begin
with the general formalism, describing how signals are modified by lensing and how lensing
probabilities are quantified. We then introduce standard lens models for characterising mass
distributions. Finally, we present the formalism for EM and GW lensing, highlighting the

fundamental differences in the measurement and analysis of these two classes of signals.
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2.1 General Lensing Theory

Within the framework of GR, a weak gravitational field can be treated as an optical medium
characterised by an effective index of refraction. For a weak, stationary field, the spacetime
metric can be approximated in terms of the Newtonian gravitational potential ®, with & <

2. The corresponding metric then takes the form as follows [103]:

20 20
d82 = — (1 + _2> Cth2 + (1 - _2> dr27 (21)
Cc Cc

where r denotes the three-dimensional spatial coordinates. A photon travels along a null
geodesic (ds® = 0), and its effective coordinate speed, v = |dr/dt|, is modified by ®. Ex-
panding to the first order in ®/c?, the speed becomes v ~ ¢(1 — 2®/c?), which defines an

effective refraction index for the spacetime [103]:
c
n=-~1-—. (2.2)
v

The physical extent of the lens along the line of sight is negligibly small compared to
the distances between the observer, the lens, and the source. The lens can therefore be
treated under the thin-lens approximation, in which the continuous bending of the light
ray is approximated as an instantaneous deflection on a two-dimensional lens plane [103].
Figure 2.2 illustrates the geometry of gravitational lensing for an astrophysical source (here,
a BBH), with the observer located at the origin of the coordinate system. The true angular
position of the source is denoted by 3, while the observed angular position of the image
on the lens plane is 6. Using the angular-diameter distances, the corresponding transverse

physical coordinates on the source and lens planes are n = DgBand § = D0, respectively.

The total travel time of a signal along a path P from the source to the observer, with

the refractive index n in Eq. (2.2), is given by:

1 p
tmt:/ﬁdzz—/dz——3 odl, (2.3)
pC cJp ¢ Jp

where dl denotes the infinitesimal element of Euclidean path length along P.

In the absence of a lens (& = 0), the spacetime reduces to Minkowski space and the

refractive index becomes n = 1. The total travel time of a signal along the unperturbed

mzl/dL (2.4)
C Py

straight path F is therefore:
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Source plane Lens plane

Figure 2.2: Schematic of the gravitational lensing system. £ is the distance between lens
and image positions, the so-called impact parameter, and 7 is the source position from the
line of sight. D and Dg are the angular diameter distances from the observer to the lens
plane and the source, respectively, and their difference is D g. Adapted from [104].

The time delay relative to this unperturbed propagation is then given by:

1 2
At:ttot—tgz—(/ dl—/ dl> ——3/<I>dl. (2.5)
c\Jp Po _cJr

Vv Vv
Atgeom Atgmv

The first term in Eq. (2.5) corresponds to the geometric time delay, Atgeom. Since the lens
deflects the signal, it travels a longer physical distance along the curved path P compared to

the unperturbed straight line F. The physical length of F}, from the observer to the source

o= y/Dt + P’

In|?
9Dg

Note that the angular separations are much smaller than the distances between the observer,

is given by:

(2.6)

%Ds‘i‘

lens, and source, and thus the small-angle approximation can be applied.

On the other hand, the length of P is given by:

L= \/D}+ € + /D2 + In— &P
g2 n — g &7

~ D —— + D .
L—|—2DL+ Ls + 9D}
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Hence, the excess physical path length introduced by the deflection can be written as:

Al=1-1

_ &P &P InlP®
2D, ' 2Dis  2Ds

D, |DsB — D8*> Dsg
_ & 0 2 _ e 2
5 1017+ 5Ds 5 1Bl (2.8)
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= 0 —20 -
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Since the deflection occurs at the lens plane at redshift z;, the time delay is multiplied by a

factor of (1 + z;) to account for cosmic expansion. Atgeom is finally given by:

C
. 1+ZL DLD51|0 16’2 (2.9)
N C DLS 2 .

Atgeom =

The second term in Eq. (2.5) represents the gravitational time delay (Zav), also known
as the Shapiro delay [105], which arises from the propagation of the signal through the
gravitational potential well of the lens, resulting in an additional coordinate time relative
to propagation through flat spacetime. In realistic lensing configurations, the deflection
angle is very small, so the curved trajectory P differs only slightly from the unperturbed
straight path. As a result, the line element along the true path dl can be approximated by
the line-of-sight coordinate dz, which is also known as the Born approximation [103, 106].
The gravitational time delay can then be written as:

9 [0
3

®(D0,z)dz, (2.10)

o0

z(:grav ~ -

where the three-dimensional Newtonian potential is explicitly expressedas ® = (D0, z).
To mathematically relate Eq. (2.10) to Eq. (2.9), we define a dimensionless, projected lensing
potential, which is given by:

2Drs

b(0) = 2D, Ds

o
/ (D10, z)dz. (2.11)
—00
Using Eq. (2.11) and accounting for cosmic expansion in the same manner as for the geo-
metric time delay, Eq. (2.10) can be rewritten as:

1 + zr, DLDS
C DLS

»(8). (2.12)

tgrav = -
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By summing Eq. (2.9) and Eq. (2.12), the total time delay for any given source position

3 and image position @ is as follows:

. 1 + zy, DLDS
¢ Dis

AL(6.B) 516 -8~ u(0)]. (213)
In geometrical optics, the propagation of radiation is governed by Fermat’s principle, which
states that a signal follows paths for which the total arrival time (emission time plus travel
time) is stationary, i.e., at a local minimum, maximum, or saddle point. Mathematically,
this implies that a first-order perturbation of the true path produces no change in the total
travel time (0t = (), assuming the emission time is the same in all cases. Under the thin-
lens approximation, finding the stationary paths is equivalent to finding the positions on
the lens plane, where the gradient of the arrival time function vanishes (Vgti,x = 0), which

provides the fundamental condition for image formation [103, 107].

2.1.1 Lens Equation

The terms enclosed within the brackets in Eq. (2.13) define the Fermat potential, 7'(8, 3) [103]:

7(6,9) = 416~ B ~ v(6). (2.14)

As mentioned above, Fermat’s principle applied to this potential, V1" = 0, provides the
condition for image formation. Defining the deflection angle as the gradient of the projected

lensing potential, a(0) = V1)(8), this condition reduces to the fundamental lens equation:

B=0-a). (2.15)

It is convenient to express the lens equation in dimensionless form, typically by norm-

alising with the Einstein radius, defined as:

[AGM Dis
Op = —_— 2.16

where M is the lens mass. Introducing dimensionless coordinates, y = 3/0p and © =
0/0g, Eq. (2.15) reduces to:

y=z— a(x), (2.17)

where a(x) = %a(@) is called the scaled deflection angle. The lens equation can be

solved analytically only in simple cases. In most situations, it must be solved numerically.
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2.1.2 Multiple Images and Magnification

Since the deflection angle is generally non-linear, Eq. (2.17) can yield multiple solutions for 8
given a single 3, leading to the formation of multiple lensed images. For a point-like source,
each image corresponds to a single position on the lens plane. In contrast, for an extended
source, such as a background galaxy, the finite spatial extent implies that different regions of
the source experience different deflection angles, (). This differential deflection distorts

the morphological shape of the observed images.

Since the apparent size of the source is typically much smaller than the scale over which
the deflection angle changes, the first-order approximation of the lens equation is highly ac-
curate. The resulting linear mapping between infinitesimal angular elements on the source
plane and their corresponding areas on the lens plane is described by the Jacobian matrix

of the lens equation, which is given by [103, 107]:

ayi
. oz 2.18
P (@19
Y 8xi0x]~’

where 0;; is the Kronecker delta and the second term is the Hessian matrix of ¢)(x). The
trace of the Hessian corresponds to the two-dimensional Laplacian of the projected lensing
potential, V21 = 1)1 + )9, which is proportional to the dimensionless convergence, k =
Y/ Yeit, where ¥ is the lens surface mass density [106]. Y is the critical surface mass

density that depends on the observer-lens-source geometry [103]:

2
D
Ecrit = C_ .
4rG DlDls

(2.19)

According to the two-dimensional Poisson equation, the relationship between « and v is
given by:

_ 12
/{—QVIﬁ

= %(¢11 + 1)22).

The trace-free part of the Hessian matrix characterises the anisotropic distortion of images,

(2.20)

and is described by the gravitational shear -y, which has two independent components:

M= %(1%1 - ¢22)> Yo = P12 = Ya1. (2.21)
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By using the linear relations in Eqs. (2.20) and (2.21), the Jacobian matrix in Eq. (2.18)
1 — _
A— Yn Y12
Vo1 1 — 999

_ l—Kk—m —72
—2 l—r+m

Convergence describes the isotropic magnification of the image, acting as a uniform scaling

can be rewritten as:

(2.22)

of the source image in all spatial directions. Consequently, an intrinsically circular source
image with radius r remains circular under the action of convergence, although its size
is rescaled. In contrast, the shear components y; and 7, induce anisotropic distortions of
the image. Shear stretches the image along one principal axis while compressing it along
the orthogonal direction, thereby transforming an intrinsically circular source into an el-
lipse [103, 106].

According to Liouville’s theorem, gravitational lensing conserves the source’s surface
brightness [103]. Since photons are neither created nor destroyed during the deflection pro-
cess, any observed magnification in the total flux is a purely geometric effect. Consequently,
the local magnification factor ;. at any specific position on the lens plane is determined en-
tirely by the ratio of the observed solid angle to the intrinsic solid angle of the source. This

area ratio corresponds to the inverse of the Jacobian determinant:

B 1
o= det A

] (2.23)
(1=r.)> = (3 +13)

The magnification o can take both positive and negative values, with its algebraic sign
encoding the parity of the image. A positive i indicates that the image preserves the ori-
entation of the source, even if its overall shape is severely stretched by shear. Conversely,
a negative y corresponds to an image with reversed parity, appearing as a mirror reflection
of the intrinsic source. Note that y = () varies across the lens plane as a function of the
image-plane coordinate x. For an extended source with a finite size, different regions of the
galaxy undergo different degrees of magnification. Therefore, the total magnification of an
extended source must be calculated by integrating this local magnification factor over the

entire intrinsic surface brightness distribution of the source.

The points on the lens plane where det A = 0, correspond to locations at which the mag-
nification formally diverges (+ — o0). The locus of such points forms continuous closed
curves on the lens plane, known as critical curves [107]. Mapping these curves onto the

source plane through Eq. (2.17) produces corresponding boundaries called caustics. Sources
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located close to a caustic therefore appear highly magnified, and extended sources in this
regime often produce strongly elongated structures. When a source crosses a caustic, the
number of images changes by two; that is, a new pair of images is either created or anni-
hilated.

The condition det A can be understood more clearly by expressing the magnification in
terms of the eigenvalues of the Jacobian matrix. From Eq. (2.23), the magnification can be

rewritten as:

1
ILL =
TN

where v = \/m denotes the total shear magnitude. The quantities \y = 1 — kK — vy
and A\, = 1 — Kk + v represent the tangential and radial eigenvalues of the Jacobian matrix,
respectively. The corresponding magnifications are j; = \; ' and i, = AL. Critical curves
arise where either \; = 0 (tangential critical curves) or A\, = 0 (radial critical curves) on
the lens plane [103]. Mapping these curves onto the source plane yields the corresponding
caustics. When an extended source lies on or near a tangential caustic, the produced images
are extremely magnified and stretched in the azimuthal direction around the lens. In con-
trast, a source approaching a radial caustic produces images that are elongated along the
radial direction toward the lens center. Figure 2.3 shows how the configuration of lensed

images depends on the source position relative to the caustics.

Tangential critical curve

Radial caustic - S~.

! Radial critical curve \
1

' ]
L
~__-

" Tangential caustic N - ,

<Source plane> <Ilmage plane>

Figure 2.3: Example of critical curves and caustics in the image and source planes, respect-
ively. When a source crosses a caustic, multiple images are produced; near the caustic, the
images are highly magnified and distorted. Adapted from [108].
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In the presence of a central singularity in the lens mass distribution, the radial critical
curve can collapse to the singular origin (z = 0). Mapping this central singularity onto the
source plane produces a distinct boundary known as a pseudo-caustic, or a cut [103, 109].
Unlike a standard caustic, crossing a cut changes the total number of images by one rather

than two.

2.1.3 Time Delay Surface and Image Type

Rewriting the total arrival time delay into a dimensionless form gives:

1+ Z], DLDS 1 2
At(x) = —|lx —y|* —y(x
(=) ¢ Dis 2‘ | (=) (2.25)
= DAtT(wJ y)7
where Da; = H%%L—LDSS is the time-delay distance, a cosmological distance scale determ-

ined by the geometry of the universe. For a lensing system producing multiple images, one
of the physical observables is the relative time delay At;; = At(x;) — At(x;) between im-
age ¢ and image j. If a transient source, such as a GW signal, is strongly lensed and produces
multiple images, the measured time delays can be used to infer D, thereby constraining
cosmological parameters. This approach is known as time-delay cosmography [110, 111,
112].

The dimensionless Fermat potential 7'(x, y), which represents the time delay surface
on the lens plane, can also be used to classify the local topology of each lensed image. To
do so, we evaluate the Hessian matrix of the Fermat potential, H;; = o*T /0x;0x ;. Note

that the Hessian of the time delay surface is mathematically identical to A in Eq. (2.18):

82—1/) =A;;. (2.26)

Hij =0 = Ox;0x;

The signs of the eigenvalues of the Hessian matrix in Eq. (2.26) determine the local
curvature of the arrival-time surface and classify the lensed images into three types [103,
107]. A Type I image forms at a local minimum of the arrival-time surface, where both
eigenvalues are positive. In this case, det A > 0 and tr A > 0, yielding an image with
positive parity that corresponds to the first arriving signal. A Type Il image forms at a saddle
point, where the eigenvalues have opposite signs. Consequently, det A < 0, producing an
image with negative parity that arrives after the Type I image. A Type IIl image forms at a
local maximum of the arrival-time surface, where both eigenvalues are negative. Although
det A > 0 and the parity remains positive, the negative trace (trA<0) reflects that the local
curvature is concave, corresponding to a longer effective light-travel path. Hence, the Type
IIT image arrives last. The classification and properties of these image types are summarised
in Table 2.1.
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The image types also impose a constraint on the global properties of the lens system,
formulated as the odd number theorem [113]. For any bounded, non-singular, and transpar-
ent mass distribution, the Euler characteristic of the continuous time-delay surface requires
that the number of minima (n;), saddle points (n;;), and maxima (n;;;) satisfy the index
theorem relation:

ny+nr—n =1L (2.27)

As a result, the total number of images, N = n; +n;; +nyr7, must be odd. In observational
astrophysics, however, an even number of images (e.g., doubles or quads) is frequently de-
tected. Type III images typically form within the dense central region of the lens, where
is extremely high and the local magnification approaches zero (see Eq. (2.23)), Such highly
demagnified images fall below the detection threshold, leaving only an even number of

visible images.

2.1.4 Lensing Probability

Gravitational lensing is a rare phenomenon, reflecting the low average mass density of the
Universe relative to the critical density. Nevertheless, the sparsity of effective lenses makes
the observed frequency of lensing events a sensitive probe of the cosmic mass distribution
and the underlying cosmology. Comparing the theoretically expected probability of lensing
with observational detection rates, therefore, provides a fundamental test of cosmological

models. In this context, we review how to calculate lensing probability.

We define the lensing probability as the fraction of the sky covered by the effective
lensing cross-sections of all intervening mass distributions [114]. For a background source
located at a given redshift zg, the lensing probability is formally expressed as the op-
tical depth, 7(zg). Conceptually, 7(zs) is the ratio of the total solid angle subtended by
all lenses to the solid angle of the whole sky. Mathematically, it is calculated by integrating
the product of the comoving number density of lenses, n(zy,), and their respective lensing
cross-sections, Oens(27,), over the cosmological volume. By integrating over the differential
comoving volume dV, and normalising by the solid angle of the whole sky (47 steradians),
the optical depth is derived as [114]:

1 [ v,
T(ZS) - E/O' n(zL>Ulens(ZL)dZLdZL- (228)

Table 2.1: Classification of lensed images based on the local topology of the time-delay sur-
face. The physical properties of each image type are strictly determined by the eigenvalues,
determinant (det A), and trace (tr.A) of the Hessian matrix.

Image Type Stationary Point  Eigenvalues det A trA  Parity  Arrival Sequence

Type I Minimum Both positive =~ >0 >0 Positive First
Type II Saddle point ~ Opposite signs < 0 - Negative Intermediate
Type III Maximum Both negative >0 <0 Positive Last
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In a more realistic case, where the lens population spans a range of masses, n(zy) is
replaced by the differential mass function dn(zy)/dM|. The optical depth then involves an

additional integration over the lens mass M, as follows:

1 [ dn(zr) dV.
= — ens M ) dMpdzy. 2.29
T(zs) 47r/0 /Ul M z) ", ey Mede (2.29)
Since 7 < 1 for typical astronomical lenses, the optical depth is directly interpreted as the
lensing probability:
P(lens|zg) =1 —expT(z
(lens|z5) = 1~ exp(zs) 250)
~ T(25).

Equation (2.30) defines the lensing probability for a single source located at a specific
redshift zg. Background sources are distributed across a range of redshifts, and the distribu-
tion is characterised by a normalised probability density function, ps.(2g). To calculate the
expected lensing probability for an entire population of sources observed up to a maximum
redshift 2.y, the individual optical depth for a specific redshift must be marginalised over

this source distribution. The population-averaged optical depth is expressed as [114]:

- / (25 pse(75.)d2si, (2.31)
0

where 7(zg,;) and py.(2s,;) are optical depth for a source at zg; and distribution of sources at
zg;. Consequently, if an observational survey contains a total of /Vy,jens background sources
within a given cosmic volume, the expected total number of lensed sources, Ny, is given
by:

Niens = Nunlens T (2.32)

2.2 Lens Model

To relate the lensing effects introduced in the previous section to the physical parameters
of the corresponding lens, a lens mass profile (hereafter referred to as the lens model) must
be specified, which determines the projected lensing potential in Eq. (2.11). We introduce
several lens models used throughout this thesis. We begin with a basic axially symmetric
mass profile, which serves as an idealised model for proof-of-concept studies. Under axial
symmetry, the two-dimensional lens equation reduces to a one-dimensional form, which
significantly simplifies the analysis of lensing effects. We then consider more realistic non-
axially symmetric mass profiles that account for ellipticity or additional features arising

from the surrounding environment of the lens.

In this section, we restrict our discussion to single-plane lensing. Although multiple-
plane lensing can occur, its probability is expected to be low. Such configurations can nev-

ertheless be important for breaking certain degeneracies in cosmological inference.
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2.2.1 Point Mass

The point-mass (PM) model is one of the simplest mass profiles for compact objects whose
physical size is negligible compared to the corresponding Einstein radius, such as stars,
stellar remnants, and dark matter clumps. For an isolated point mass, the convergence re-
duces to a two-dimensional Dirac delta function at the origin. From Eq. (2.20), the lensing
potential is given by:

Y(x) =In|x|, (2.33)

where x are the image positions normalised by 6y in Eq. (2.16). The dimensionless lens

equation for the PM model is thus given by:

y == Vi(z)
=2 — V(lnz)
—— (2.34)
x

The number of solutions of Eq. (2.34) is always two, which means that two lensed images

are always created by a PM lens regardless of the value of .
The individual magnification factors of the two images can be analytically calculated

using Eqgs. (2.23), and are given by [103]:

—1:|: Y2 +2
SRRV

The positive root corresponds to a Type I image, while the negative root corresponds to a

(2.35)

Type Il image. In practice, the intrinsic flux of the background source is unknown. Instead,

the relative magnification factor (or flux ratio) between the secondary and primary images,

Hrel = ‘/L’/‘/M

, is a directly measurable quantity and is given by:

2(y* +2)

Hrel = -1
yVyE 4+ y?+2

Furthermore, the relative time delay At between the two images can be calculated using

(2.36)

Eq. (2.25), which can be directly measured for transient lensed sources. For the PM model,
this is given by [103]:

4GM 71 (VE+d
ar=19 Lu+¢g[3—2i444n<—ﬂ—i—iﬂ)

c? 2 P +d—y

: (2.37)
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Figure 2.4: A critical line (solid black line) of a PM lens in units of normalised image and
source positions. Stars and dots represent the sources and images, respectively, with each
set of images and its corresponding source distinguished by colour. The numbers next to
the images indicate their order of arrival.

Figure 2.4 shows the tangential critical curve of a PM lens, along with the source posi-
tions and the corresponding image positions. Since the PM model contains a singularity at
the lens center, the radial critical line degenerates into the origin. Accordingly, the caustic of
a PM lens is a single point at y = (0, 0). When a source is perfectly aligned with this point
caustic (y — 0), the two images merge to form a symmetric Einstein ring with formally
infinite magnification. Conversely, in the weak-field limit where the source is significantly
misaligned (y > 1), the solutions approach p; — 1 and . — 0. The primary image then
closely resembles the unlensed source, while the secondary image becomes negligibly faint,

making macroscopic lensing effects unobservable.

2.2.2 Singular Isothermal Sphere

While the PM model is suitable for compact objects, the mass distributions of galaxies and
clusters are extended and dominated by DM halos. The singular isothermal sphere (SIS)
is the simplest analytical profile used to model these galactic-scale lenses. It is physically
motivated by the approximately flat rotation curves observed in spiral galaxies and by mod-
elling the lens as an isotropic, isothermal collisionless system (stars or DM) with a constant

one-dimensional velocity dispersion, o, [115].
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The three-dimensional mass density of the SIS model is given by [103]:

2

Oy
= . 2.38
The corresponding two-dimensional surface mass density is therefore:
2
o
() = = 2.39
€)= 55 (239)

where £ denotes the physical distance from the lens center on the lens plane. The Einstein
radius for the SIS model is defined as [103]:

0_v>2 DLS (2 40)

O — m (22) 225,
E SIS m s Dy

which can be calculated using stellar dynamics, while the Einstein radius in Eq. (2.16) is spe-
cified directly by the lens mass. The convergence then simplifies to k = 3 /%, = 0/ (20).

Using Eq. (2.20), the dimensionless lensing potential becomes linear in the radial coordinate:

¢($) = ’I|, (2.41)

where © = 0/0p gis. Correspondingly, the deflection angle produced by an SIS lens is inde-

pendent of y, and its magnitude is equal to 0 gs.

Like the PM model, the dimensionless lens equation for the SIS model admits an ana-

lytical form:

y =z — Vi(z)
=x—Vzx
=z —1. (2.42)

As can be seen, Eq. (2.42) has two solutions if |y| < 1, whereas it has a unique solution if

ly| > 1 (see Figure 2.5). When |y| < 1, the magnifications for the two images are given by:

1 1

py =1+~ p_=1-- (2.43)
y Yy

As in the PM model, the primary image has positive parity, while the secondary image

has negative parity. The relative magnification factor and the time delay between the two

images are then given by:

1-— 4G M (1
:urel:—ya At = L( +ZL)

14y c3

2] . (2.44)
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Figure 2.5: Same configuration as in Figure 2.4, but for an SIS lens.

When the source crosses the boundary y = 1 and moves outside the Einstein ring,
the position of the secondary image approaches the coordinate origin (z — 0). At this
boundary, 11— decreases to zero, and the circle defined by y = 1 on the source plane acts as
the cut. Once the source lies at y > 1, the secondary image disappears as it approaches the

central singularity.

2.2.3 Navarro-Frenk-White Profile

While the SIS model provides a useful approximation for galactic halos, high-resolution
cosmological N-body simulations of cold dark matter (CDM) demonstrate that DM halos do
not follow an isothermal density profile [116]. The universally adopted density distribution
for virialised DM halos is the Navarro-Frenk-White (NFW) profile [117].

The three-dimensional mass density of the NFW profile is characterised by a shallow

inner core that transitions into a steeper outer envelope, which is defined as [117]:

plr) = —L (2.45)
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where r; is the scale radius and p; is the characteristic density of the dark halo. Since the
total mass of the NFW halo is formally divergent, the halo is conventionally parameterised
by a specific mass Myy' and the concentration parameter ¢ = ryq/rs, where 9 is the
radius within which the mean density is 200 times the critical density of the universe. Hence,
ps in Eq. (2.45) is expressed by [117]:

_ Moo 0200
47TT§00 [ln (1 + Czoo) — Co00 / (1 + C200 )] .

Ps (2.46)

Adopting r, as the normalising constant, the dimensionless convergence x(x) can be de-
rived analytically. Introducing a dimensionless characteristic convergence ks = ps7s/Zcrits

the convergence is expressed as a piecewise function [118]:

e |1 larceosh ()| (@ < )
() = {2 (@=1) (247
s [1 — = arccos (%)] (x> 1).

It is useful to calculate the mean surface mass density enclosed within the radius =z,
defined as k(z) = % [ 2/k(2’)dz’ to derive the deflection angle «v(x) and the shear (x)

for axially-symmetric lens models. For the NFW profile,

dns [ Larccosh (1) +In (g)} (x < 1)

z? | V1—22
R(z) = {4k, [1+1n (1)] (z=1) (2.48)
e [ Asarceos (1) +1n(3)] (2> 1)

Then, the magnitude of the shear is fundamentally related to the convergence by v(z) =

R(z) — k(z), and the dimensionless deflection angle is given by «a(z) = zk(x).

Unlike the PM and SIS models, the NFW profile does not admit analytical solutions to
the lens equation, requiring numerical calculations to determine image positions, individual
magnifications, and relative time delays. Regarding the image formation, the NFW profile
produces distinct critical curves on the lens plane and corresponding caustics on the source
plane (see Figure 2.6). Since the NFW profile has no central singularity, the central deflection
angle vanishes. The softness of the structure allows the NFW profile to form a radial critical
curve at a finite distance from the center, which maps to a corresponding radial caustic on

the source plane located at a specific boundary, y = y.,.

1. Technically, Mg defines the mass enclosed within rypo. While the original NFW formalism treats Magg
as equivalent to the virial mass M., the exact virial overdensity factor, Ay, # 200, inherently depends on
the adopted cosmological model and redshift.
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Figure 2.6: Same configuration as in Figure 2.4, but for an NFW lens (ks = 0.167). Unlike
the PM and SIS models, which lack radial caustics, the NFW profile exhibits both tangential
and radial caustics, and therefore two corresponding critical curves. The radial caustic is
depicted by the solid gray line.

The total number of images is determined by the source position relative to the radial
caustic. When the source is located inside the caustic (Jy| < y.), the lens equation yields
three distinct solutions. Due to the soft central profile of the NFW halo, the innermost
image is preserved, giving rise to a highly demagnified Type IIl image near the lens center.
Conversely, when the source is located outside the radial caustic (|y| > y.), the two inner

images merge and disappear, leaving only a single image.

2.2.4 Singular Isothermal Ellipsoid

To construct a more realistic model of galactic-scale lenses, the assumption of axial sym-
metry must be relaxed. A straightforward extension of the SIS is the singular isothermal
ellipsoid (SIE), which incorporates ellipticity into the projected two-dimensional mass dis-
tribution [119].

For an SIE lens, the major axis lies along the x-axis, and the dimensionless convergence

is given by [119]:
1

’f(xlal?) e e )
2\/1% + 23/ ¢?

(2.49)
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where ¢ denotes the axis-ratio between the major and minor axes of the lens. Note that we
adopt the same normalisation constant as 0, gis for the dimensionless coordinates. The cor-

responding surface mass density, 3, retains the singular r~*

radial profile of the isothermal
sphere while exhibiting elliptical isodensity contours. The components of the deflection
angle, a(z1) and a(z3), can be obtained analytically for the SIE model [119]. For an axis

ratio ¢ < 1, they are expressed in closed form as:

-1 in | Vioen inh ( V=22
a(xy), a(xy) = N (arcsm( x%+x%> , arsinh ( . m)) : (2.50)

Similar to the SIS model, the central singularity of the SIE lens prevents the formation

of a Type III image. However, the introduction of ellipticity fundamentally modifies the
topological structure of the lens mapping. In the SIS model, there exists a single radial
cut and a point-like tangential caustic at the lens center. By contrast, in the SIE model, the
point-like caustic expands into an extended, diamond-shaped tangential caustic, commonly
referred to as an astroid caustic, accompanied by an outer, elliptical radial cut. The source
position relative to these caustics can make double or quadruple images (see Figure 2.7).
Specifically, if the source lies within the radial cut but outside the central astroid caustic,
the lens equation yields two solutions. When the source is located within both the interior
of the astroid and the radial cut, the lens equation admits four solutions, producing four
distinct, highly magnified images, typically arranged in a cross or fold configuration around

the lens center.

For moderate ellipticities, the astroid caustic is entirely enclosed within the radial cut.
However, for highly elliptical mass distributions, specifically ¢ < 0.3942, the vertices of
the astroid caustic along the major axis extend beyond the boundary of the radial cut [119].
These exposed regions are referred to as naked cusps. When the source lies within a naked

cusp, the lens equation yields exactly three solutions °.

2.2.5 Singular Power-law Elliptical Mass Distribution

The SIE model can be generalised by allowing for deviations from an isothermal density pro-
file. Introducing a variable power-law slope for the mass distribution leads to the singular
power-law elliptical mass distribution (SPEMD) model [120]. Using rg g5, as the normal-

isation constant, the dimensionless convergence is defined as [120]:

K(21,79) = 27 ( d )2 ; (2.51)

2 qr? + 13

where v denotes the power-law slope of the two-dimensional surface mass density.

2. Since the naked cusp lies outside the radial caustic, any light ray that would otherwise produce a counter-
image on the opposite side of the lens is intercepted by the central singularity. As a result, the fourth image
does not form.
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Figure 2.7: Same configuration as in Figure 2.6, but for an SIE lens (¢ = 0.63). Introducing
ellipticity breaks the spherical symmetry of the SIS model, leading to an elliptical radial
pseudo-caustic (cut). Note that no true radial caustic is formed due to the central singularity
of this model. The cut is depicted by the dashed gray line.

Similar to the NFW profile, computing the lensing effects of the SPEMD requires com-
putationally expensive numerical integration. However, [121] derived a semi-analytic ex-
pression for the deflection angle by employing a complex-variable formalism. By defining
the deflection angle in the complex plane as & = a; +ia [122, 123], where the real and ima-
ginary parts correspond to the Cartesian components of the deflection angle at the image

position (1, x2), the deflection angle is given by [121]:

y—1
2V Vi
L4+q \ /222 + 22

aSPEMD(5E17 1‘2) =

(2.52)
- Y v, 1-aq4p
X ePFy | 1,52 — =y ———e%
€ 7ol ( ) 2) 27 1+ qe ) )
where ¢ = arctan(xs/qr), describing the orientation of the ellipse relative to the ob-

server’s reference axis, and o F} denotes the Gaussian hypergeometric function. By using
Eq. (2.52), the lens equation can be solved on the complex plane, from which the corres-

ponding magnification factors and relative time delays can be derived.
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Figure 2.8: Same configuration as in Figure 2.7, but for two SPEMD lenses with the same
axis ratio (¢ = 0.58) and different power-law slopes: v = 1.5 (steep) and v = 0.75 (shallow).

The SPEMD model exhibits a variety of image-formation characteristics. For steep pro-
files (v > 1), including the SIE limit (y = 1), the lens structure is similar to that of the
SIE model. The radial cut encloses an inner astroid tangential caustic, and consequently, no
Type Il image forms. In this regime, the SPEMD lens produces either double or quadruple
images depending on the source position relative to the caustics. Note that the inner astroid
caustic never extends beyond the radial cut, unlike the SIE case, and therefore triple-image

configurations do not occur.

For shallow profiles (v < 1), the convergence diverges at the lens center, while the
enclosed mass scales such that the deflection angle smoothly approaches zero. The radial
cut is therefore replaced by a well-defined radial caustic, and the lens produces either triple
or quintuple images depending on the source’s alignment with the caustics. Two repres-
entative examples of image configurations and caustic structures for the SPEMD model are

shown in Figure 2.8.

2.2.6 Pseudo-elliptical Navarro-Frenk-White Profile

Analogous to the introduction of ellipticity in the SIS model to obtain the SIE model, the
pseudo-elliptical NFW (PNFW) profile is defined using the dimensionless elliptical coordin-
ate system, r. = \/m = \/qx? + % [124]. We adopt the PNFW profile instead of
the exact elliptical NFW profile (e.g., [125]) because the latter requires computationally
expensive numerical integration [126], whereas the PNFW model introduces ellipticity dir-
ectly into the lensing potential rather than the surface mass density. This approach provides
fully analytic expressions for the deflection angle and magnification factors, significantly

accelerating the computation of lensing effects.
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Figure 2.9: Same configuration as in Figure 2.7, but for a PNFW lens (¢ = 0.82, ks = 0.167).

However, this analytical efficiency comes with a physical limitation. Since the ellipticity
is imposed on the potential, the corresponding true surface mass density obtained via the
Poisson equation becomes strongly distorted for lenses with a low axis ratio. For axis ratios
of ¢ < 0.6, the projected mass distribution degenerates into an unphysical dumbbell shape
and may exhibit regions of negative mass density along the minor axis. Therefore, the PNFW

profile is valid only for moderate ellipticities.

The deflection angle of the PNFW profile, normalised by r; of the corresponding spher-
ical NFW profile, can be written as [124]:

OéPNFw($1, 152) = QNFW (Ie) \/§COS Ge
sin ¢, (2.53)

Vi

where anpw(z.) = z.R(z), with & given in Eq. (2.48), and ¢. = arctan (xo./x1) is the

+ anrw ()

elliptical angle, analogous to ¢ in Eq. (2.52). The PNFW profile exhibits image-formation
characteristics analogous to the shallow SPEMD model (y < 1), that is producing either
triple or quintuple images depending on the source position relative to the tangential and
radial caustics. Figure 2.9 shows an example of how a source splits into multiple images by
an PNFW lens.
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Figure 2.10: Left panel: Same source positions and lens parameters as the SIE lens shown in
Figure 2.7, with a core radius of x. = 0.1 introduced, resulting in an NIE lens. Right panel:
The same NIE lens as in the left panel, with an additional external shear field (y1,72) =
(0.2,0.3).

2.2.7 Beyond the Fiducial Lens Models

While low-mass lenses are well approximated by the PM model, analyses of galaxy-scale
lensing systems often employ simplified density profiles, such as the SIE model, which
exhibits a central singularity. However, realistic galactic mass distributions structurally de-
viate from these idealised models. The introduction of additional structural components
modifies the mapping defined by the lens equation, thereby altering the resulting image
configurations, magnification factors, and relative time delays. Two extensions are com-

monly introduced to model realistic galaxies: (1) a finite core radius and (2) external shear.

First, as expected from baryonic physics and DM halo dynamics, the central mass dens-
ity of galaxies does not physically diverge to a singularity [127]. Introducing a dimension-
less finite core radius (z. = 6./0g) removes the central singularity, softening the central
density profile. For the SIE model, this modification yields the non-singular isothermal el-

lipsoid (NIE) model [119], where the dimensionless convergence is redefined as:

1

. (2.54)
2\/x2 + 22 + 23 /q?

K(T1,x2) =

Similar to the NFW profile, the NIE model always produces an odd number of images
and can generate a highly demagnified central Type IIl image. The corresponding deflection

angles are derived by incorporating z. into the exact SIE model, given by [119]:

B q . \/1—q2x; . 1—¢? o
anE (1), ang(22) = —m (arcsm (——x%+m§+x3> , arsinh ( T Jaera) )

(2.55)
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The left panel of Figure 2.10 illustrates an NIE lens with the same axis ratio and GW source
positions as the SIE lensing system shown in Figure 2.7. Since the central singularity is
removed, the radial cut is replaced by a radial caustic, and correspondingly, the radial critical
line changes from a point-like singularity to an extended closed curve. Consequently,a GW
source (blue star) that is split into two images in the SIE case is no longer multiply imaged

in the NIE case, because it lies outside all caustics.

Second, galaxies are not isolated systems. Their gravitational potentials are perturbed by
tidal fields from nearby mass concentrations, such as neighboring galaxies, galaxy groups,
or the surrounding large-scale structure [103]. These environmental effects are commonly
modelled by introducing an external shear field, which modifies the lensing potential. The
external shear is parameterised by its magnitude 7. and position angle ¢.y. The cor-
responding Cartesian shear components are defined as 73 = ey C0S(2¢eyt) and yo =
Vext SIN(20eyt ), Where 1 describes stretching along the coordinate axes, while 7, corres-
ponds to stretching along axes rotated by 45°. The lensing potential associated with the

external shear is given by [119]:

U, m2) = 50} — o3) + 1. (2.56)

Since lensing potentials combine linearly, the total deflection field of a sheared NIE lens is

obtained by superposing the external shear contribution onto the NIE deflection, as follows:

ot (71, ) = ane(r1, 22) + (71 2 ) (ml) ) (2.57)

T2 N T2

The right panel of Figure 2.10 shows the same NIE lensing system with external shear.
The addition of external shear modifies both the shape and orientation of the critical curves
and caustics. For the adopted values of v; = 0.2 and 72 = 0.3, the nonzero 7, component
indicates that the shear principal axis is rotated with respect to the coordinate axes, leading
to asymmetric distortions of the lensing configuration. In particular, a positive (negative)
~2 corresponds to a counterclockwise (clockwise) rotation of the shear principal axis by
an angle ¢ex = % tan~!(y2/71). This rotated perturbation induces distinct responses in the
radial and tangential lensing structures: the radial caustic and its associated critical curve
are both distorted and rotated clockwise, acquiring a peanut-like morphology, whereas the
tangential caustic and its corresponding critical curve are stretched and rotated counter-

clockwise along the shear principal direction.
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2.3 Lensing of Electromagnetic Waves

Before discussing the GW lensing in detail, it is instructive to first establish the obser-
vational context of traditional EM lensing. Currently confirmed GW sources, specifically
CBCs, are transient and effectively point-like. In contrast, the background sources in EM
lensing span a wide range of spatial extents and temporal behaviours. In addition to transi-
ent point-like sources, such as quasars and supernovae’, EM lensing also involves extended
sources, including distant galaxies and galaxy clusters, as well as diffuse cosmological fields,
such as the CMB. In this section, we provide a brief overview of several representative EM

lensing sources.

The wavelengths of observed EM waves are negligibly small compared to the Schwar-
zschild radii of typical astrophysical lenses. Consequently, EM lensing is accurately de-
scribed by the geometric-optics approximation, ensuring that the theoretical formalism

outlined in Section 2.1 remains applicable®.

2.3.1 Extended Sources

When the background source is not a point-like object but an extended object, the analysis
of the lensing effects becomes more complex than that for point-like sources. Instead of
solving the lens equations for a single discrete source position 3, one must map an entire

extended surface brightness distribution.

According to Liouville’s theorem, gravitational lensing conserves the surface brightness
of the background source. The observed surface brightness at an image position 6 there-
fore equals the intrinsic surface brightness at the corresponding source position 3, i.e.,
1(0) = I;(B). The total observed flux Sy is defined as the integral of 7(6) over the solid
angle subtended by the image. Consequently, the magnification of the observed flux ori-
ginates entirely from the stretching of this apparent image area. Using the Jacobian matrix
A defined in Eq. (2.18), the total magnified flux is given by [106]:

Sups = / 1(6)d6 = / 1.(8)| det A™V|d*6 = / LBuB)EE.  (258)

3. Stars can also serve as point-like background sources, for example, in microlensing events induced by
exoplanets or other substellar objects [93]. However, such observations probe distances that are substantially
smaller than the typical detection horizon of GW observation, which is not discussed in this thesis.

4. While the geometric optics approximation holds for macroscopic lenses, wave-optics effects in EM lensing
may arise in the extreme microscopic regime, such as femtolensing induced by primordial black holes (PBHs)
or ultra-light DM clumps with masses M < 10713 M. This regime is beyond the scope of this thesis; see
[128, 129, 130] for details.
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In galaxy surveys, the magnification factor modifies the observed flux of the host galaxy,
which is conventionally reported in terms of an apparent magnitude. Consequently, the

apparent magnitude of the i lensed source-galaxy image, m/ can be written as:
m; =m — 2.51log, (1), (2.59)

where m denotes the unlensed apparent magnitude of the background source.

In the strong lensing regime, deflection across an extended background source produces
highly stretched, macroscopic image configurations, such as giant luminous arcs or Einstein
rings surrounding the foreground lens [103]. Consequently, the observational identifica-
tion of individual strong-lensing systems is relatively straightforward. Furthermore, the
presence of multiple images enables robust measurements of the relative magnifications,
[irel, Detween the images, which provides constraints for lens reconstruction. By combin-
ing ray-tracing techniques with parametric lens models, the lens equation can be solved
numerically, and the lens mass distribution can be constrained from the observed lensed

images [103].

Despite these geometric advantages, extended sources typically exhibit steady, continu-
ous emission over human timescales. As a result, the arrival-time delays between multiple
lensed images cannot usually be measured directly. Nevertheless, once a lens model is con-
structed by solving the lens equation, the corresponding time-delay surface on the image
plane can be computed. If the mass distribution of the lens is well constrained, approximate

time delays between the images can be inferred.

Conversely, in the weak lensing regime, where the background source lies well out-
side the caustics or the lens potential is insufficiently deep, multiple images are not pro-
duced. Instead, the main observable effect is a subtle, coherent distortion of the source
shape, parameterised by the local gravitational shear 7. Because this induced stretching
(v ~ 0.01) is typically much smaller than the intrinsic ellipticity of the background galaxies
(e = 1—¢q ~ 0.3), the weak-lensing signature for any individual galaxy is indistinguishable
from its intrinsic shape [106]. Consequently, v cannot be measured from a single object
and must instead be inferred statistically. The analysis requires averaging the measured el-
lipticities of a large ensemble of background galaxies within a localised region of the sky,
under the assumption that the intrinsic galaxy orientations are randomly distributed. The
precision of the measurement is limited by intrinsic shape noise and by the finite num-
ber of galaxies available for averaging, which sets the statistical uncertainty of the shear
estimate [131].
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Furthermore, although the general magnification ;1 depends on both convergence

and shear 7, the weak-lensing limit (v < 1, |y| < 1) allows the expression to be Taylor-
expanded. Under this limit, the second-order shear terms become negligible, and the mag-

nification is dominated by the local convergence [131]:

1
= (TSR ~ 1+ 2k. (2.60)

On the largest cosmological scales, gravitational lensing of the CMB operates entirely in
the weak lensing regime [101]. The intrinsic, unlensed CMB temperature and polarisation
fields are statistically isotropic, meaning their primordial fluctuations exhibit no preferred
directional alignment. CMB lensing analyses (e.g. [132]), therefore, measure the spatial co-
herence of the deflection field, that is, the degree to which neighboring photon trajectories
are correlated by the same intervening large-scale structure. Observationally, this cumu-
lative deflection manifests as a subtle smoothing of the acoustic peaks, the characteristic
oscillatory features in the CMB power spectrum that trace primordial sound waves in the

early Universe [133].

2.3.2 Transient Sources

In contrast to extended sources, transient sources, including gamma-ray bursts (GRBs), ki-
lonovae from BNS mergers, and CCSNe, can provide time-dependent lensing signatures.
These sources exhibit specific emission profiles, encompassing rapid luminosity evolution,
distinct spectral transitions, and multi-wavelength components. For instance, GRBs and
BNS mergers generate a prompt high-energy burst in gamma-rays or X-rays, followed by a
fading afterglow spanning optical to infrared frequencies [134, 135]. Similarly, CCSNe dis-
play characteristic light-curve declines accompanied by temperature-dependent spectral

line evolution as the stellar ejecta expands and cools [40, 136].

Transient sources can undergo microlensing by low-mass objects, such as stars, stellar
remnants, or star clusters, which induces a time-dependent magnification superimposed
on the intrinsic light curve [137, 138, 139]. Microlensing introduces chromatic variations
due to the physical expansion of the transient source. Over time, the effective source size
increases and becomes comparable to the Einstein radius of the microlens. Since emission
at different wavelengths originates from distinct regions within the expanding ejecta—with
high-energy emission concentrated in a compact inner core and lower-energy emission ori-
ginating from a larger, cooler envelope-the differential magnification across the source be-
comes wavelength-dependent. Therefore, observed light-curve deviations that exhibit spec-
tral distortions or colour-dependent magnification confirm the presence of microlensing
[140, 141].
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In the strong lensing regime, by contrast, the signals are achromatically magnified or
demagnified. Strongly lensed multiple images therefore exhibit identical light-curve shapes
across all spectral bands, differing only in relative time delays and magnifications, so that
repeated echoes of the same transient event may be observed. The short duration and rapid
variability of transient events enable direct cross-correlation of the light curves, yielding

measurements of the relative arrival-time delays (At) between images”.

Furthermore, EM transient events typically occur within galaxies, and because the tran-
sient emission fades rapidly, obtaining a spectroscopic redshift directly from the transi-
ent is observationally challenging. However, once transients or their afterglows are spa-
tially localised, follow-up observations of the galaxies hosting them provide their redshifts
(zs) (e.g, [17]). The combination of measurable time delays and accurate redshifts allows
strongly lensed transients to serve as powerful cosmological probes. Incorporating At and
zs into a lens model enables inference of the system’s time-delay distance, D¢, which is
inversely proportional to the Hubble constant, Hj. Lensed transients thus provide an inde-

pendent method for cosmography and for testing the physics of the expanding universe.

2.4 Lensing of Gravitational Waves

The typical wavelengths of GWs (\4,) are longer than those of EM waves. For lensing ob-
jects with masses below the galactic scale, these wavelengths are comparable to or exceed
the lens’s Schwarzschild radius (Rsy). Specifically, for GWs from CBCs in the frequency
band of ground-based detectors, the condition \g, 2 Ry is satisfied for lens masses
< 105 M, under which the geometric-optics approximation breaks down. Consequently,

wave optics is required for the lensing analysis in this mass regime [145, 146, 147].

In the frequency domain, the lensing effect is characterised by the amplification factor,
F(f). The lensed GW strain, /;(f), is then given by [145, 146, 147]:

hl(f) = F(f)hu(f)v (2.61)

where f is the frequency and h,(f) denotes the intrinsic unlensed waveform. This section
outlines the theoretical framework for GW lensing. We describe how GWs are affected by
lensing, derive the amplification factor, and detail the observable features of the resulting

lensed signals.

5. Although a quasar is not a transient source, its central engine, a supermassive black hole accreting matter,
produces stochastic luminosity variations across broad spectral bands over months to years [142]. When a
quasar is strongly lensed, this same stochastic light curve is replicated in each image. By conducting long-
term monitoring campaigns and cross-correlating the light curves, observers can measure the relative time
delays between the multiple image trajectories (see e.g., [143, 144]).
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2.4.1 GW in Weak Gravitational Field

Assuming a locally flat spacetime perturbed by a weak Newtonian potential U(r) < 1 due
to the lens, such that the system remains in the weak-field limit (i.e., far from the strong-

gravity regime of compact objects like BHs), the background metric g,(f) is expressed as:

ds? = —(1+2U)dt? + (1 — 2U)dr? = ¢ da"dz”. (2.62)

The propagation of a GW through this spacetime introduces a small metric perturbation.

The total metric tensor g, is given by:
G = gﬁf) + h,uzu (2-63)

where h,,, represents the GW strain. In the weak-field limit, since the curvature radius of
the background spacetime is much larger than the GW wavelength, the polarisation tensor
e, is parallel-transported along the background null geodesics, which allows the tensor
perturbation to be decoupled into a constant polarisation state and a propagating scalar
amplitude ¢, such that h,, = ¢e,, [148].

The propagation equation 9,(y/—g'?) 9(p)Ov®) = 0 is satisfied in the curved back-
ground. Substituting the components of the background metric (Eq. (2.62)) and retaining

terms up to first order in the weak potential, U, the equation reduces:
(V> = 07) ¢(r,t) =AU (v, 1t). (2.64)

Transforming to the frequency domain via the Fourier transform gzg(r, w) = [ ¢(r,t)e™'dt,

such that 0; map to —iw, one obtains the Helmholtz equation:
(V2 4+ w?) ¢ = 4w’U¢, (2.65)

where w = 27 f is the angular frequency of the GW.

To determine the effect of lensing on a GW, Eq. (2.65) must be solved with appropri-
ate boundary conditions specifying the locations of the source and the observer. For a GW
source at distance Dg, the incident GW is naturally modelled as a spherical wave, and the
solution is evaluated at the observer located at distance D;. As mentioned in Section 2.1,
the thin lens approximation is valid for GW lensing. Under this thin-lens approximation,
the three-dimensional potential U(r) is projected onto a two-dimensional lens plane, ef-
fectively acting as a discrete phase screen. Based on the Huygens-Fresnel principle, the
lensed wave at the observer can be interpreted as the superposition of secondary spherical

wavelets originating from all points on the lens plane [147, 149].
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Following the formalism of [147], Eq. (2.65) can be solved using Green’s function, which
provides the response at the observer to a point source on the lens plane. For a wave
propagating over a distance 7, the Green'’s function is defined as:

1 eiwr
Golr)=——5. (2.66)

A7 7

Applying Green’s theorem over the lens plane, the lensed wave amplitude ¢; is then ex-

pressed as a surface integral, known as the Kirchhoff-Fresnel diffraction integral:

~ 1 eiwr zwr a
o= [ eelog () -] @67)

where S denotes the lens plane, & are its physical coordinates, n is the unit normal vector

to the surface, and ¢ is the incident scalar field evaluated at the lens plane. ¢, explicitly
accounts for the diffraction of the wave by the lens, and serves as the starting point for

constructing the lensed GW signal at the observer.

2.4.2 Amplification Factor

Amplification factors are defined as the ratio between the scalar amplitudes of the lensed
(¢1) in Eq. (2.67) and unlensed (¢) waves [147]:

QENL(W)_
p(w)

Fw) = (2.68)
Under the configuration described in the previous section (see Figure 2.2), and accounting
for cosmological effects in an expanding universe-where distances correspond to angular
diameter distances, and the observed frequency is redshifted—the amplification factors in
Eq. (2.68) are given by [147]:

B Dg&2 (14 21)w 9 Dg
Flw,y) = owiD. D, /d T {exp( DLSDLgo (14 z)wT(x,y)) |, (2.69)

where T'(x, y) is the dimensionless Fermat potential in Eq. (2.25). It is convenient to sim-

plify Eq. (2.69) by introducing the dimensionless frequency, defined as:

Dg

21 . 2.70
DLSDLSO( +z2)w (2.70)

w =

Finally, the amplification factors reduce to [146, 147]:

Flw,y) = — / &2z [exp(ivT(z, y))], 2.71)

27r
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In general, the integral in Eq. (2.69) cannot be evaluated analytically due to the nontrivial
structure of T'(x, y), necessitating numerical evaluation. However, the integrand contains
a rapidly oscillating phase factor (exp(iwT'(x, y))), which makes the numerical evaluation

computationally expensive, particularly at high frequencies (large w).

For axially symmetric lens models, however, the two-dimensional integral can be re-

duced to a one-dimensional form [147]:

. o0 1
F(w,y) = —iwezwyzﬂ/ dx xJo(wzy) exp {iw (§x2 — () + gbm(y))} . (2.72)
0
where Jj is the zeroth-order Bessel function, ¢)(z) is the dimensionless lensing potential,
and ¢,,(y) denotes the minimum arrival time of the unlensed signal. Analytical solutions
are available only in limited cases. In particular, for a PM lens, the amplification factor is
given by [147]:

F(w,y) = exp [% + Z% {ln (%) - 2¢m(y)H x T (1 — %w) Fy (%w, 1; %wy2> ,

(2.73)
y+/y2+4

where ¢, (y) = 2
metric function of the first kind® [150]. Egs. (2.71)-(2.73) can be substituted into Eq. (2.61)

to compute the lensed GW waveform from a given unlensed waveform.

— Inz,, with z,, =

M and 1 F} is the confluent hypergeo-

When GWs are lensed in the wave-optics regime (w < 1), the phenomenon is referred
to as microlensing [145, 146, 147, 151, 152, 153, 154], typically induced by lenses that can be
well approximated as the PM model. In the time domain, microlensed GW signals exhibit
beating patterns. Figure 2.11 shows representative examples of microlensed waveforms. The
waveform morphology is increasingly modified, and the beating pattern becomes more pro-
nounced as the microlensing effect is more significant (i.e., for higher M7 and smaller y).
The patterns arise from the interference between multiple signals with microsecond-scale
time delays, which is fully encoded in the F'(w) computed in the wave-optics formalism.
These morphological distortions encode the physical parameters of the microlens. Con-
sequently, by analysing the interference pattern within the strain data, one can directly
extract the redshifted lens mass and the impact parameter without solving the lens equa-

tion.

When the wavelength of a GW is much smaller than the Schwarzschild radius of the
lens, corresponding to the regime w > 1, the geometric-optics approximation becomes
valid. In this limit, wave-optics effects such as diffraction are negligible, and the standard
formalism of EM lensing (Section 2.1) can be directly applied. In the diffraction integral
(Eq. (2.71)), the phase factor exp(iwT(x,y)) becomes highly oscillatory at large w. As a

6. See also https://dlmf.nist.gov/13.2E2 for the mathematical definition.
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Figure 2.11: Unlensed waveform from a BBH event, shown as a reference, together with
microlensed waveforms in the cases of mild (red, left panel) and strong (orange, right panel)
microlensing.

result, contributions from different regions of the lens plane interfere destructively, except
at the stationary points of the Fermat potential, defined by (V.7 = 0). These station-
ary points correspond to the discrete image positions determined by the lens equation in
Eq. (2.17).

By evaluating the diffraction integral in the high-frequency limit using the stationary-
phase approximation [147], the dominant contributions arise only from the stationary points

and the amplification factor reduces to a discrete sum over the geometric images:

F(w,y) ~ Z |,uj|1/2 exp [iwT; —imn;], (2.74)

J

where the index j labels the j-th image, j; is the magnification factor, and 7} is the di-
mensionless Fermat potential evaluated at the image position. The integer parameter n; is
the Morse index, which encodes a frequency-independent phase shift associated with the
image type. Specifically, n; = 0,1, 2 correspond to Type I, II, and III images, respectively
(see Section 2.1.3 for details about image types). In the geometric-optics limit, the lensed
waveform is described as a superposition of discrete signals arriving at different arrival

|1/2

times. Each contribution is magnified by |u;|'/* and acquires a phase shift determined by

the corresponding time delay and Morse index [155, 156, 157].

If the time delay between multiple signals is sufficiently large compared to the dura-
tion of the GW signal, the individual signals arrive at the detector as temporally separated
events and can be identified as distinct signals. In this strong lensing regime, the lensed
GW events generally exhibit large magnifications consistent with EM strong lensing [158,
159, 160, 161, 162, 163, 164, 165]. In contrast, smaller-scale objects, such as DM subhalos
or intermediate-mass black holes (IMBHs), induce a regime known as millilensing or phe-
nomenological lensing [166]. In this scenario, the geometric-optics approximation remains

valid (w > 1), while the time delay between signals can be shorter than the signal duration.
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As a result, the individual signals overlap in time and cannot be resolved separately, leading
to interference. The detector therefore records a single, superimposed waveform character-
ised by specific amplitude and phase modulations, which can be described by Eq. (2.74),

rather than multiple distinguishable events.

2.5 Comparisons between EM and GW Lensing

The field of multimessenger astronomy has now become firmly established. As both EM
and GW observations continue to advance, multimessenger lensing is transitioning into
an observationally accessible regime [102]. Understanding the key differences between EM

and GW lensing, and how they can be jointly exploited, is therefore important.

As noted in the previous sections, the differences between EM and GW lensing for
typical astrophysical compact objects (e.g., stars, stellar remnants, star clusters) and DM
subhalos (M < 10° M) are straightforward. GW lensing generally occurs in the wave-
optics regime, resulting in frequency-dependent diffraction patterns, whereas EM lensing
remains in the geometric-optics regime, producing achromatic flux magnification. Simil-
arly, the distinction in detector response is also trivial. EM instruments measure the time-
averaged energy flux, scaling with the magnification y, while GW interferometers record

|1/2. These basic differences arise directly from the dis-

the strain amplitude, scaling as |y
tinct wave properties of EM and GW signals. We now turn to the observable signatures,
where their physical distinctions manifest in measurable quantities and can have signific-

ant implications for multi-messenger lensing studies.

In the strong-lensing regime, both EM and GW lensing effects are well described by
geometrical optics. Consequently, the magnification factors, time delays, and image types
(or, equivalently, phase shifts in the GW case) arise identically. However, the observational
inference of these quantities differs between the two messengers. In EM lensing, multiple
images exhibit different apparent magnitudes and spatial parities. In contrast, for GW sig-
nals, magnification manifests as a modification of the inferred luminosity distance, while
the image parity introduces a topological phase shift (the Morse phase) in the coalescence

phase.

As an illustrative example, consider a galaxy-galaxy strong-lensing system in which the
source galaxy hosts a GW source. The magnification factor associated with the " lensed
image modifies both the observed EM flux and the GW amplitude, leading to a shifted

apparent magnitude, m; in Eq. (2.59) and an effective luminosity distance (dgfﬁ), as follows:

& = (2.75)

Vi
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where d;, denotes the true luminosity distance to the GW source. Note that, although a
galaxy is an extended source and therefore experiences spatially varying magnification
across its surface, these variations are typically not significant on arcsecond scales. As a
result, the magnification at the specific location of the GW source is expected to be well ap-
proximated by the average magnification inferred from the lensed galaxy image. If > 1,
lensing increases the observed flux, making the lensed EM image brighter and thus redu-
cing its apparent magnitude. For GW signals, the strain amplitude scales inversely with

luminosity distance, so magnification leads to a correspondingly smaller inferred distance.

In addition, the relative magnification factor (it gm) between the i" and j™ lensed

galaxy images in EM observation is given by:

frer gy = EL = 107040m5—md) (2.76)

i
while for GW signals, the relative magnification factor (.1, cw) can be expressed as:

2
Hj st
Urel.ow = ; = ’ . (2.77)

eff

These two quantities are expected to be consistent within uncertainties.

Let us move to another observable, the relative time delays between multiple lensed
images or signals. For transient sources, including GW signals from CBCs and EM transients
such as SNe or GRBs introduced in Section 2.3.2, these delays can be measured directly from
the arrival times of each signal. In GR framework, the time delay between the ih and ;%
lensed signals is given by:

Algy = Atgw = |t — 4], (2.78)

where ¢; and t; are the arrival times of i'™ and j™ signal, respectively.

For galaxy-galaxy lensing systems, however, the relative time delays of EM images are
not directly observable. Instead, they are inferred from the Fermat potentials, 7; and 7},
evaluated at the image positions under an assumed lens model. The corresponding time
delays are then given by:

o 14+ 2, D Dg
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In contrast to the magnification case, GW observations can measure relative time delays
with very high precision, often at the millisecond level. Given the large mass scale of
galaxy lenses, the variation of time delay across different image positions within an exten-
ded lensed galaxy can be significant. Therefore, with sufficiently high angular resolution,
one can construct a detailed time-delay map from EM lens modelling. Comparing this map
with the precisely measured Atgw enables a more accurate localisation of the GW source

within the host galaxy.

Beyond enabling precise source localisation, multi-messenger strong lensing provides
a unique laboratory for probing the fundamental physics of GR with exceptional precision.
Within GR, GWs and EM waves are predicted to propagate at the same speed in vacuum
(cow = cgm), as implied by Eq. (1.13). If a multi-messenger transient, such as a BNS merger,
is strongly lensed, the multiple discrete GW images and their EM counterparts will arrive
at the observer with characteristic lensing-induced time delays [167, 168, 169]. Comparing
the relative time delays measured independently in the GW and EM channels, therefore,
provides a direct and highly sensitive test of whether the two messengers propagate identic-
ally over cosmological distances. Since the propagation path spans billions of light-years,
even an extremely small deviation between cgw and cgy would accumulate over cosmic
distances and manifest as a measurable offset between the GW and EM lensing time delays.
Therefore, a statistically significant discrepancy between the two independent measure-

ments would serve as a compelling signature of physics beyond GR.

In addition to possible deviations in propagation speed, several modified gravity theor-
ies predict that the amplitude evolution of GWs can differ from the GR prediction during
cosmological propagation [170, 171, 172]. As a consequence, the luminosity distance in-
ferred from GW observations may differ from that inferred from EM observations of the
same source. Strong lensing is particularly valuable in this context because lens magnifica-
tion enables the detection of intrinsically faint GW and EM sources at substantially higher
redshifts than would otherwise be observable. Such high-z systems are especially powerful
probes of modified gravity, as even small deviations from the GR prediction can accumulate

over cosmological distances and become observationally measurable.

A commonly adopted phenomenological parametrisation of this effect is given by [173]:

(2.80)

where = and n parameterise deviations from the GR prediction (d$¥ = dt™). Robust con-

straints on these parameters require accurate cosmological distance measurements.
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Strong lensing itself provides an independent method for constraining cosmological
distances through time-delay cosmography with both EM and GW observations, yielding
complementary cosmological information from the same lensed system. The measured time
delays between multiple lensed images constrain the time-delay distance (Dx;) introduced
in Eq. (2.25), which depends on the source and lens redshifts as well as the underlying cos-
mological parameters. Since cosmological distances become increasingly sensitive to the
background cosmology at higher z, strongly lensed systems can place particularly precise
constraints on the distance-redshift relation (see Section 3.1). Therefore, comparing the cos-
mological distance relation inferred from multi-messenger lensing observables with the lu-
minosity distance directly obtained from GW signals enables a direct test of modified GW

propagation on cosmological scales.

Overall, strongly lensed multi-messenger observations constitute a uniquely powerful
laboratory for simultaneously probing cosmology, fundamental physics, and the astrophys-

ical environments or formation channels of compact binary mergers.



Chapter 3

Gravitational-Wave Cosmology

Modern cosmology is primarily built upon the ACDM model, named after its two key con-
stituents: A (Lambda), representing the cosmological constant associated with dark energy
(DE) introduced in Eq. (1.6), and CDM, referring to cold dark matter. This framework is
grounded in GR and the cosmological principle, which assumes that the Universe is homo-
geneous and isotropic on large scales. Within this model, the energy content of the Universe
is dominated by two non-luminous components: CDM, which consists of non-relativistic
matter that governs structure formation through gravitational clustering, and DE, which

provides the repulsive pressure driving the observed accelerated expansion of the Universe.

To quantify the relative contributions of these components, multiple observational probes
are combined. The CMB provides a measurement of the total energy density of the Universe,
indicating that spacetime is consistent with spatial flatness [174, 175]. Baryon Acoustic Os-
cillations (BAO), which arise from sound waves propagating in the photon-baryon plasma
before recombination, imprint a characteristic length scale in the large-scale distribution of
matter [176]. The length scale serves as a standard ruler for tracking the expansion history
of the Universe [177]. When combined with luminosity distance measurements from Type
Ia supernovae [178, 179], these probes constrain cosmological parameters in a complement-

ary manner. Their joint constraints converge on a narrow region of parameter space.

While the joint EM observations successfully established the ACDM model as a standard
model, recent observational tensions suggest that it may be incomplete. The most prominent
example is the Hubble tension [180], a statistically significant discrepancy between meas-
urements of the Hubble constant, H, inferred from early-Universe observations, such as
the CMB [174], and those obtained from late-time distance ladder methods based on e.g.
Cepheid variables and Type Ia supernovae [181]. This discrepancy motivates the need for

independent cosmological probes.

GW cosmography provides such an independent avenue to probe the expansion history
of the Universe by directly measuring the distance-redshift relation [182]. Observable CBC
quantities such as the luminosity distance, d; (z), encode the kinematic evolution of cosmic

expansion, providing a model-independent description that can be interpreted within spe-
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Figure 3.1: Constraints on the Hubble constant (H) from CMB, local distance-ladder meas-
urements, and GW observations, highlighting the Hubble tension and the potential of future
GW observations to resolve it. Figure is from [183].

cific cosmological models, such as ACDM. Cosmological parameters in the ACDM model
are then inferred by fitting the reconstructed distance-redshift relation. Figure 3.1 illustrates
that GW cosmography can provide a powerful probe of the Hubble tension identified by

EM observations.

In this chapter, we review the distance-redshift relation in an expanding Universe and
briefly introduce the ACDM framework, along with its current limitation, namely the Hubble
tension. We then describe how GW observations provide an independent avenue for meas-
uring key cosmological parameters, such as Hj, and discuss their associated uncertainties

and limitations.

3.1 The Cosmographic Distance-Redshift Relation

The standard cosmological paradigm posits that the Universe is expanding from an initial
state of high density and temperature (the Big Bang), and is homogeneous and isotropic
on large scales. The spacetime geometry satisfying these conditions is described by the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. Combined with the EFEs intro-
duced in Eq. (1.6), this metric provides the theoretical foundation of the standard model
of cosmology, upon which the ACDM framework is built [1]. In this section, we derive
the relation between cosmological distance and the observable redshift in the expanding

spacetime.
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3.1.1 Friedmann-Lemaitre-Robertson-Walker Model
In the FLRW metric, the spacetime interval is expressed as [1]:

2

-
1 — kr?

ds®> = —c2dt* + a*(t) + 7%(d6? + sin® 0d¢?) | , (3.1)
where ¢ is the cosmic time, r, 6, ¢ are the reduced-circumference polar coordinates, k repres-
ents the spatial curvature, and a(t) is the time-dependent scale factor. EM waves and GWs
propagate along null geodesics (ds* = 0). For a signal travelling radially (d0 = d¢ = 0)
from a source at comoving coordinate 7 = IR to an observer at the origin » = 0, Eq. (3.1)
reduces to:
cdt dr
= (3.2)

a(t)  1—kr?

Integrating Eq. (3.2) from the time of emission ¢, to the time of observation ?, i.e., along

the path between the source and the observer, yields the comoving distance:

b e dt
oo [
te a(t)
_/R dr
N 0 \/1—]{37‘2.

Here, k determines the mapping between the comoving distance d¢- and the radial comoving

(3.3)

coordinate r. A value of £ > 0 corresponds to a closed Universe with positive curvature,
k = 0 to a spatially flat Universe, and k£ < 0 to an open Universe with negative curvature.

Eq. (3.3) provides the exact relation in each case [1]:

ﬁ sin~'(y/|klr) (k> 0)
do =< r (k= 0) (3.4)
1 -1
——sinh™ (y/|k|r) (k< 0)
N
In the flat case, the radial coordinate coincides with the comoving distance. In contrast, for
nonzero curvature, the relation becomes non-linear, exhibiting trigonometric (closed) or

hyperbolic (open) behaviour at large distances.

Consider two successive wave crests emitted at ¢, and t. + dt., and observed at t; and
to + Oto, respectively. Here 0t. and 0t represent the emitted and observed wave periods.

Since the comoving coordinate R of the source is fixed, the spatial integral is identical for

b cdt tototo . gt
/ cdt _ / cdt (3.5)
te a(t) te+te a(t)

both crests, leading to:
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Subtracting the common interval j;tOJr 5. cdt/a(t) from both sides gives:

te+Ote dt to+dto dt
/ L / At (3.6)
L a(t) i a(t)

The periods dt. and 0t are extremely short compared to the cosmological timescale over
which a(t) varies. Therefore, a(t) can be treated as constant over each infinitesimal interval,

and Eq. (3.6) simplifies to:

Ot _ dto (3.7)

The time interval between successive wave crests is stretched by «a(t), which leads to

the observed cosmological redshift, defined as the fractional change in wavelength [184]:

o )\0 - )\e
= )\8 ,

z

(3.8)

where \g and )\, are the observed and emitted wavelengths, respectively. Since wavelength
is proportional to the wave period (A = cdt), Eq. (3.7) leads to the fundamental relation
between redshift and scale factor [1, 184]:

Ao
= — — 1
z Y
dto
= — — ]_
= (3.9)

_a(to)

=ty ¢

While the comoving distance d¢ remains fixed, the proper distance dp(t) between the source
and observer evolves with time, reflecting the expansion of the Universe. At any given

cosmic time ¢, the proper distance is simply given by:
dp(t) = alt)de, (3.10)

which evolves with time through the scale factor a(t). To determine the evolution, the
dynamics of a(t) must be specified, which are governed by the EFEs in Eq. (1.6). The large-
scale matter content of the homogeneous Universe is well approximated as a perfect fluid,

with stress—energy tensor [21]:

b
T, = (p + ?) Uy Uy + PG, (3.11)
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where p represents the total energy density, p is the isotropic pressure, and u,, = (—c, 0,0, 0)
is the four-velocity of a comoving observer. In this frame, the time-time component re-
duces to Ty = pc?. For the FLRW metric, the time-time component of the Einstein tensor

(Eq. (1.5)) is given by:

1
Goo = Roo — 59003

i (a\® ke
=+ (=) +=
a a a
3 a 2+kc2

2 a a? |’

where overdots denote derivatives with respect to cosmic time, ¢. Substituting the 74y and

3i 3
—— 4

ac? 2

(3.12)

Goo components into the time-time component of the EFEs yields the first Friedmann equa-
tion [1]:

a\’  8rG ket | Ac (.13
-3 a? 37 '

a
which defines the square of the Hubble parameter, H*(t) = (a/a)? as determined by the

total energy density, spatial curvature, and the cosmological constant.

To express Eq. (3.13) in dimensionless form, each term is normalised by the expansion
rate H?(t), which naturally introduces the density parameters associated with each com-
ponent. This procedure is equivalent to expressing each term in the Friedmann equation in
units of the critical density [1, 184]:

_ 3H?(t)

pe(t) = =rC (3.14)

defined as the energy density required for a spatially flat Universe (k = 0).

For matter (m) and radiation (), whose energy densities evolve with cosmic expansion’,
their corresponding density parameters are defined as [186]:
87Gpi(t)

For k and A, the associated density parameters are defined as [186]:

kc? Ac?

—anmm WO =35y

Qp(t)

(3.16)

1. See [185], however, for a broader classification of possible energy components, some of which remain
speculative.
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With these definitions, the Friedmann equation in Eq. (3.13) can be written in a dimension-

less form:

Q,Y(t) + Q (1) + Qa(t) + Q(t) =1, (3.17)
which holds at all times.

In practice, cosmological observations constrain these parameters at present ¢, defining
Qo = pio/pe Qo and Qy o, are likewise obtained by evaluating H (t) and a(t) at to. The
evolution of each component is governed by its equation of state. More specifically, the
relation between pressure (p) and density (p) in Eq. (3.11) can be expressed through the

equation of state parameter, w [1, 184]:

R
pc?’

w (3.18)

where w is a dimensionless parameter, analogous to the relation found in the ideal gas law
(P = nRT/V); however, in cosmology, it is generalised to include relativistic effects and

vacuum energy.

For a perfect fluid in the FLRW model, w determines how the energy density responds
to the expansion of the Universe. The time evolution of p(t) is governed by the continuity
equation, which is derived from the conservation of the energy-momentum tensor (V , 7" =

0) in the FLRW metric [1]: ‘
o+ 32 (p + %) —0. (3.19)
a c

Substituting Eq. (3.18) into Eq. (3.19) yields:
Lo 31+ w. (3.20)
p a
Integrating both sides with respect to time yields:
pox a3+ (3.21)

Accordingly, the dimensionless density parameters in Eqs. (3.15) and (3.16) evolve with the

scale factor as determined by their respective equations of state [1, 187]:

Radiation (£2,): For relativistic particles such as photons, the pressure satisfies p =
% pc? (w = 1/3). Their energy density decreases due to both volumetric dilution, scaling as
a~3, and the redshifting of photon energies, which introduces an additional factor of a~!.

Consequently, the radiation energy density scales as a™*, or (1 + 2)%.

Matter (£2,,,): For non-relativistic matter, including baryons and dark matter, the pres-
sure is negligible (w ~ 0). As the rest mass is conserved, the energy density decreases solely

due to the expansion of comoving volume, leading to a scaling of a3, or (1 + 2)3.
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Curvature (€2;): The spatial curvature term originates geometrically from the Ricci
scalar of the FLRW metric. Its mathematical form, k/a?, implies an inverse-square depend-

ence on the scale factor, i.e.,, a=2, or (1 + 2)2.

Cosmological Constant (£24): The cosmological constant is modelled as a constant en-
ergy density, representing the intrinsic energy of the quantum vacuum. This corresponds
to an equation-of-state parameter w = —1 in Eq. (3.21). As a result, the vacuum energy

density remains invariant under cosmic expansion, yielding a scaling of a°, or (1 + 2)°.

Using these scaling relations, the Friedmann equation can be expressed entirely in terms

of present-day density parameters and redshift. Dividing Eq. (3.13) by H? yields:

H 2
< (Z)) = Q00"+ Qoa ™ + Qoa™> + Qo

Hy (3.22)
= Q7,0(1 + 2)4 + Qmp(l + 2)3 + Qkp(l + 2)2 + QA,O'
It is often convenient to introduce the dimensionless Hubble parameter?,
H
E(z) = (2)
Ho (3.23)

= \/Q%O(l + 2)t + Qo1+ 2)3 + Qi o(1 4 2)% + Qa o,

which encapsulates the expansion history independently of H,.

3.1.2 Luminosity Distance

The luminosity distance to a source, dj, is conventionally defined through the inverse-

square law:
F=L/(4rd3), (3.24)

where F'is the observed flux and L is the intrinsic luminosity of the source. We now rein-

terpret Eq. (3.24) within an expanding cosmological framework.

The luminosity L is defined as the total energy A F, emitted over a proper time interval
At. (L = AE,./At.). In the FLRW spacetime, photons emitted at ¢, propagate outward and
are distributed over a spherical surface of radius dp(t;) at the time of observation t,. The

proper surface area of this sphere is given by:

Ap = 47Td?;.

Co (3.25)
= 4ma*(to)dg.

Cosmic expansion induces two independent effects on the observed radiation [184, 187]:

2. Note that this differs from the dimensionless Hubble constant, defined as h = H/100 km s—1 Mpc*1
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1. Energy redshift: The energy of each photon is reduced by a factor (1 + z), such that
AEQ = AEe/(l + Z).

2. Time dilation: The arrival interval between successive photons is stretched, At, =

Ato(1+ 2).
Since the flux is defined as energy received per unit area per unit time, the observed flux
becomes:
_ AEy
 AtyAp
B AE./(1+ 2) 3.6
= AL+ 2)dra (i) B (3.26)
L

- dra®(to)ds(1+ 2)?
Comparing Eq. (3.26) with Eq. (3.24) defines the luminosity distance in an expanding Uni-

verse:
dr, = a(to)de(1 + 2). (3.27)

Hence, d;, encodes both the geometric separation and the effect of cosmic expansion.

To express dj, explicitly as a function of z, we relate cosmic time to redshift. From
Eq. (3.9), we have 1 + z = a(ty)/a(t) = 1/a(t), where the present-day scale factor is

unity. Differentiating both sides with respect to cosmic time yields:

dz . a
dt a2 ‘
— (142" (3.28)
a
= —(1+2)H(z).
This relation can be rewritten as:
dz
g — — ' 3.29
H(z)(1+ 2) (329)

Substituting Eq. (3.29) into Eq. (3.3), and noting that ¢, and ¢ correspond to redshift »z and

z = 0, respectively, the time integral can be recast as a redshift integral as follows:

z dZ/
0 H(Z').

de(z) =c¢ (3.30)

Finally, using Eq. (3.27), the luminosity distance—redshift relation is given by [184, 188]:

z dZ/
0 H(Z,).

dp(z) =c(1+2) (3.31)
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Figure 3.2: Hubble diagram constructed from supernovae over a range of redshifts. The dis-
tance modulus is defined as y = 5log,, (d./pc) — 5. The colour bar indicates the probability
that a supernova is of Type la. Adapted from [191].

3.1.3 Hubble-Lemaitre Law

The validity of Eq. (3.31) was first established observationally by Georges Lemaitre and
later by Edwin Hubble in the local Universe, where measurements were restricted to the
low-redshift regime (z < 1) [189, 190]. In this limit, the cosmic expansion rate can be
approximated as constant, H(z) &~ H,, since the dimensionless Hubble parameter satisfies
E(z) ~ 1. Expanding Eq. (3.31) to first order in 2 and neglecting O(z?) terms reduces d7,

to a linear function of z as follows:

dy, ~ (1 + z) (Hio)

~
~

. (3.32)
Hy’

For local astrophysical sources, the cosmological redshift reduces to the non-relativistic
Doppler shift, z ~ v,./c, where v, is the recession velocity of the sources. Substituting
this relation into Eq. (3.32) recovers the standard kinematic form of the Hubble—Lemaitre
law [189, 190]:

v, = Hydy,. (3.33)

This result demonstrates that the general relativistic description of luminosity distance for
EM or GW sources reduces, in the low-redshift limit, to the empirically established Hubble-
Lemaitre law. As shown in Figure 3.2, the Hubble-Lemaitre law provides a good description
of the recent data in the regime z < 1. It is worth noting that the Hubble-Lemaitre law is
formally expressed in terms of the proper distance, v, = Hydp. In the low-redshift limit,

for a spatially flat Universe, the luminosity distance satisfies d;, ~ d¢ = dp.
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3.1.4 The ACDM Framework and Hubble Tension

In Section 3.1.1, we reviewed the FLRW models, which are based on the FLRW metric and
the Friedmann equations. These models provide the theoretical basis for the standard cos-
mological paradigm, namely the ACDM model. This model describes the dynamical content
of the Universe by assuming a spatially flat universe (€2, = 0) dominated today by two
components: cold dark matter (£2.) and cosmological constant (£25), together with a small
baryonic contribution (£2;) and negligible radiation (£2, ~ 0) at late times. Consequently,
the model implies the constraint 2,,, 0 + {259 = 1, where Q,, o = o + .. Under the

ACDM framework, the Hubble parameter is often rewritten as:

H(z) = Hyp[ Qo1+ 2) + Q. (3.34)

A central goal of observational cosmology is to determine the precise values of H,
Q0. and Q4 ¢ in Eq. (3.34). Current estimates of the density parameters are empirically
established through the intersection of independent EM observational probes. Each meth-

odology imposes a distinct geometric constraint on the (£2,,, 0, {24 o) plane.

For example, measurements of CMB anisotropies tightly constrain the angular scale of
the sound horizon’ at recombination, fixing the ratio between the physical sound horizon
and the angular diameter distance to the last-scattering surface [175, 192]. However, this
constraint is inherently degenerate, as different combinations of cosmological parameters
(e.g., Hy, 2, and §2,) can yield the same observed scale [193]. BAO provide a comple-
mentary probe by using the pre-recombination sound horizon as a standard ruler at lower
redshifts, allowing the expansion history to be constrained through measurements of the
angular diameter distance and H(z) [194, 195, 196]. When combined, CMB and BAO ob-
servations break the geometric degeneracies by anchoring early-Universe physics while
mapping the later-time expansion history, thereby yielding tight and robust constraints on
cosmological parameters. Within the ACDM framework, the latest DESI DR 2 (Dark Energy
Spectroscopic Instrument Data Release 2) [197] results yield €2,,, o = 0.3027 & 0.0036 from
the joint CMB+BAO analysis, implying {24 ¢ >~ 0.7.

Despite its overall success, the ACDM model faces several challenges. Among these, the
Hubble tension is the > 40 discrepancy between the H value inferred from early-Universe
data (CMB and BAO) and that measured directly in the late Universe using distance-ladder
techniques [180]*. Under the ACDM framework, early-Universe probes, anchored by the

sound-horizon scale at recombination, consistently prefer a lower Hubble constant; for in-

3. The sound horizon is the comoving distance travelled by acoustic waves in the photon-baryon fluid before
recombination.

4. 'The discrepancy is approximately ~ 5.30 when comparing with CMB measurements and ~ 4.50 when
comparing with recent DESI BAO results [197]. The CMB and BAO measurements themselves also exhibit a
discrepancy at the > 20 level.
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stance, the DESI DR 2 results show Hy ~ 67-68 km s~! Mpc™' [197]. In contrast, local
distance-ladder measurements from the SHoES program find Hy ~ 73 km s~! Mpc~! [181].
This discrepancy is not merely numerical. Since Hj sets the absolute scale of the distance-
redshift relation, a few percent difference suggests that either unknown systematics remain

in the measurement techniques or the ACDM model is incomplete.

In summary, while ACDM provides an excellent phenomenological description of a
wide range of observations, the Hubble tension highlights the need for models beyond
ACDM or independent, complementary probes to test its validity.

3.2 GWs as Probes of Cosmic Expansion Rate

As discussed in the previous section, the expansion history of the Universe is encoded
in the distance-redshift relation (Eq. (3.31)), with the luminosity distance d; serving as
a key observable. GW observations provide a direct means of measuring this quantity
and have therefore emerged as a robust and independent cosmological probe. Unlike tra-
ditional standard candles, which rely on the hierarchical cosmic distance ladder and its
associated calibration uncertainties, GWs enable a direct measurement of d; through the
self-calibrating nature of the waveform, as encoded in the phase and amplitude evolution
predicted by GR.

To date, ground-based interferometers have observed CBCs across a wide range of dis-
tances. BBH mergers have been observed over a broad range of distances, spanning from
a few hundred megaparsecs to several gigaparsecs (z ~ 0.1-1) [20], whereas BNS mergers
are typically observed within a few hundred megaparsecs [198, 199]. This observational
reach enables GW observations to probe cosmological models and constrain fundamental
parameters [200, 201, 202]. In the low-redshift regime, GW distance measurements from
CBCs can be directly compared with Type Ia SNe, providing an independent cross-check of
the local distance scale. Looking ahead, next-generation ground-based detectors and space-
based observatories will extend GW observations to z 2 1, probing a redshift regime com-
plementary to those of SNe and the CMB, and thereby offering new insights into the origin
of the Hubble tension.

The efficacy of GWs as probes of cosmic expansion depends on two key factors: the
precision and accuracy of luminosity-distance measurements and the determination of the
source redshift. The latter is most robustly obtained through the identification of an EM
counterpart or a host galaxy. However, GW-based cosmography is subject to several sources
of uncertainty affecting both distance and redshift inference, including detector calibration
errors, the degeneracy between d;, and the binary inclination angle (¢), gravitational lens-

ing effects, and peculiar velocities of host galaxies, which perturb the redshift-distance

mapping.
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3.2.1 Standard Sirens

The LVK Collaboration has detected numerous CBC signals and inferred their luminos-
ity distances from the observed GW strain. Recall that, as shown in Eq. (1.23), the strain
amplitude h(t) of a CBC in-spiral is inversely proportional to the luminosity distance:

5/3
h d—c 123, (3.35)

L
Since M, governs the frequency evolution f (t) at leading post-Newtonian order, it can
be tightly constrained from the phase evolution of the signal. Once M, is determined, the
intrinsic amplitude of the waveform is correspondingly fixed. Consequently, d;, can be ex-
tracted directly from the observed strain amplitude without reference to external cosmic
distance ladders. For this reason, CBCs are referred to as standard sirens [203, 204], provid-

ing a self-calibrating measure of distance.

When combined with complementary redshift information, standard sirens enable a dir-
ect measurement of H;, and provide an independent cross-check of the expansion history of
the Universe relative to constraints from the CMB, BAO, and Type Ia SNe, thereby offering
a potential avenue to probe the Hubble tension. Standard sirens are generally classified into

two categories: bright and dark sirens.

Bright sirens are events accompanied by identifiable EM counterparts. A representative
example is the BNS merger, which can produce short GRB [205, 206] and kilonova emis-
sion [207, 208], as introduced in Sections 1.2.1 and 2.3.2. NSBH mergers can also produce
EM counterparts, provided that the NS is tidally disrupted. Due to the typically higher
masses of astrophysical BHs compared to NSs, NSBH systems can be detected to greater
distances [209]. For those events, the redshift can be determined by identifying the host
galaxy through EM follow-up observations and measuring its spectroscopic redshift’. The
BNS merger GW170817 [16] remains the prototypical example, providing the first /, meas-

urement from a GW event with EM counterparts [213].

In contrast, dark sirens, such as BBH mergers, lack EM counterparts, and their red-
shifts must be inferred statistically. Two primary approaches are commonly employed.
The first is the catalogue method, which utilises galaxy catalogues (e.g., GLADE+ [214])
within the GW localisation volume, assigning probabilistic weights to potential host galax-
ies [215, 216, 217, 218, 219, 220]. The second is the spectral siren method, which exploits
features of the compact-object mass distribution (e.g., the mass gap or characteristic mass
scales) to partially break the degeneracy between intrinsic source mass and cosmological

redshift [221, 222, 223]. By comparing the observed distribution of detector-frame mass

5. Asaspecial case, BNS events can also provide redshift information through tidal deformability (character-
ised by the Love number [210], leading to so-called love sirens. Since tidal effects depend on the source-frame
mass, the observed detector-frame mass can be combined with tidal information to partially break the mass—
redshift degeneracy even in the absence of an EM counterpart [211, 212].
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(mgq = mg(1+ 2)) with an assumed source-frame mass (m) distribution, the redshift (z) can
be inferred in a population-statistical sense. More recently, alternative approaches based on
cross-correlation techniques have been proposed, in which constraints on H are obtained
by comparing the large-scale angular distribution of galaxies with the luminosity-distance
distribution of GW events [224, 225, 226].

By measuring sets of (dy, z) from an ensemble of GW events (or from a single event
in the case of GW170817), one can perform hierarchical Bayesian inference to constrain
Hy, as will be discussed in Section 4.4. Figure 3.3 shows the inferred H values from vari-
ous standard-siren methods and their combination with the Gravitational-Wave Transient
Catalog-4.0 (GWTC-4.0) data [202]. Among these, the bright-siren measurement based on
GW170817 provides the most precise constraint. However, the current samples are not yet
sufficiently large to reach a precision comparable to that of Planck or SH(ES, and therefore

yield comparatively broader inferences.

With an increasing number of standard-siren detections, low-redshift events (z < 1)
primarily constrain H in the linear Hubble-Lemaitre regime. At higher redshifts—potentially
accessible with next-generation detectors or through strong lensing—standard sirens be-
come increasingly sensitive to H(z) in Eq. (3.34), and thereby to other cosmological para-
meters, such as {2,,,. As such, they probe a redshift regime complementary to that of Type
Ia SNe and CMB observations, helping to break parameter degeneracies and improve the

inference of Hj.

3.2.2 Uncertainties and Biases

For precision cosmology, precise and accurate measurements of the luminosity distance d,
are essential. For individual events, the typical fractional uncertainty in d;, is at the level of
a few tens of percent, primarily limited by the SNR and the intrinsic degeneracy between
dy, and the binary inclination angle (¢; since both parameters modulate the observed GW

amplitude).

Breaking this degeneracy requires sensitivity to the signal’s polarisation, achieved via
a network of at least three detectors with non-aligned orientations. In such a network, the
relative responses to the two GW polarisations (4 and x) enable constraints on the inclina-
tion angle, thereby partially disentangling it from d, (see Eq. (1.23)). Accurate sky localisa-
tion further aids this process by constraining the detectors’ antenna response functions in
Eq. (1.29). In addition, calibration uncertainties in the detector response introduce system-
atic errors in the inferred strain amplitude. These arise from imperfect knowledge of the
instrument’s frequency-dependent amplitude and phase response, effectively leading to bi-
ases in the reconstructed waveform and, consequently, in the inferred luminosity distance.
Such uncertainties are typically modelled as Gaussian perturbations and incorporated into

the likelihood through marginalisation (see Section 4.3.3 for a more detail).



74 Gravitational-Wave Cosmology

0.040
Planck
—0.030] Bright siren i
k= —— Spectral sirens
j; 0.0251 = Dark sirens —
lE Dark + bright sirens
=£.(.0201 [
-
3
=~ 0.0151 r
=
=0.0101 i
0.0051 I
0.000 ' . ;

20 40 60 80 100 120 140 160 180 200

Hy [kms™" Mpc ']

Figure 3.3: Probability density distributions of Hj inferred from various standard-siren
methods and their combination with the GWTC-4.0 catalogue data. Figure is from [202].

Beyond these instrumental and intrinsic limitations, several astrophysical and cosmo-
logical systematics must be considered. One important effect is gravitational lensing. Al-
though the rate of strongly lensed GW events is expected to be low for current detectors,
weak lensing is more common and cannot be identified on an event-by-event basis. Unlike
strong lensing or microlensing—which can produce distinctive signatures such as multiple
images or waveform distortions (see Section 2.4)—weak lensing induces stochastic magni-

fication or demagnification of the signal, thereby biasing the inferred d;.

As detector sensitivity improves, GW observations will probe progressively higher red-
shifts, where the probability and impact of lensing increase. At higher redshifts (z 2 1-2),
this effect becomes increasingly significant, with the dispersion in magnification commonly
approximated as 0je,s =~ 0.0662 [204]. This additional scatter can dominate the distance un-
certainty budget and obscure the subtle redshift dependence of d; (z) arising from cosmo-
logical parameters such as the dark energy equation of state w(z) or the spatial curvature
.. Conversely, in the very low-redshift regime (¢ < 1), peculiar velocities of host galaxies
introduce additional uncertainty in the redshift measurement through Doppler shifts [227].
This effect perturbs the redshift-distance relation and is particularly relevant for bright

sirens, which are typically observed in the nearby Universe [228, 229].
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Overall, robust cosmological inference requires statistical analyses over large event
samples, along with mitigation strategies, potentially enabled by overlapping large-scale

structure surveys.



Chapter 4

Bayesian Inference in

Gravitational-Wave Astronomy

Extracting physical information from GW signals is fundamentally a problem of statistical
inference. Since GW signals are typically buried deep within instrumental noise and depend
on a multi-dimensional parameter space, simple point-estimation techniques are entirely
inadequate. Instead, Bayesian inference is strictly required to rigorously quantify uncer-
tainties and correlations between parameters [230, 231, 232, 233, 234, 235, 236]. Parameter
estimation of GW signals enables the inference of source properties from observational
data, including component masses, spins, and orbital dynamics, as well as the statistical
properties of the underlying population and interactions with the local environment [20,
237]. Furthermore, such analyses allow us to identify the presence of intervening massive
objects between GW sources and detectors and constrain fundamental cosmological para-
meters [202, 238].

Considering the CBC signals, Bayesian inference is performed over a high-dimensional
parameter space (typically ~15 dimensions, and higher when including spin precession, ec-
centricity, or lensing effects), which presents a severe computational challenge [236]. Tra-
ditional grid-based numerical integration scales exponentially with dimensionality, mak-
ing it computationally intractable due to the so-called curse of dimensionality [239]. Con-
sequently, evaluating the likelihood requires pipelines equipped with advanced stochastic
sampling techniques (e.g., [236, 240]). More recently, the need to evaluate millions of wave-
form likelihoods has motivated the development of machine-learning-based approaches

that can substantially accelerate GW parameter inference (e.g., [241, 242])

In this chapter, we present the theoretical framework of Bayesian inference for GW
signals, along with representative examples and advanced applications. We begin by out-
lining the mathematical framework of Bayesian inference. We then describe the principles
of stochastic sampling algorithms, focusing on Markov Chain Monte Carlo [243, 244, 245]
and nested sampling [246, 247] methods, and discuss recent developments employing ma-

chine learning techniques, such as normalising flows, to accelerate inference. Subsequently,

76
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we present a detailed treatment of parameter estimation for CBC signals, with particu-
lar emphasis on BBH systems. Finally, we review the framework of hierarchical Bayesian
analysis, highlighting applications to BBH population inference and measurements of the

Hubble constant using GW observations.

4.1 Fundamentals of Bayesian Statistics

Bayesian inference provides a consistent logical framework for updating scientific know-
ledge in light of new experimental data. Unlike the frequentist paradigm, which defines
probability as the long-run relative frequency of repeatable events and treats model para-
meters as fixed quantities, Bayesian statistics interprets probability as a measure of plausib-
ility [248, 249]. This interpretation allows probability distributions to be assigned directly to
physical parameters, thereby enabling rigorous quantification of parameter uncertainties
from a single observation. In the context of GW astronomy, where GW signals are often
deeply buried within detector noise, the Bayesian framework is indispensable for extract-
ing physical parameters of GW sources from the strain data and for distinguishing between

competing astrophysical and cosmological models.

4.1.1 Bayes’ Theorem

The state of knowledge is updated through Bayes’ theorem, whereby the priors (1), encoding
pre-existing knowledge about the parameters, is combined with the likelihood (L), which
quantifies the probability of the observed data (d) given a set of parameters (6). The result-
ing product is normalised to yield the posteriors (p(0|d)), which encapsulate the updated
constraints on the parameters inferred from the data as follows [248, 250]:

p(6 | d) = (1)
where Z(d) = [ £(d|@)m(0)d0 is the Bayesian evidence or the likelihood marginalised

over the full parameter space.

In the context of GW astronomy, d can correspond to the strain time series measured by
detectors, while 0 denotes the set of physical parameters describing the GW source [251].
The prior 7(80) encodes pre-measurement knowledge or physical constraints on these para-

meters; for example, component masses must be positive, spin magnitudes are bounded,

and the secondary-to-primary mass ratio lies within the interval [0, 1]. The likelihood £(d
0) incorporates both the properties of the detector noise and the theoretical waveform

model. Under the standard assumption of stationary Gaussian noise, it can be derived using
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Eq. (1.40) introduced in Section 1.3.2. The evidence Z(d) serves not merely as a normalisa-
tion constant for parameter estimation, but also plays a central role in model selection [232,
252]. In particular, it enables quantitative comparison between competing hypotheses, such

as a noise-only model versus a signal model, or between unlensed and lensed GW scenarios.

While the evidence Z(d) is obtained by marginalising over the full parameter space,
in practice one is often interested in a subset of parameters. In such cases, the posterior
distribution for parameters of interest can be obtained by marginalising the joint posterior

over the remaining nuisance parameters [248].

For parameters 6}, the marginalised posterior is given by:

p(6y | d) = / p(6 | d)do.,

1
-5 / £(d] 0)(6)d6.,.

(4.2)
where 6\, denotes the set of all parameters except 0. Correspondingly, the marginalised
likelihood is defined as:

Lonang(d | 1) = / £(d | 8)7(6)d8.,. (43)

Such marginalisation reduces the effective dimensionality of the parameter space, which
can improve computational efficiency and accelerate inference. More importantly, the mar-
ginalised posterior for 8 consistently incorporates the uncertainties in all other paramet-
ers. As a result, it is generally broader than the corresponding conditional distribution ob-

tained by fixing the remaining parameters to specific values.

Once the posterior distributions are obtained, the inferred parameters and their un-
certainties can be summarised using suitable estimators. The median of the 1-dimensional
marginalised posterior is commonly adopted as a point estimate for a given parameter. The
associated uncertainty is quantified using a credible interval (C.1.), defined as the region of
parameter space that contains a specified fraction of the posterior probability mass [248,
250]. Let F'(#) denote the cumulative distribution function (CDF) of the marginalised pos-
terior p(6 | d): )

Fo) = / (0 | d) b (4.4)
—o0
Then, a central C.I. containing a fraction ¢ of the posterior probability is defined by the
bounds 0oy, and Opigy satisfying:
1—gq 1+g¢q

F(bow) = 5 F (Onign) = O (4.5)
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For example, setting ¢ = 0.9 yields the 90% C.I.. This framework allocates equal posterior
probability to the lower and upper tails, ensuring a symmetric coverage in probability, al-
though the resulting interval need not be symmetric in parameter values if the posterior is

skewed.

Furthermore, the relative precision of a parameter can be quantified using the fractional
uncertainty, defined as the width of the central C.I. divided by the median of the marginal-
ised posterior:

59 — thgh - 910w7 (4.6)

emedian
where 6 cdian 1S the median of the posterior. This dimensionless quantity provides a stand-
ardised measure of parameter uncertainty, allowing direct comparison of the relative pre-

cision across parameters with different physical units or scales.

4.1.2 Hypothesis Testing

While parameter estimation infers the parameters associated with a given hypothesis, sci-
entific inference more broadly requires assessing the relative plausibility of competing hy-
potheses, a procedure commonly referred to as hypothesis testing [253]. Consider two hy-
potheses, H; (e.g., the presence of a GW signal) and H, (e.g., the absence of a signal in
the data). The relative support for H; over H, is quantified by the ratio of their posterior

probabilities, known as the odds ratio:

1 _ p(Hald)
= o Hald)
_ Z(d|H) m(H4) (4.7)
Z(d[Ho) m(Ho)
= Byl

where Bé denotes the Bayes Factor, defined as the ratio of evidences for the same dataset d
under the two competing hypotheses, and I} represents the prior odds, encoding the prior

belief assigned to each hypothesis.

Although O} in Eq. (4.7) is the final statistic to select the favoured hypothesis, it is com-
mon practice to report B} alone. In the absence of compelling theoretical or observational
constraints, competing hypotheses are typically assigned equal prior probabilities ([T} = 1).
For example, when testing for a lensing signature in data without prior population inform-
ation, the lensed and unlensed hypotheses are often treated with equal prior weight. An
additional motivation for reporting the Bayes factor is that it isolates the empirical inform-
ation contained in the data [236]. The evidence Z encapsulates the full data-driven support

for a given hypothesis, but the prior odds II are based on external assumptions independent
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of the dataset. By quoting BB}, one provides a result that can be consistently reinterpreted
under alternative prior choices. For instance, if the GW lensing rate is known to be ~ 1073
per event, the corresponding prior odds (IT ~ 10~3) can be applied a Bayes factor to recover
the full odds ratio.

A value of B} > 1 indicates that the data favour H; over H,, with larger values cor-
responding to stronger levels of support. In practice, robust inference requires that such
conclusions remain stable under reasonable variations of the prior [253]. If modest changes
in prior width qualitatively alter the inference, the result cannot be considered robust. In ad-
dition, the Bayesian evidence provides a quantitative formulation of Occam’s razor [254].
Hypotheses with higher-dimensional parameter spaces distribute their prior probability
over larger volumes, thereby reducing the evidence unless the additional parameters yield
a substantial improvement in likelihood. Consequently, the Bayes factor penalises unneces-
sary model complexity, favouring models that provide a better balance between goodness

of fit and model complexity.

Despite its utility, the Bayes factor alone is not sufficient to establish a confident de-
tection in GW data analysis. In typical applications, the likelihood used to compute B}
is constructed under the assumption of stationary Gaussian detector noise. However, real
GW detector data contain non-Gaussian and non-stationary transient artifacts, commonly
referred to as glitches, which can mimic astrophysical signals [72, 252]. As a result, instru-
mental noise can occasionally produce data that are spuriously favoured by a signal model,

leading to false positives.

To assess the statistical significance of a candidate GW event, an empirical background
distribution of the detection statistic must therefore be constructed [81, 255]. This back-
ground represents the distribution of /3] (or an equivalent ranking statistic) obtained purely
from noise. The statistical significance of a candidate is then quantified using the FAR,
defined as the expected rate at which noise alone produces events with a detection statistic
equal to or exceeding that of the candidate. Within this framework, a robust GW detec-
tion requires satisfying two complementary criteria: the Bayes factor must strongly favour
the signal hypothesis over the Gaussian noise model, and the FAR must be sufficiently low
to demonstrate that the observed event is highly unlikely to arise from instrumental or

environmental sources.
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4.2 Stochastic Sampling

To obtain the posteriors of model parameters, one must evaluate the likelihood of the data
given a hypothesis described by a set of parameters. In GW astronomy for CBCs, the para-
meter space spans at least 15 dimensions. Evaluating the posterior distribution over such a
high-dimensional parameter space via direct numerical integration or grid-based quadrat-

ure is computationally prohibitive.

In a grid-based approach, the likelihood is evaluated on a predefined lattice spanning
each parameter dimension. For instance, even a coarse resolution of 10 points per parameter
in a 15-dimensional space requires 10" likelihood evaluations. This exponential scaling
renders grid-based methods impractical for CBC parameter estimation. Consequently, GW
data analysis relies on stochastic sampling algorithms that generate samples distributed
according to the posterior without requiring likelihood evaluation over the entire parameter

space.

4.2.1 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) algorithms construct a sequence of samples whose
empirical distribution converges to a target distribution p(8|d). These methods are rooted
in Monte Carlo integration, where an expectation value with respect to p(€|d) is approx-
imated using random samples. For any integrable function (@), the posterior expectation

is defined as:

Blf) = [ 1©)0(6]a) de. (49)

Rather than evaluating this integral directly, one can approximate it using samples {6, }

drawn from the posterior in the limit of large N [256]:

1 N
Elf] % 5 2 F(0:). (49)

In practice, however, direct sampling from p(0|d) is not feasible in a high-dimensional
space. MCMC addresses this issue by constructing a Markov chain {0} whose station-
ary distribution is the target posterior. Here, ‘stationary’ means that once the chain has
converged, the probability of finding the chain at a point 0 is given by p(6|d), and this
distribution remains invariant under further evolution of the chain. The defining property

of a Markov chain is that the next sample depends only on the current one:
p(0i1110:,0;1,...) = p(6i11]6;). (4.10)

By constructing transition rules that satisfy conditions such as detailed balance with respect
to p(0 | d), the Markov chain is guaranteed to converge to the posterior distribution in the

long-run limit. The resulting correlated samples {6;} can then be used in Eq. (4.9).
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One of the most widely used MCMC algorithms is the Metropolis-Hastings (MH) al-
gorithm [243, 244], which is utilised because it enforces the detailed balance condition
(reversibility) while allowing asymmetric proposal distributions. The algorithm operates

through the following iterative procedure:

1. Initialise at a parameter point 6,.

2. Draw a candidate point 6, from a proposal distribution ((8,.p|6;).

3. Compute the acceptance ratio a(0; — 6pp) [256]. The MH algorithm constructs
« such that the resulting Markov chain satisfies the detailed balance condition with

respect to p(0 | d), which is given by:
P(0i | d) T(Oprop | 0:) = p(Bprop | d) T(0i | Bprap), (4.11)
where T denotes the transition kernel, which is defined as:
T(Oprop | 0:) = Q(Oprop | 0:) a(0; — Oprep). (4.12)

Eq. (4.11) then yields the constraint:

a(0; — epmp) p(epmp | d)Q(0; | epmp)

= . (4.13)
a<0prop — 02) p(ez | d) Q(eprop ’ 91)
A sufficient choice that satisfies this condition while ensuring 0 < o < 1 is:
. p(eprop | d) Q(ez | OPTOP))
a(0; = 0,,p) = min (1, . (4.14)
prop p(ez | d) Q(eprop | 01)

Eq. (4.14) guarantees that p(0 | d) is a stationary distribution of the Markov chain.
4. Draw a value u from a Uniform distribution ¢/(0, 1).

5. If u < «, accept the candidate and set 6;,.; = 0 otherwise retain the current

props
point, 8,1 = 0.

This mechanism enables the Markov chain to preferentially explore high-probability
regions while still allowing occasional transitions to lower-probability states, thereby en-
suring global exploration of the parameter space. Note that the Bayesian evidence cancels
in the acceptance ratio in Eq. (4.14), such that only the likelihood and prior need to be
evaluated. Consequently, standard MCMC algorithms sample from an unnormalised target
distribution and do not directly provide the evidence. Estimating the evidence, therefore,
requires additional techniques, such as thermodynamic integration, which introduces a se-

quence of tempered likelihoods that interpolate between the prior and the posterior [257].

MCMC methods efficiently explore high-dimensional spaces and are guaranteed to con-
verge to the target distribution in the limit of infinite samples. In practice, however, their
efficiency can degrade for multi-modal distributions, where the chain may remain confined

to a local maximum. This limitation is particularly relevant in GW data analysis, where
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degeneracies in the detector response can produce distinct modes, such as the ring-like
structures in sky localisation. Furthermore, practical implementations require careful as-
sessment of convergence and the choice of an appropriate termination criterion, as strong
autocorrelations within the chain can substantially reduce the effective sample size and lead
to biased or unreliable inference [258, 259]. Moreover, the generated Markov chain requires
post-processing. An initial burn-in phase is discarded to remove samples that are strongly
influenced by the initial condition 6, ensuring that the retained samples are representative
of the stationary distribution [245, 260].

In astrophysical applications, the standard MH algorithm is often replaced by ensemble-
based samplers, most notably the affine-invariant implementation provided in the Python
package emcee [261]. Rather than evolving a single Markov chain, emcee simultaneously
evolves an ensemble of walkers that explore the parameter space in parallel. At each itera-
tion, a walker proposes a new position by moving along the line connecting it to another
randomly selected walker, allowing the ensemble to collectively adapt to the global geo-

metry of the target distribution.

4.2.2 Nested Sampling

As mentioned above, standard MCMC methods do not directly provide the Bayesian evid-
ence, and additional post-processing is required to estimate it. An alternative class of Monte
Carlo methods is nested sampling [246, 247], which is specifically designed to compute the
Bayesian evidence Z while simultaneously producing posterior samples of the model para-
meters as a byproduct. For this reason, nested sampling is widely adopted in GW data

analysis, where both parameter estimation and hypothesis testing are required.

Unlike MCMC methods, which walk through the parameter space to sample the pos-
terior directly, nested sampling reformulates the multidimensional evidence integral into
a one-dimensional integral. Specifically, the Bayesian evidence for a model defined over a

multidimensional parameter space 6 is given by:

Z = /£(0)7r(0) ae, (4.15)

where £(0) and 7(6) denote the likelihood and prior, respectively. Nested sampling pro-
ceeds by introducing the prior volume X, defined as the fraction of the prior volume where
L(0) exceeds a certain threshold A:

X(\) = / (6)d6. (4.16)
L(0)>)
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0 1

Figure 4.1: Illustration of partitioning the multi-dimensional parameter space into nested
subsets based on L;. The left panel shows the progressive reduction of the prior mass (X;)
as A increases, while the right panel depicts the corresponding iso-likelihood contours in
the parameter space. Adapted from [262].

As the likelihood threshold )\ increases, the allowed region £ > X shrinks, and the corres-
ponding prior volume X decreases monotonically from 1 to 0, which allows the likelihood
to be reparameterised as a function of prior volume, £(.X ). With this change of variables,

Eq. (4.15) can be rewritten as a one-dimensional integral as follows:
1
z - / LX) dX, (417)
0

which corresponds to integrating the likelihood over nested shells of decreasing prior volume

(see Figure 4.1).

The algorithm is initialised with a set of N}, samples (live points) drawn from the prior.
At each iteration 7, the live point with the lowest likelihood, £;, is removed and replaced
by a new sample drawn from the prior subject to the constraint £ > £,. This constraint
progressively restricts the sampling region to smaller prior volumes, generating a nested
sequence Xy > X; > Xy > - ... Each discarded sample is assigned a weight given by the

shrinkage in prior volume, w; ~ X;_; — X;, such that the evidence is accumulated as:
2n Y Lou, (418)
i

Meanwhile, after iteration ¢, the remaining V. live points occupy a region of prior volume
X, corresponding to likelihood values greater than the current minimum £,. This region
can contribute only a limited additional amount to the total evidence. Among the live points,

the maximum likelihood is denoted by L,,,, which provides an upper bound on the remain-
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ing contribution as follows:

AZ; < Lona Xi (4.19)

Once this upper bound becomes sufficiently small compared to the accumulated evidence,
further iterations will not significantly change the result, and the algorithm can be termin-
ated. Upon termination, a discrete representation of the posterior distribution is reconstruc-
ted from the same set of weighted samples as a byproduct. The posterior weight assigned

to each discarded point is:
. Liw;
=

which can be used to compute expectation values of model parameters.

i (4.20)

Nested sampling is generally more computationally expensive than standard MCMC
methods since each iteration requires generating a new sample from the prior under a
likelihood constraint. As the iterations proceed, the likelihood threshold A increases, and
the region satisfying this condition becomes progressively smaller. In high-dimensional
problems, such regions occupy only a tiny fraction of the original prior volume, so most
trial points drawn from the prior fail to satisfy the constraint and are rejected. The repeated

rejection significantly increases the computational cost.

In addition, the algorithm maintains a set of live points throughout the run, and each
iteration removes one point and replaces it with a new constrained sample. The overall
computational cost, therefore, depends on both the number of live points and the efficiency
of sampling within the restricted region. The latter is particularly sensitive to the choice
of prior, as excessively broad priors enlarge the initial parameter space and prolong the

contraction toward the high-likelihood region.

A number of publicly available inference packages implementing nested sampling are
widely used in GW data analysis. Among these, dynesty [263] provides a flexible and pure-
Python implementation, supporting both static and dynamic nested sampling, where the
number of live points can be adaptively allocated to improve sampling efficiency. Another
commonly used package is PyMultiNest [264], which interfaces with the MultiNest al-
gorithm [265] and employs ellipsoidal decompositions of the live point set to efficiently
sample from constrained prior volumes. Both approaches are designed to address the cent-
ral challenge of nested sampling, namely, the efficient generation of new samples within

increasingly restricted regions of parameter space.

More recently, machine learning-based approaches have been introduced to further im-
prove sampling efficiency. In particular, nessai [241] incorporates normalising flows to
construct flexible, data-driven proposals for nested sampling. A normalising flow is a se-
quence of invertible transformations that maps a simple base distribution (e.g., a multivari-

ate Gaussian) to a complex target distribution. By learning this transformation from the
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current set of live points, the sampler can approximate the geometry of the constrained
posterior region and generate new samples with significantly higher acceptance rates. This
approach is particularly effective for problems with complex, multi-modal, or highly de-

generate structures, where traditional sampling strategies may become inefficient.

4.3 Analysis of GWs from BBHs

To date, all GW signals identified as significant detections by the LVK Collaboration have
been consistent with signals from CBCs, including BBHs, NSBHs, and BNSs [20]. Infer-
ence of source properties from GW signals provides direct constraints on the astrophysical
nature of compact objects. For BBHs, parameter estimation extracts the mass and spin dis-
tributions, directly addressing the existence of IMBHs and the boundaries of theoretical
mass gaps. For systems involving NSs, measurements of the tidal deformability constrain
the nuclear equation of state at supra-nuclear densities. In NSBH systems, the inferred mass
ratio and spin configuration determine whether the NS undergoes tidal disruption or direct

plunge, thereby constraining their formation and evolutionary pathways.

Beyond individual events, the ensemble of inferred parameters enables population-level
studies. In particular, the distributions of masses and spins probe the underlying formation
channels, distinguishing between isolated binary evolution and dynamical capture. Further-
more, as discussed in Chapter 3, the direct encoding of luminosity distance in the wave-
form allows CBCs to serve as standard sirens for independent cosmological measurements.
Moreover, precise inference enables stringent tests of GR in the strong-field, highly dy-
namical regime, including consistency checks between the in-spiral and ringdown phases
[266].

In this section, we detail the application of the Bayesian inference framework to extract
the physical parameters of the GW sources from the observed strain data. Given that the
scope of this thesis is restricted to BBH mergers, the following discussion focuses on the

physical properties and parameter estimation procedures specific to BBH systems.

4.3.1 Standard 15 BBH Parameters and Waveform Models

Under the assumption of quasi-circular orbits, i.e., the binary has radiated away any initial
orbital eccentricity through GW emission before entering the detector band, a BBH signal
is fully described by a 15-dimensional parameter vector, ®, which can be decomposed into
intrinsic and extrinsic parameters. The intrinsic parameters, 6;,;, characterise the physical
properties of the binary and are independent of the observer. These include the component
masses (mq, msy) and the spin vectors of each object ()1, X2), each of which has three de-
grees of freedom, yielding six spin components in total. Figure 4.2 illustrates the intrinsic

parameters of a BBH system.
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Figure 4.2: Cartoon illustration of a BBH system. The component masses, spins, luminosity
distance, and inclination angle are indicated.

The extrinsic parameters, 0., describe the orientation and location of the source rel-
ative to the detector. The luminosity distance (d;) and the inclination angle (¢) are shown
in Figure 4.2. The sky position is specified by the right ascension (RA; «) and declination
(Dec; ). Additional extrinsic parameters include the polarisation angle (1)), which specifies
the orientation of the wave polarisation axes, and the coalescence time (t.) and phase (¢.),
which define the temporal and phase reference of the signal. All fifteen BBH parameters

are summarised in Table 4.1.

Parameter Symbol Unit
Intrinsic
Component masses my, Mo Mg
Component spins X1zs X1ys X1zs X2z X2y> X2z -
Extrinsic
Luminosity distance dr, Mpc
Inclination L rad
Right ascension ! rad
Declination ) rad
Polarisation angle (0 rad
Coalescence time t. s
Coalescence phase O rad

Table 4.1: Summary of the 15 parameters of a quasi-circular BBH. The parameters are di-
vided into intrinsic properties, which determine the binary’s physical properties and wave-
form, and extrinsic properties, which describe its orientation and how it is observed.
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As defined in Eq. (1.30), the response of a GW interferometer to a CBC signal is given
by a linear combination of the two polarisation states (Eq. (1.23)), weighted by the an-
tenna pattern functions (Eq. (1.29)). Since the matched-filtering and parameter estimation
are typically performed in the frequency domain, it is convenient to work with the Fourier

transform of the strain, l~1( f). The Fourier-transformed GW strain is given by:

1 2 Ing
+ cos“ ¢ i
d[ 2

x exp (2mift. + ¢) .

B(fv @) = i (F+(&7 57¢) + (fa Oint) + F>< (Oé, 571@ Cos ¢ iLX <f7 Oint))

(4.21)

Here, the h and h are described by only 8. The luminosity distance, d;, sets the overall
amplitude scale (oc d; '), while the inclination angle ¢ determines the relative contributions

of the two polarisations.

In principle, an exact GW waveform in Eq. (4.21) can be obtained by solving the full
EFE through numerical relativity (NR) simulations. However, such simulations are com-
putationally expensive, requiring substantial computational resources for a single wave-
form. Hence, the direct use of NR is impractical for parameter estimation, which requires
O(10° — 107) waveform evaluations. To overcome this limitation, GW data analysis relies
on waveform models (or approximants), which provide fast and accurate representations of

the signal.

The simplest class of waveform models is based on post-Newtonian (PN) theory, which
provides an analytical expansion of the in-spiral waveform in powers of the orbital velo-
city [31]. PN-based waveform models, such as the TaylorF2 approximant, provide an ana-
lytical description of the in-spiral signal in the frequency domain by expanding the phase
as a truncated PN series [30, 31, 267, 268, 269, 270, 271]. These models are computation-
ally efficient but are limited to the early in-spiral regime and fail to accurately capture the
late in-spiral, merger, and ringdown phases. To achieve a more realistic description of the
full coalescence, including the strong-field regime, more sophisticated waveform models
are required. Such models combine analytical approximations with NR results. Specific-
ally, analytical frameworks such as PN theory accurately describe the early in-spiral, but
break down in the strong-field regime. To extend their validity, free coefficients appearing
in these models are adjusted so that the resulting waveforms closely match high-accuracy

NR simulations across the parameter space.

One widely used framework is the effective one-body (EOB) formalism, which maps
the relativistic two-body problem onto an EOB system, in which a single effective particle
moves in a deformed spacetime that encodes the influence of both masses [272, 273, 274,

275]. Rather than relying on a PN expansion at a given order (e.g., 3.5PN or 4PN), EOB re-
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organises the series into a form that extends its validity toward the strong-field regime and
attaches a ringdown model based on QNMs. The remaining degrees of freedom are then
calibrated to NR. However, EOB waveforms are generated by solving coupled ordinary dif-

ferential equations in the time domain, which can be computationally expensive.

An alternative approach is the phenomenological (IMRPhenom) waveform family, which
constructs the waveform directly in the frequency domain. These models divide the signal
into three regimes: early in-spiral, intermediate, and merger-ringdown, and represent the

waveform in terms of its amplitude and phase as:
h(f:©) = A(f:©) "), (4.22)

where A(f; ©) and V( f; ©) denote the amplitude and phase, respectively. Particularly, the

phase is modelled using piecewise analytical ansatzes of the form:

Uen(f) + Ut (f), < fans

U(f) = W), ft < f < fams (4.23)
R (), F> fun

where f,; and fyr denote the transition frequencies between the in-spiral, intermediate,
and merger-ringdown regimes. Wpn(f) corresponds to the PN contribution valid in the
early in-spiral, while UPh*?( ) represents phenomenological corrections calibrated to hy-
brid waveforms constructed from analytical approximations and NR. This procedure en-
sures that the model accurately reproduces both the weak-field and strong-field regimes.
Since the models provide explicit analytical expressions for the waveform amplitude and
phase in the frequency domain, the IMRPhenom waveform family is computationally effi-

cient and widely used in large-scale analyses.

Lastly, NR surrogate models adopt a data-driven approach. Instead of solving the EFE or
relying on analytical expansions, these models interpolate a precomputed set of NR wave-
forms using reduced-basis and empirical interpolation techniques. As a result, NR surrog-
ates achieve near-NR accuracy while being orders of magnitude faster to evaluate. Their
main limitation is that they are only valid within the region of parameter space covered by
the NR training set, and may not be reliable for extreme mass ratios, high spins, or other

configurations not included in the training data.

In practice, multiple waveform model families are employed for parameter estimation,
as different models can yield systematically different waveforms even for the same set of
source parameters'. Therefore, it is standard to analyse each GW event using multiple wave-
form models to assess systematic uncertainties and ensure the robustness of the inferred
results.

1. However, we cannot determine which waveform model performs better in terms of accuracy [276, 277].
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4.3.2 Advanced Morphological Features

Waveform models based on the standard 15 BBH-parameter description often rely on sim-
plifying assumptions, such as aligned spins, negligible orbital eccentricity, and dominant
quadrupole (¢,m) = (2,2) emission. However, in more special astrophysical scenarios,
BBHs can exhibit additional physical effects that generate complex morphological features
in iz( f) (Eq. (4.21)). These features carry crucial information that can help break degen-
eracies between waveform parameters, enhance the identification of lensing signatures,
and improve constraints on cosmological parameters. In the following, we consider three

such effects.

Firstly, we consider spin precession, which arises when the component spin vectors Y
and Y» are misaligned with the orbital angular momentum L.In such configurations, spin-
orbit coupling generates torques that cause the orbital plane itself to precess during the
in-spiral. More specifically, the orbital angular momentum and the individual spin vectors

precess around the approximately conserved total angular momentum, given by:
J=L+5 +5, (4.24)

where S; denotes the spin angular momentum of the i-th compact object.

The dominant observable effect of precession is commonly characterised by the effective

precession spin parameter Y, [278], defined as:

Xp = Alm% max (Alle, AQSQL) s (4.25)

where 5 5
Ar=2+2 Ay=24 2 (4.26)

2 2q

S;1 denotes the component of the spin perpendicular to L. Physically, x, quantifies the
degree to which spin-induced precession modulates the GW signal. Geometrically, preces-
sion causes the orientation of the binary relative to the observer to vary with time. As a
result, the inclination angle ¢ and polarisation angle ¢ become time-dependent quantities,
ie., t(t) and ().

As shown in Figure 4.3, when comparing GWs from BBHs with identical parameters
except for their spin configurations, the highly precessing system (y, =~ 0.85) exhibits
characteristic amplitude and phase modulations in the observed waveform relative to the
non-precessing case, particularly during the in-spiral phase. These modulations introduce
additional structure into the signal that cannot be reproduced by non-precessing wave-
forms, thereby helping to break degeneracies among the mass ratio, spin, inclination angle,

and luminosity distance.
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Figure 4.3: Waveform comparison between the time-domain h, strains from a non-
precessing BBH and a highly precessing BBH (y,, ~ 0.85), with all other source parameters
kept identical.

Secondly, we consider orbital eccentricity (e). Standard CBC waveform templates gener-
ally assume quasi-circular orbits because GW radiation efficiently circularises binaries long
before they enter the sensitive frequency band of ground-based detectors. However, binar-
ies formed dynamically in dense stellar environments, such as globular clusters or galactic
nuclei, may retain measurable residual eccentricity when entering the detector band [279,
280].

For eccentric binaries, the orbital separation and velocity vary periodically throughout
the orbit, becoming largest near periastron and smallest near apastron. Consequently, the
GW emission is no longer dominated by a single smoothly evolving chirp frequency. In-
stead, eccentricity introduces additional harmonics of the orbital frequency and modifies
the in-spiral rate itself. As shown in Figure 4.4, the quasi-circular BBH exhibits a smooth,
featureless amplitude spectrum in the frequency domain, following the characteristic £~/
scaling during the in-spiral phase. In contrast, orbital eccentricity introduces additional
harmonic structure, manifested as significant amplitude modulations in the low-frequency
regime (20-100 Hz). As the binary evolves toward merger, GW emission progressively cir-
cularises the orbit, suppressing these modulations and causing the two spectra to converge

at higher frequencies.

Lastly, we consider higher-order modes (HOMs). The dominant contribution to GW emis-
sion is typically described by the quadrupolar (¢, m) = (2, £2) modes. For binaries with
nearly equal masses observed close to face-on (1 ~ 0°), these modes alone provide an ex-
cellent approximation to the full waveform [281]. However, when the binary possesses a
substantially asymmetric mass ratio or is viewed close to edge-on (¢ ~ 90°), sub-dominant

modes such as (2, 1), (3,2), (3,3), and (4,4) become increasingly important, and the mis-
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Figure 4.4: Waveform comparison between the frequency-domain % strains from a quasi-
circular BBH and a mildly eccentric BBH (e = 0.15), with all other source parameters kept
identical.

match between the detected signal and waveforms including only the dominant (2, 2) mode
can become significant [282, 283, 284, 285]. Figure 4.5 shows the GW waveforms, including
all modes, only the dominant (2,2) mode, and the sub-dominant modes for a BBH with

mass ratio ¢ = 0.3 and inclination angle ¢ ~ 70°.

These HOMs evolve at frequencies approximately proportional to integer multiples of
the orbital frequency, i.e., fo, ~ M fow, producing additional frequency tracks in the GW
spectrogram. The relative amplitudes of the HOMs depend strongly on both the mass ratio
and the inclination, meaning that they encode geometric information not accessible from
the dominant quadrupole mode alone. Consequently, incorporating HOMs into waveform
models substantially improves constraints on the luminosity distance and inclination angle
and helps reduce the well-known distance-inclination degeneracy, particularly for massive

and asymmetric BBH systems [286, 287].

4.3.3 Marginalisation of Nuisance Parameters

Once the BBH parameters of interest () and a waveform model are determined, the corres-
ponding GW templates (hr(6)) are generated for matched filtering. These templates allow
us to establish the likelihood function, L, which acts as the statistical bridge between the
observed data and the physical model, as defined in Eq. (1.40).
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Figure 4.5: Time-domain GW waveforms including all modes, only the dominant (2, 2)
mode, and selected sub-dominant modes (2,1), (3,2), (3,3), and (4, 4) for a BBH with ¢ =
0.3 and ¢ ~ 70°. The x-axis denotes the time relative to the merger time of the (2, 2) mode.
The mismatch between the dominant (2, 2)-only waveform and the full waveform is clearly
visible.

In practice, instead of sampling the full multidimensional parameter space, specific nuis-
ance parameters are often marginalised to improve computational efficiency and alleviate
degeneracies. This process involves integrating the likelihood over these parameters (see
Eq. (4.3)). In BBH analyses, parameters such as the coalescence time, phase, luminosity dis-
tance, and instrumental calibration uncertainties are commonly treated in this manner. This

strategy offers several methodological advantages:

+ Coalescence Time (t.): This parameter is marginalised using Fast Fourier Transforms
(FFTs). This operation allows the likelihood to be evaluated across all possible time
shifts simultaneously in the frequency domain, eliminating the need for the stochastic
sampler to explore the highly correlated arrival-time parameter space and thereby
significantly accelerating convergence.

« Coalescence Phase (¢.): When the waveform model is restricted to the dominant
(¢,|m]) = (2, 2) mode, the coalescence phase enters the frequency-domain waveform
as a global phase factor oc ¢2?¢, depending on the phase convention. This can remove
the need to sample over the coalescence phase, reducing the dimensionality of the

sampling problem.
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« Luminosity Distance (d;): As the distance enters as an overall amplitude scaling
(o< d;h), it can be marginalised by integrating over the amplitude with an assumed
distance prior. In practice, this marginalisation is implemented with precomputed
lookup tables, allowing the sampler to efficiently recover the posterior on d;, in a
post-processing step. This approach helps isolate the geometric degeneracy between
distance and inclination, enabling more efficient exploration of the remaining para-
meters.

« Calibration Uncertainties: Detector systematics, including frequency-dependent amp-
litude and phase response errors, are incorporated by marginalising over calibration
uncertainties assuming Gaussian-distributed deviations. This procedure accounts for
instrumental systematics without introducing additional sampling dimensions, en-

suring that inferred posteriors remain robust against calibration errors.

In the context of GW lensing, however, the standard marginalisation techniques de-
scribed above must be applied with caution, as they can inadvertently suppress or bias key
lensing signatures. In particular, marginalising over d, is problematic due to the magnification—
distance degeneracy. Since the observed amplitude scales as \/i/d, treating d;, as a nuis-
ance parameter can bias the inferred magnification y, thereby affecting both lens and source

parameter estimation.

Furthermore, lensing introduces additional phase modifications, manifesting as discrete
Morse phase shifts (n;7/2) for the j* image in the strong-lensing regime, and as frequency-
dependent phase shifts in the microlensing regime. Analytical marginalisation over the co-
alescence phase for each lensed signal can remove the relative phase information between
strongly lensed images and obscure the frequency-dependent phase structure introduced
by microlensing, making it difficult to identify image morphology and directly invalidating
the lensing hypothesis test.

4.3.4 Parameter Estimation of a BBH Event

We now present a representative parameter-estimation analysis for a simulated nearly
equal-mass BBH event using the methodology described in the previous sections. The injec-
ted source parameters used to generate the GW signal are summarised in Table 4.2, together
with the priors adopted in the Bayesian inference analysis. The simulated signals are gener-
ated using the IMRPHENOMXPHM-SPINTAYLOR [288, 289] waveform model with a sampling
frequency of 4096 Hz.

We inject the signal into a three-detector network consisting of aLIGO Hanford, aLIGO
Livingston, and AdV interferometers. To emulate realistic observing conditions, we assume
the projected O4a PSDs for all detectors. The subsequent parameter-estimation analysis is
performed using the bilby pipeline [240] with the nested sampler dynesty [263]. The like-
lihood is evaluated over the frequency range from fi, = 20 Hz to the Nyquist frequency
fmax = 2048 Hz, corresponding to half of the adopted sampling frequency.
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Table 4.2: Injected source parameters and prior ranges. The notation U[min, max| indicates
a uniform prior bounded by the provided minimum and maximum values.

Parameter Injected value Prior
my [M)] 45.04 U5, 100]
ma [Mp)] 40.39 U5, 100]
a 0.12 U0, 0.99]
s 0.36 UJ0, 0.99]
0, 2.82 SINE
0, 1.47 SINE

L 2.50 SINE
0 1.00 U0, 27]
¢12 0.83 [0 27'(']
o 5.16 UJo, 27
RA 5.78 UJo, 27
DEC 0.88 CoOsINE
dr, [Mpc] 4778.85 UNIFORMSOURCEFRAME
te [s] 1126259642.41 -

be 1.56 UJo, 27

We adopt the default prior choices in bilby commonly used for a precessing BBH para-
meter estimation (see Table 4.2). Particularly, uniform priors are imposed on the compon-
ent masses, while the dimensionless spin magnitudes are sampled uniformly between 0
and 0.99, with the upper limit chosen to avoid numerical issues near extremal spins. The
spin orientations are assumed to be isotropically distributed. For the luminosity distance,
we adopt a uniform prior in the source-frame comoving volume, corresponding to a source
population distributed uniformly in comoving volume, with an additional (1 + z)~! factor

accounting for cosmological time dilation between the source and detector frames.

The recovered posterior distributions for a representative subset of the intrinsic and ex-
trinsic parameters are shown in Figure 4.6. For clarity, only the parameters most directly rel-
evant to the binary masses, spins, orientation, sky localisation, and luminosity distance are
displayed, while the full parameter estimation is performed in the complete 15-dimensional
parameter space. The injected parameters are successfully recovered within the posterior

credible regions for a network SNR of p,es >~ 11.8.

As shown in Figure 4.6, the recovered posterior distributions exhibit several character-
istic parameter correlations commonly encountered in GW parameter estimation. Although
the component masses (my, ms) are both relatively well-constrained, their posteriors ex-
hibit a noticeable correlation structure. This correlation arises because the in-spiral phase
evolution is primarily governed by the chirp mass (M), which is measured with partic-
ularly high precision from the signal’s phase evolution. Consequently, different combina-
tions of m; and my, that yield similar M, values can produce waveforms with very similar
in-spiral behaviour, leading to elongated correlated posterior distributions in the (m4, ms)

plane.
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Figure 4.6: Corner plot showing the posterior distributions of a representative subset of
BBH parameters inferred from the simulated event. Only the most relevant intrinsic and
extrinsic parameters are shown for clarity. Orange dashed lines and markers indicate the
injected values, while the navy dashed lines denote the 90% C.IL.

The spin magnitudes remain comparatively weakly constrained, primarily because the
injected system contains only moderate spins and limited spin-precession signatures. For
such configurations, the spin-dependent waveform modulations contribute only subdom-
inantly to the observed signal, making them more difficult to distinguish from changes

induced by other parameters.
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Correlations are also observed between the luminosity distance (d;) and the inclina-
tion angle (¢). This degeneracy arises because binaries viewed closer to face-on at larger
distances can produce strain amplitudes similar to those of more inclined binaries located
nearer to the observer. Although HOMs, spin precession, and polarisation information from
multiple detectors can partially break this degeneracy [209, 286, 287], it generally remains

significant for BBH events with moderate network SNRs.

4.4 Hierarchical Bayesian Analysis

While standard parameter estimation described in Section 4.3 focuses on inferring the
source properties of individual events based on observed data, hierarchical Bayesian ana-
lysis (HBA) extends this framework by modelling the population distribution of source
parameters and combining information from multiple detections. Rather than treating each
event independently, the HBA assumes that the event-level parameters are realisations
drawn from a common population model, characterised by a set of hyperparameters, A.
These hyperparameters govern the shape and structure of the population distribution and
are inferred jointly using the full set of observed events. By inferring A, one can constrain
population-level properties of GW sources. In addition, the same framework can be exten-
ded to probe cosmological parameters, including the expansion rate of the Universe, the

matter density, and the dark energy equation of state.

4.4.1 Basic Framework

To infer the population properties of GW sources, described by source parameters (6;), is
used to determine the posterior distribution of hyperparameters p(A[{d}), given a set of

observational data {d} = {d;,ds, ..., dn,,} from Ny, detected events. By Bayes’ theorem,

p(Al{d}) o< L({d}[A)m(A), (4.27)

where L£({d}|A) denotes the likelihood of the data and 7(A) represents the hyper-prior

encoding prior knowledge of the population.

Under the assumption that the occurrence of GW events follows an inhomogeneous
Poisson point process, let N(A) denote the expected total number of GW events, including
both detected and undetected sources, for a given set of hyperparameters A. The expected

number of detected events among these NV sources is then given by [290, 291]:

Nup(A) = N(A) / Prop (06 A) Pac(64)d6,, (428)
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where p,op(05|A) denotes the population distribution of the source parameters, and Pye;(65)
is the detection indicator, which takes the value 1 if a source with parameters 05 exceeds

the chosen detection threshold and 0 otherwise.

Consequently, the probability of detecting N4 events is given by a Poisson distribution
with a mean of N,. The likelihood for the observed catalogue, accounting for selection

effects arising from the finite detector sensitivity, can then be written as [291]:
Ndet
£<{d}|A, N) x N<A)Ndet€—Nexp(A) H / E(di|957i)ppop(087i|A)d937i. (429)
i=1
It is convenient to define the detection efficiency [291]:

Nex
nA) = —" = / Ppop(0s|A) Paet(05)dOs. (4.30)

N

Finally, N can be treated as a nuisance parameter and marginalised over. Adopting a scale-

invariant prior, 7(/NV) o 1/N, the marginal likelihood becomes [290]:

N, det

L(d|A) x / dN (N)Ndete—Nexw(N)H / L(di]05.:)ppop(05.:| M) O,
=1

N, det

:/dN (N)Nda_le_n]vH/'C(di|05,i)ppop(05,i|A)d08,i (4-31)
=1

N, det

- 1—‘(]\/'det)77(j‘)_NdEt H/‘C(di|057i)ppop(05,i|A>des,ia
i=1

where ['(Nge) is independent of A and can be absorbed into the normalisation constant.

The detection efficiency 7(A) in Eq. (4.30) corresponds to an expectation value over the
population distribution. Rather than directly sampling from p,,, the efficiency can be effi-
ciently evaluated using injection campaigns [292]. A large set of simulated mock GW sig-
nals is generated from a fiducial injection distribution 7,j, and passed through the detection
pipeline to determine whether they are detectable. The efficiency can then be approximated

via importance sampling as:

Ppop(65|A)
A= | ——————713,:(0,) Pyt (05)d0O
77( ) / Winj(es) T J( ) dt( ) ( )
Ninj,det 432
1 Ppop(6i|A)

2 b
Ninj : Tlinj (es,i)
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where N, is the total number of injected signals, and Ny 4e¢ is the number of detected
injections. The factor pp,p /Tinj accounts for the mismatch between the injection distribu-
tion and the target population model, ensuring that the importance sampling recovers the

expectation value under ppp.

The reliability of the estimate depends on the effective number of samples, which is

given by:
2
Negr = Qw)” 2) , (4.33)
i Wi
where w; = Prop(Os.ilA) A ] N indicates that the estimate is dominated by a few high-

7l'inj(es,i)
weight samples, leading to large statistical uncertainty. To ensure a robust estimation, it is

typically required that Neg > 4Nyt [292].

To evaluate the total likelihood in Eq. (4.31), the remaining step is to compute the indi-
vidual likelihood for d;. In practice, parameter estimation for GW signals provides discrete
posterior samples rather than analytic functions. Let S; denote the number of posterior
samples for the i event, which are typically obtained using a reference prior, m.¢(0,). The

integral in Eq. (4.31) can then be approximated via Monte Carlo reweighting as [291]:

S; k
1 = Poop(05,[A)

Edzesz o GSZAdOSZ%— —_—, 4.34

[ 0.0 im0, ST T (439

where 0';’1- denotes the k™ posterior samples of the i" event. Finally, combining the above
ingredients (Eqs. (4.31), (4.32), and (4.34)), the posterior distribution in Eq. (4.27) can be

efficiently evaluated.

4.4.2 Parametric Models of BBH Populations and Cosmology

To fully specify Eq. (4.27), it is necessary to adopt parametric models for the GW source
population, encoded in p,,, introduced in Section 4.4.1. In this thesis, we focus on the dis-
tributions of BBH component masses and their merger rate as a function of redshift. Recent
analyses by the LVK Collaboration have employed a variety of parametric models to de-

scribe these distributions.

For the component masses, we introduce a fiducial model used in the GWTC-3 ana-
lysis [293], the POWER LAw+PEAK model [290, 294]. This phenomenological model com-
bines a truncated power-law component with a Gaussian peak, allowing it to capture the
overall decrease in event rate with mass and a localised concentration of events around a

preferred mass scale. Within the mass range [Myin, Mmay], the source-frame primary mass
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(m,) distribution is given by:

ppop (m1 | «, )‘ga :uga O-ga MMmin, 5m)

D (1 — py)? (435)
= (1—)\ )m >+ & exp (——g S(m1|Mimin, Om),
& Vimo, 203

where « is the power-law index, and A, 14, and o, denote the mixture fraction, mean, and
standard deviation of the Gaussian component, respectively. S(m1|mmym, d,,) represents a

smoothing function introducing a gradual taper at the low-mass end, which is given by:

S (m ’ Mmin, 5m)
0 (m < Mupin) ,

-1
- [exp < O + Om —5m> + 1:| (mmin S m < Mupin + 5m) )

M —TMmin M —TMmin

(4.36)

1 (m 2 Mmin + 5m) )

where 0,,, sets the width of the low-mass taper applied near 1m,,;,,. The function avoids an
unphysical sharp cutoff at m,,;, and improves numerical stability when evaluating selection
effects and likelihoods. For the secondary mass ms, it is convenient to model the mass ratio
¢m = M2 /my instead of directly sampling ms. The g,,, distribution is drawn from a truncated
power-law distribution, with the low-end smoothing function defined in Eq. (4.36), which

is given by:
Ppop (Gm | Mumin, M1, B) = (qm)BS(m2|mmin, Om) when my, < my < my. (4.37)

where [ is the power-law index.

In addition to the component mass distribution, the population model must specify the
merger rate density as a function of redshift, R(z), which describes the redshift evolution
of BBH mergers in the source frame. This is because it determines how GW sources are
distributed over cosmic time and directly enters the calculation of the expected number of

detections through the selection function.

A commonly used parametrisation is a simple power-law model:
R(z) = Ro(1+ 2)~, (4.38)

where R, denotes the merger rate at = = 0 and x controls the redshift evolution. An
alternative one is the Madau-Dickinson form [295, 296], which is motivated by the cosmic

star formation history and its connection to compact binary formation:

—(v+k
L1 (L4 2,)70"

R
142z
1+ (2)

R(z) =Ro(1+ 2) (4.39)
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where z, is the redshift at which the merger rate peaks, and v and x denote the power-law

indices of the redshift distribution before and after z,, respectively.

More recent population analyses, such as the GWTC-4 study [237], adopt the BROKEN
Power Law + Two PEAks model [297] as a fiducial model, which provides a better fit to
the data than the POowErR Law + PEak model, reflecting its ability to capture the increas-
ingly complex structure revealed by larger GW catalogues. In addition, weakly parametric
approaches based on spline representations (e.g., B-splines) have also been explored. In this
framework, the population distribution is modelled as a separable joint distribution, with
each parameter (e.g., mass or redshift) described independently using one-dimensional basis
splines. This approach allows the data to flexibly determine the shape of the distributions

with reduced reliance on specific functional forms.

The hierarchical framework for the BBH population can be extended to incorporate cos-
mological parameters, which affect the inference through the conversion between detector-
frame observables and source-frame quantities. In particular, the luminosity distance in-
ferred from GW observations depends on z through the assumed cosmological model, while
the conversion between detector-frame and source-frame masses also depends on z. Con-
sequently, cosmological parameters enter the population inference, which can be incorpor-

ated by extending the population model as follows:

pPOP(Os | A): _>;pp0p(0;7 z | ABBH7 Acosmo)y (440)

where @', indicates the source parameters except for the luminosity distance, while Aggy
and Acosmo denote the sets of BBH-population hyperparameters and cosmological paramet-
ers, respectively. In this formulation, the inference jointly constrains both the population

properties and cosmology.

As previously shown in Figure 3.3, if independent redshift () information is available,
one can directly compare the inferred luminosity distance with z, thereby enabling con-

straints on Hj.
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Chapter 5

Basic Lensing Search Techniques

As introduced in Section 2.4, GWs can experience a variety of lensing effects depending
on the mass scale of the intervening lens. For relatively small astrophysical objects, GWs
undergo microlensing in the wave-optics regime or phenomenological lensing under the
geometrical-optics approximation. In contrast, massive structures such as galaxies or galaxy
clusters can cause strong lensing, yielding clearly separated multiple images, or weak lens-

ing, which manifests as a single but distorted signal.

Detecting these lensed GW signals requires dedicated search strategies beyond stand-
ard matched-filter analyses. In conventional GW searches, one correlates detector data with
theoretically predicted unlensed waveforms (templates) to identify candidate events, as in-
troduced in Section 1.3. For lensed signals, however, the templates must explicitly incor-
porate the modifications induced by the lens. Microlensing and phenomenological lensing
produce single, morphologically distorted GW signals (see Section 2.4.2). Although mul-
tiple images are formally generated, the associated time delays are much shorter than the
signal duration, causing the signals to overlap and appear as a single distorted waveform.
Consequently, the waveform morphology is modified, and detection relies on matched-
filtering-based Bayesian inference that employs lensed waveform templates explicitly ac-

counting for the frequency-dependent amplification factor in Eq. (2.71) (e.g., [166, 298]).

Strong lensing, on the other hand, preserves the intrinsic waveform morphology. In
the strong lensing case, the detection problem, therefore, reduces to identifying multiple
events that share identical source parameters (e.g., masses, spins, sky location, etc.) and
are statistically consistent with having originated from a common astrophysical source
rather than from random coincidences' (e.g., [299, 300, 301, 302, 303, 304]). In addition,
when HOMs in the GW signal are sufficiently strong, a single Type Il image can provide a
distinctive signature through its characteristic phase shift, providing a distinctive signature
even without multiple detected images (e.g, [157, 305, 306, 307]).

1. Weak lensing produces signals whose morphology is indistinguishable from unlensed waveforms. The
magnification is also subtle, making the signals effectively degenerate with unlensed ones in standard
searches. As a result, they are challenging to detect with the current ground-based detectors.

104
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In this chapter, we introduce the basic techniques employed to identify lensed GW sig-
nals in ground-based detector data. We consider three complementary search strategies:
(1) a wave-optics search for single distorted signals that incorporates explicit lens models,
targeting microlensed events; (2) a geometrical-optics, lens-model-independent search for
single distorted signals, suitable for phenomenological lensing and type-II image searches;
and (3) a multiple-image search for strong lensing, based on simultaneous Bayesian para-
meter estimation across candidate images. Finally, we briefly discuss more realistic astro-
physical scenarios in which strongly lensed signals are further perturbed by small-scale

structures embedded within the primary lens.

5.1 Single Distorted Lensed Signals

Lensing signatures can be identified from a single GW signal. The core search strategy is
analogous to that used in standard unlensed GW analyses: instead of employing unlensed
waveform templates, we use lensed waveforms that incorporate lensing effects. Specifically,
we construct a lensing hypothesis and evaluate its likelihood within the Bayesian frame-
work given by Eq. (4.1). We then compute the Bayes factor for the lensing hypothesis (5B.)
and compare it to the corresponding Bayes factor under the unlensed hypothesis (By), yield-
ing the relative Bayes factor, B5. If BY; is sufficiently high, the data favour the lensing hypo-
thesis. This procedure corresponds to the Bayesian hypothesis testing framework described

in Section 4.1.2.

5.1.1 Wave-optics Regime

Representative examples of single distorted lensed signals arise in the microlensing re-
gime, corresponding to the wave-optics limit in which the GW wavelength is comparable
to the lens scale. In this regime, the lens induces a frequency-dependent modulation of the
waveform amplitude and phase. As a result, the microlensed waveform, hy, is obtained
by multiplying the unlensed strain, Ay, by the complex amplification factor F'(f) given in
Eq. (2.71).

As discussed in Section 2.4.2, the PM lens model provides a well-motivated description
for microlensing by compact objects. In general, microlensing can also arise from more
complex configurations involving multiple compact lenses. However, in this section, we
restrict our discussion to the isolated PM lens case, while multiple-lens configurations are
discussed separately in Section 5.2.2. The corresponding amplification factor for an isolated
PM lens is given by Eq. (2.73) and is fully characterised by two lens parameters: redshifted
lens mass (//7) and dimensionless impact parameter (y). Within the Bayesian framework,

the likelihood under the microlensing hypothesis is therefore:

1
ln‘C(d|087 Mza y) = _§<d - hML(OSa M[Zn y)|d - h’ML(087 sz y)>7 (51)
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Microlensing effects

Strong  Moderate =~ Weak

Pret 11.56 11.87 11.37
M;[Mz] 14110.08 1421.89  4187.91
y 0.14 0.25 1.92
log,, By 6.23 3.51 0.26

Table 5.1: Network SNR, injected lens PM parameters, and log,, Bayes factors for the three
mock microlensed signals.

where d denotes the detector data, 8, represents the GW source parameters.

To assess parameter recovery, we simulate three representative microlensed signals and
inject them into a three-detector network consisting of aLIGO Livingston, aLIGO Hanford,
and AdV, assuming projected O4a PSDs for each detector and Gaussian noise”. The three
cases correspond to (i) strong microlensing effects (high M} and low y), (ii) moderate effects
(low M} and low y), and (iii) weak effects (intermediate M and high y). All three injections
are constructed to have similar network SNR, p,.: >~ 11.5. Each dataset is analysed under
the microlensing hypothesis using bilby [240] with the dynesty [263] sampler. For com-
parison, we additionally perform parameter estimation under the unlensed hypothesis and
compute the corresponding Bayes factor, BY". Table 5.1 summarises the injected lensing

parameters, network SNRs, and resulting Bayes factors for the three mock signals.

As shown in Figure 5.1, the posteriors of M} and y are well constrained for the strong
and moderate microlensing cases, exhibiting clear peaks consistent with the injected val-
ues. The posterior structure indicates that, even at moderate network SNRs, the waveform
distortions induced by microlensing are sufficiently prominent to be distinguished from
unlensed signals. Consistently, the corresponding Bayes factors, BN, strongly favour the
microlensing hypothesis over the unlensed hypothesis. In addition, although the moderate
microlensing case involves a smaller lens mass, the low impact parameter still produces
detectable effects, allowing recovery of the injected lens parameters. These results suggest
that small impact parameters play a particularly important role in determining the observ-

ability of microlensing signatures.

In contrast, the weak microlensing case yields broad and weakly constrained posteriors
without a clear peak near the injected values. Although the lens mass itself is not especially
small in this case, the larger impact parameter suppresses the observable lensing features,
making the microlensing-induced waveform distortions difficult to distinguish from stat-
istical fluctuations or intrinsic parameter degeneracies at the given network SNR. Consist-

ently, the corresponding Bayes factor is also substantially reduced.

2. 'The PSDs used in the simulations are publicly available from https://dcc.ligo.org/T2200043-v3/public.
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Figure 5.1: Corner plots showing the posterior distributions of M and y for the (a) strong,

(b) moderate, and (c) weak microlensing cases.

However, a Bayes factor alone is not sufficient to claim a microlensing detection. High

values of BY" may also arise from statistical fluctuations in the noise or from non-lensing

effects. As discussed in Section 1.3.2, to assess the statistical significance, one needs to con-

struct a background distribution using a large number of unlensed injections, each analysed

under both the microlensing and unlensed hypotheses. The resulting distribution of B* un-

der the unlensed background allows us to quantify the significance of the observed Bayes

factor. The false-positive probability (FPP) of the observed Bayes factor, B, is defined as:

PP — number of background events with B} > By,

total number of background events

(5.2)



108 Basic Lensing Search Techniques

If the FPP is sufficiently small, a microlensing detection may be claimed.

However, when multiple independent events are analysed, the probability of obtaining
a large Bayes factor from noise or statistical fluctuations increases. This is commonly re-
ferred to as the look-elsewhere effect, for which the FPP must be corrected by accounting
for the associated trial factor [308, 309]. Therefore, the significance inferred from a single
event must be adjusted to account for the total number of independent events included in
the search. In this context, each analysed GW event constitutes an independent trial. The
relevant quantity is then the global FPP, defined as the probability of obtaining at least one
event with BM' > B, among all analysed events. Assuming statistical independence, the

global FPP (equivalently, the global p-value) is given by:
FPPyopas = 1 — (1 — FPP)Nevert) (5.3)

where Neyen: denotes the total number of independent events.

5.1.2 Geometrical-optics Regime

Similar to microlensing, phenomenologically lensed signals are characterised by a single
distorted waveform arising from the coherent superposition of multiple lensed images [166].
In this framework, each image is described within the geometric-optics approximation,
providing a lens-model-agnostic description. The lensed signal is thus modelled as a coher-
ent sum of K image components rather than as discretely resolvable events, where each

component shares the same intrinsic waveform as the unlensed signal.

As noted in Section 2.4, the amplification factor F'(f) for phenomenological lensing is
basically the same as Eq. (2.74). However, since the main parameters to be estimated are the
relative magnification i, the time delay At, and the total number of images K, it is more

convenient to rewrite the lensed waveform as:

BPhenom(f) = F(f)]th(f>
(5.4)

K
Vi |1+ Z iz exp (2mi fAL; — i) | hu(f),
j=2

where /1; denotes the magnification factor of the first-arriving signal, while 1,1 ; and At;

represent the magnification and time delay of the j image relative to the first, respectively.

Following the hypothesis-testing and background-construction framework established
for the microlensing analysis in Section 5.1.1, the phenomenological analysis yields a Bayes
factor (BEn°m), along with posterior distributions for the lensing observables. These results

are subsequently evaluated using the global FPP defined in Eq. (5.3).



5.1 Single Distorted Lensed Signals 109

In the phenomenological lensing regime, the time delays between superposed images
range from milliseconds to O(0.1) s [166]. Given the sensitive frequency band of current
ground-based detectors, these delays correspond to lens masses in the range My ~ 10%-
10% My, In this mass range, unlike microlensing, which is typically well-motivated by point-
mass models, phenomenological lensing can arise from a variety of lens candidates, includ-
ing IMBHs and dark-matter subhalos embedded within a larger galactic lens [166]. Con-
sequently, for a robust astrophysical interpretation, the parameters inferred from this ag-
nostic framework should be compared with the results of lens-model-dependent analyses

based on representative physical models that produce such phenomenological signatures.

Shifting focus to the strong lensing regime, a single strongly lensed signal can show a
lensing signature if it corresponds to a Type Il image [157, 305, 306, 307]. For Type Il images
(n; = 0.5), the phase factor in the amplification factor (Eq. (2.74)) becomes exp(—in/2) =
—i, which corresponds to a constant 7/2 phase shift across all frequencies. In the time
domain, this operation is equivalent to a Hilbert transform of the waveform, introducing a

frequency-dependent time delay for different frequency components.

For a signal dominated by the quadrupole mode (¢ = |m| = 2), this constant phase
shift is completely degenerate with a shift in the coalescence phase (¢.) of an unlensed
signal, rendering it indistinguishable. However, this degeneracy can be broken if the sig-
nal contains non-negligible HOMs (e.g., ¢ = 3,m = 3). Because the phase shift applies
globally to all modes, while the physical phase evolution of each mode scales with its m-
index (P, = m®P,p), the relative phase between different harmonics is altered. The lensed

waveform for a Type Il image is given by [157]:

hTypeII<t) X Z Aémeii(élm(trﬂr/z), (55)
lm

where Ay, is the amplitude of each mode. In an unlensed signal, a shift in the orbital phase
®,,, by A, a constant shift in the orbital phase at coalescence, would result in a phase shift
of mA® for each mode. Since the Type II transformation introduces a shift of 7 /2 for all
m, no single value of A® can mimic this effect across multiple harmonics (e.g., a 7/2 shift
looks like an orbital shift of 77/4 for m = 2, but 7/6 for m = 3). This inconsistency allows

for the unambiguous identification of a Type II image.

Following the methodologies described above, the search for Type II images aims to
calculate Bayes factors for observed GW events and compare them against a background
distribution. Given that strong lensing can produce three distinct image types (Type I, II,
and III), the analysis involves calculating the Bayes factors between Type II and Type I
images (BX), as well as between Type Il and Type III images (Bf,) [238]. If both Bayes
factors are sufficiently high, corresponding to a low FPP, the evidence for lensing becomes

compelling.
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5.2 Multiple Repeated Lensed Signals

As discussed previously, searches for lensing signatures within a single distorted signal
rely on identifying distinctive waveform modulations that are not expected in unlensed
signals, such as interference-induced amplitude and phase variations, as well as the char-
acteristic phase shifts associated with specific image types. In contrast, the search strategy
for multiple lensed signals from the same source (i.e., strongly lensed GW (SLGW) events)

is qualitatively different.

Because gravitational lensing in the geometric-optics limit is achromatic and does not
alter the morphology of the GW waveform, intrinsic source parameters, such as the com-
ponent masses (1M1, ms2), spin magnitudes (X1, x2), and source redshift (z;), are invariant
across all lensed images. In addition, the sky locations of different images are expected to
be nearly identical, since the current GW detector network does not have sufficient angu-
lar resolution to distinguish them [20]. In contrast, the extrinsic parameters, such as the
luminosity distance (dp), arrival time (t.), and coalescence phase (¢.), can differ between
images [155, 156, 157]. Consequently, strong lensing searches rely on the expectation that
multiple lensed images share the same intrinsic source properties, with the differences in
observable extrinsic parameters being consistent with physically plausible lensing scen-

arios.

We discuss how to utilise the consistency in the intrinsic parameters to identify candid-
ate pairs or multiplets of SLGW signals originating from a common source and lensed by
a macrolens’. Furthermore, we extend our discussion to more complex scenarios in which
both strong lensing and microlensing occur simultaneously. In these cases, the lens’s com-
plex mass distribution can produce both multiple discrete signals and subtle waveform dis-

tortions in individual images.

5.2.1 Joint Parameter Estimation

To quantitatively assess whether a pair of GW events originates from strong lensing of
a common source, we analyse the events under two competing hypotheses: the strong-
lensing hypothesis, Hs;, in which the event pair shares a common source, and the unlensed
hypothesis, Hy, in which the two events are unrelated unlensed signals. We then compute
the corresponding Bayes factor, B This procedure is referred to as joint parameter estim-
ation (JPE), where ”joint” indicates that the two events are analysed in a correlated manner,
either by conditioning one event on the parameters of the other or by estimating parameters
for both events simultaneously [300, 301, 302].

3. A macrolens refers to a large-scale gravitational lens, such as a galaxy or galaxy cluster, that produces
multiple, discretely resolvable signals and is well described by the geometric optics limit, in contrast to mi-
crolensing, which can induce wave-optics effects and interference patterns.
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Let d; and d; denote the data streams containing the two GW signals. The Bayes factor
is defined as [300, 301, 302]:

Z(dy,dy | Hsp)
Z(dy,dy | Hy)

/d& d)\p(dl,dg ’ H,A,HSL) 7T(9,>\ | HSL) (5.6)

SL
By

0[2

6 2
11 / d6; p(d; | 0;, Hy) 7(6; | Hu)
i=1

Y

where 0 denotes the set of source parameters shared by the two lensed images, while A
represents lensing-related parameters and image-dependent extrinsic parameters. Here,
p(di,ds | O, X, Hgy) is the joint likelihood for the two signals under Hgr, and w(0, A | Hgy)
denotes the corresponding prior distribution for the parameters. In contrast, under Hy,
each event is described by an independent parameter set, 6;. Since the two events are as-
sumed to be independent under Hy, the joint likelihood factorises into the product of the
individual-event likelihoods. Note that v and (3 are normalisation constants associated with
the strong-lensing and unlensed hypotheses, respectively, which account for selection ef-

fects arising from detector sensitivity and detection thresholds [302].

A high value of B} suggests that the event pair is more likely to originate from a
strongly lensed common source. However, like the case of a single distorted signal dis-
cussed in Section 5.1, the Bayes factor alone is not sufficient to claim a decisive detection.
The BBH population spans a broad and nearly continuous region of the physically allowed
mass-spin parameter space, and therefore, unrelated events can coincidentally exhibit sim-
ilar source parameters, resulting in false alarms. To quantify this possibility, it is necessary
to construct the background distribution of B expected from pairs of independent un-
lensed events and compute FPP or global FPP in Egs. (5.2) and (5.3).

Up to this point, we have only considered pairs of GW events. However, as discussed in
Section 2.2, a single GW source can produce more than two strongly lensed images. In such
cases, the formalism of B in Eq. (5.6) remains unchanged in principle, but the analysis
becomes increasingly complicated because additional image-dependent parameters must
be considered. Nevertheless, it is not always necessary to analyse all lensed images sim-
ultaneously for an initial search. More specifically, even if a quadruply lensed GW signal
is observed, performing JPE on only a randomly selected image pair can still enable the
identification of a strong-lensing candidate, since the two signals originate from the same
underlying source. A more complete joint analysis incorporating all images would then be
required as a follow-up study to fully characterise the lens system and improve constraints

on the lensing configuration (e.g., [300, 310, 311]).
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In practice, performing a full JPE for a pair of GW events is substantially more compu-
tationally expensive than standard parameter estimation for a single unlensed signal. This
issue becomes increasingly important as the number of detected CBC events grows. For
example, the GWTC-4 catalogue already contains more than 200 CBC events [20], and fu-
ture observing runs are expected to detect significantly more signals. Since the number of
possible event pairs scales as N(N — 1)/2, the total number of candidate pairs increases
rapidly with the catalogue size. Consequently, performing full JPEs for all possible pairs

would require prohibitive computational resources and analysis time.

To address this challenge, recent strong-lensing searches [238] employed several low-
latency ranking and filtering pipelines to identify promising candidate pairs before per-
forming full JPEs. This hierarchical strategy restricts the computationally intensive follow-
up analyses to only those event pairs flagged as potentially lensed, enabling a substantially

more efficient use of computational resources.

5.2.2 Strong Lensing with Substructures

Astrophysical compact objects that produce microlensing signatures in the wave-optics
regime are typically embedded within larger gravitational structures such as galaxies or
galactic halos. Consequently, a GW propagating near such a system can experience both
galaxy-scale strong lensing and additional perturbations from smaller embedded structures.
In this scenario, the macrolens first generates multiple strongly lensed images (so-called
macroimages), after which each image can undergo further lensing distortions due to a mi-
crolensing field composed of compact objects or substructures along its individual propaga-
tion path [312, 313, 314, 315, 316, 317, 318, 319, 320].

Figure 5.2 illustrates an example of such a complex lensing configuration, in which a
BBH is lensed by microlenses embedded within a macrolens. Since the microlensing fields
need not be identical across macroimages, reflecting different shear effects near each im-
age as well as the non-uniform stellar distribution within the lens galaxy, each image may
experience distinct waveform modulations. As a result, different macroimages do not neces-
sarily share identical waveform morphologies, even though they originate from the same
underlying source parameters. This situation poses a challenge for strong-lensing searches
based on Eq. (5.6), because the corresponding JPE framework is lens-model-independent
and primarily relies on the consistency of the inferred source parameters between the two
events. Such approaches may not fully capture the signatures of complex lensing configura-
tions. In particular, microlensing-induced waveform distortions can bias the inferred source
parameters and potentially reduce the apparent consistency between strongly lensed im-

ages, thereby causing genuine lensed pairs to be missed [320, 321, 322].
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(Unlensed) .
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Figure 5.2: A complex lensing system in which a BBH signal is strongly lensed into multiple
macroimages by a galaxy-scale macrolens, with additional microlensing effects arising from
stellar fields or compact objects embedded within the macrolens.

A similar limitation also arises in searches for single distorted lensed signals. As dis-
cussed in Section 5.1.1, microlensing searches typically assume the isolated PM lens model.
In realistic astrophysical environments, however, multiple compact lenses may contribute
to the amplification factors. In addition, the macrolens itself can introduce external shear

and convergence, further modifying the lensing effects [314, 318, 319].

As a simple example, the amplification factor in Eq. (2.71) for a system consisting of a
macrolens and a PM microlens can be described by introducing an additional convergence

(k) and shear (7), given by:

F(w,y) = % /d% [eXp {iw (%‘w —ul - w(@) H

S o T |

2w

(5.7)

where 1 (x) is defined in Eq. (2.56).

Figure 5.3 compares three frequency-dependent amplification factors: those of an isol-
ated PM microlens (see Eq. (2.73)), and an embedded-lens configuration in which an SIE
macrolens contains the same PM microlens evaluated at two different macroimage posi-
tions, corresponding to Type I and Type II images (for the image type, see Section 2.1.3).
The two embedded cases correspond to the amplification factors given by Eq. (5.7) for the

same PM microlens evaluated at different macroimage locations within the macrolens po-
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Figure 5.3: An example of amplification factors for an isolated PM lens and for the same PM
perturber embedded in Type I and Type II macroimages produced by a common macrolens
galaxy. Figure is from [318].

tential. This locational difference corresponds to the distinct local lensing environments,
which can be effectively interpreted as different external shear conditions induced by the
macrolens potential at each image position. Therefore, the two embedded amplification

factors can differ substantially, and both deviate significantly from the isolated PM case.

Moreover, the example still represents an idealised configuration involving a single PM
microlens. Realistic lens environments are expected to contain multiple compact objects
or substructures, which produce even more complex interference patterns [315, 319, 323].
Consequently, the isolated PM approximation may fail to reproduce the true amplifica-
tion factors, introducing non-negligible systematic mismatches between the assumed lens
model and the actual lens. Such lens-model systematics can reduce the resulting Bayes

factors and may weaken or even hinder the detection of microlensing signatures.

One of the most promising approaches for searching for such complexly lensed GW sig-
nals is to explicitly incorporate the effects of all relevant substructures into the lensed wave-
form model by parameterising the lensing perturbations and jointly inferring the lens para-
meters together with the CBC source parameters, analogous to the method introduced in
Section 5.1. However, such analyses rapidly become computationally prohibitive. Bayesian

inference for GW signals typically requires millions of likelihood evaluations, and the com-
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putational cost can increase dramatically with the complexity of the lens model. In addition,
the integration in Eq. (5.7) itself is computationally expensive due to the highly oscillat-
ory nature of the integrand. A more efficient approach for the rapid identification of both

strongly lensed and microlensed signals will be discussed in Chapter 7.



Chapter 6

Search for Microlensing Signatures in
O4a BBHs

Disclaimer

The following chapter is based on the paper GWTC-4.0: Searches for Gravitational-
Wave Lensing Signatures [238], carried out by the LVK Lensing Group. The author
contributed to this work both as a data analyst conducting microlensing searches for
observed BBH events and as a member of the paper writing team, contributing to

manuscript preparation and figure generation. This work has been submitted to the

Astrophysical Journal for publication.
-

As discussed in Section 5.1, lensing signatures can be identified within a single distorted
GW signal. However, from the first two observing runs (01-02) [324] through the third
(03) [325, 326], the LVK Collaboration reported no decisive evidence for lensing in GW

observations.

We have extended these searches to BBH events observed during the first part of the
fourth LVK observing run (O4a), with a specific focus on microlensing signatures, as de-
tailed in Section 5.1.1. The author has contributed to microlensing searches since the first
half of O3, continuing through analyses of the full O3 dataset through participation in data
analysis and interpretation. Building on these earlier efforts, the analysis of O4a data adopts
more advanced and dedicated frameworks: LensingFlow, an automated workflow manager
designed for large-scale lensing analyses [327], and Gravelamps, a pipeline specialised in
performing full wave-optics hypothesis testing employing a grid-based approach to calcu-
late amplification factors [298]. These tools enable more systematic and computationally

efficient exploration of microlensing effects.
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In this chapter, we present the results of the O4a microlensing search and examine the
event GW231123_135430 (hereafter GW231123) in more detail. To date, this special event
exhibits the highest Bayes factor in favour of the microlensing hypothesis over the unlensed
hypothesis among all analysed candidates. While the high Bayes factor does not yet provide
definitive evidence for lensing, it makes the event a strong candidate. This motivates a more
detailed investigation to distinguish possible lensing effects from intrinsic source properties

or instrumental artifacts.

6.1 Analysis Setup

We analyse 84 BBH events observed during the O4a to assess the presence of microlens-
ing signatures. As described in Section 5.1.1, we examine the properties of these events
under the microlensing hypothesis and evaluate their Bayesian evidence. The analysis em-
ploys the isolated PM lens model, and for the waveform we adopt IMRPHENOMXPHM-
SPINTAYLOR [288, 289] (XPHM-ST) waveform model, one of the fiducial models used in the
GWTC-4.0 analysis [20].

To estimate the two PM lens parameters, we define priors based on the expected physical
characteristics of potential lenses. For the redshifted lens mass (A7), we employ a uniform
prior between 1 M, and 10* M. This range spans the masses of stars and stellar remnants
(~ 1 Myg) up to IMBHs (~ 10* M). Beyond this upper limit, the time delay between the
two microimages typically becomes large enough that they are resolved as separate signals,
rather than appearing as a single distorted waveform. Meanwhile, the prior for the dimen-
sionless impact parameter () is set as p(y) o< y with y € [0.1, 3], maintaining consistency
with previous microlensing searches [324, 325, 326]. A value of y < 0.1 is statistically rare
because of the small cross-section, whereas for y > 3.0, the microlensing effect becomes

negligible for current ground-based detectors.

It is important to note that a normalisation error was identified in the likelihood eval-
uation using Bilby, which serves as the foundational framework for both the unlensed
analyses in this chapter and the Gravelamps pipeline (see Section 5.10 of Abac et al. [328]
for more details). To address the likelihood issue, we employ a reweighting scheme applied
directly to the nested sampling chains for all Gravelamps and complementary unlensed
analyses. Unlike reweighting only the final posterior samples, reweighting the full nested
sampling chains also consistently updates the Bayesian evidence. In practice, this is done
by recalculating the weights of the nested sampling points using the corrected likelihood

values, leading to a more robust estimate of the evidence.
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Figure 6.1: Histogram of log,, BM°? for O4a BBH events and background injections.
GW231123 is clearly separated from the background distribution.

6.2 Point-Mass Microlensing Search

From the parameter estimation setup described above, we calculate the evidence for each
event under the PM microlensing hypothesis (BM") and the unlensed hypothesis (BY). The
resulting Bayes factors, BY*, serve as our main statistic for the hypothesis test, as detailed

in Section 5.1.1.

Figure 6.1 displays the distribution of BY" for the 84 O4a candidates (green histogram).
To robustly evaluate these values, we generated a background injection set comprising 254
detectable mock unlensed GW signals (p,e: > 8) (see Appendix B of [238] for more details).
The distribution of BY" for the background is also shown in Figure 6.1 (black histogram).
While most O4a events have low Bayes factors consistent with the background, GW231123
clearly stands out as an outlier, with log,, BN ~ 3.8, the most substantial value identified

in our lensing searches to date [329].

To quantify the statistical significance of this result, we estimate the FPP defined in
Eq. (5.2). In this context, the FPP represents the likelihood that an unlensed signal—due to
noise fluctuations or intrinsic parameter degeneracies—could yield a Bayes factor as high
as that of GW231123. Since the observed value lies outside the range of the background dis-

tribution, we cannot directly calculate the FPP from it. In particular, none of the Ny, = 254
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background samples produced a value larger than the observed Bayes factor. Rather than
assigning FPP = (, we place a conservative upper bound using the rule of succession [330],

which accounts for the finite number of background samples:

NBY > Byps)+1  0+1

FPP,, ., = _
PP Npg + 1 254 +1

~ 0.0039, (6.1)

where NV}, is the total number of the background events. An FPP of 0.39 % indicates that
such a high Bayes factor is rare under the background distribution, making the signal stand

out relative to typical events.

However, when accounting for the trial factor across the 84 independent events we ana-
lysed, the global FPP is significantly higher. Using Eq. (5.3), we obtain an upper bound for
the global FPP of FPPgjpa < 28 %. The FPPyqha1 value is not sufficiently low to claim a defin-
itive microlensing detection, which would typically require FPPy,p, << 1 %. This relatively
high value is primarily due to the limited background size. With only 254 injections for an
analysis of 84 events, the background is insufficient to resolve the far tail of the distribu-
tion. For example, to achieve a 30 significance (FPPyiopa ~ 0.0027) for such a high Bayes
factor, a background set of O(10*) injections would be required to sample rare noise and

degeneracy configurations.

Furthermore, the current background may not adequately represent events with prop-
erties similar to GW231123, which is characterised by a high total mass and evidence of
non-negligible effective precessing spin [329]. In particular, such events are relatively rare
in the background, and their absence can bias the FPP estimate. We consider two main

effects:

1. Precessing spin-lensing degeneracy: The modulations induced by precession can
mimic the interference patterns of lensing due to small mass objects [331]. If a back-
ground does not contain enough precessing BBHs, the risk of a false positive in-
creases.

2. Signal duration and non-Gaussianity: Due to its high mass, GW231123 is a short-
duration signal (~ 0.1s), making it more susceptible to non-Gaussian instrumental
noise, such as glitches. While our background is constructed to mitigate such non-
Gaussian features, it may not fully capture their impact, which can be misinterpreted
as either high spin [332] or a lensing signature.

Consequently, while the high Bayes factor of GW231123 is compelling, the current

background limitations and potential degeneracies imply that more thorough follow-up

is needed before we can claim microlensing.
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6.3 GW231123: The Most Lensing-Favoured Event

6.3.1 Inferred Lens Properties

In Section 6.2, we found that GW231123 exhibits the highest Bayes factor (log,, BY") recor-
ded to date in GW lensing searches. To assess the robustness of this result against wave-
form modelling uncertainties, we repeat the analysis using alternative waveform models
IMRPHENOMXO4A (XO44) [333] and NRSur7DQ4 (NRSUR) [334]. These models incorporate
different physical prescriptions and modelling systematics relative to the baseline XPHM-
ST model. The recovered log,, BY" values for each waveform are shown in Table 6.1. Not-
ably, the Bayes factors exhibit a strong dependence on the choice of waveform model. As
all other aspects of the analysis, such as the data segment, prior assumptions, and noise
treatment, are held fixed, the observed differences across waveform models indicate that
the high Bayes factor obtained with XPHM-ST is likely driven by its specific modelling

characteristics, rather than by external factors such as non-Gaussian noise transients.

Waveform model
XPHM-ST NRSur X0O4a

log,, BY" 3.8 15 0.1
Mi[Mg) 9117534 go3+isy  gg7+13208
y 0.617027  0.69108T 2 137079

Table 6.1: Bayes factors and inferred point-mass lensing parameters for GW231123 across
different waveform models.

We observe a clear hierarchical decrease in BLI\JAL in the order of XPHM-ST, NRSUR, and
XO4a. This trend indicates an inverse relationship between BY" and the quality of the fit
(i.e., the Bayesian evidence) under the unlensed hypothesis. Specifically, among the three
waveforms, XPHM-ST yields the lowest Bayesian evidence for the data, followed by NR-
Sur, with XO4A providing the strongest evidence (see Appendix B in [329] for details).
This suggests that waveform models that provide a relatively poorer fit to the data un-
der the unlensed hypothesis may show a stronger preference for the additional flexibility
introduced by the PM microlensing model. Consequently, the relatively high Bayes factor
obtained with XPHM-ST may, at least in part, reflect the interplay between waveform mod-
elling systematics and the added degrees of freedom in the microlensing model, rather than

arising solely from a distinct microlensing signature.

For each microlensing analysis performed with a given waveform model, the inferred
values of the two point-mass parameters (M7, y), including their medians and 90 % C.I, are
summarised in Table 6.1. The corresponding posterior distributions are shown in Figure 6.2.
For the XPHM-ST and NRSuR models, the posteriors are well constrained and exhibit clear

peaks. In contrast, the XO4A results show broader posterior distributions, with support
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Figure 6.2: Posterior distributions of the redshifted lens mass and dimensionless impact
parameter inferred from point-mass lensing analyses using the XPHM-ST (green), NRSUR
(orange), and XO4a (purple) waveform models.

extending over a wider region of parameter space, although some overlap with the peaks
identified by XPHM-ST and NRSUR is still apparent. This behaviour is consistent with the
lower Bayes factor obtained for XO4a and indicates comparatively weaker support for the

microlensing hypothesis.

The recovered redshifted lens mass (M7 ~ 10%-10* M) and source redshift (z, ~
0.2 - 0.7) point to several plausible lens candidates. While an IMBH is a natural interpret-
ation in this mass range, the lens could also correspond to a dense DM subhalo or a PBH,
both of which are predicted to exist within galactic halos under various cosmological mod-
els. Although our analysis adopts an isolated PM model, a compact lens is more likely to
be embedded within a complex environment rather than in isolation, as discussed in Sec-
tion 5.2.2. Possible environments include the centers of globular clusters, where IMBHs
may form, or galactic disks, where the lens could be embedded within a larger macrolens-
ing field. The relatively high Bayes factor obtained for the isolated PM model may arise
because the observed signal is primarily sensitive to the local gravitational potential within
the Einstein radius of the compact object. In this local approximation, the influence of the
surrounding stellar population or the host galaxy potential becomes subdominant to the

effect of the primary deflector on the GW wavefront.
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Figure 6.3: Comparison of the detector-frame chirp mass posteriors and mass-ratio under
the PM microlensing (solid line) and unlensed (dashed line) hypotheses using XPHM-ST,
NRSuUR, and XO4a waveform models.

6.3.2 Inferred Source Properties

In addition to the inferred lens properties, we compare the inferred source properties under

the microlensing hypothesis to those obtained under the unlensed case.

Figure 6.3 presents the joint posterior distributions for the detector-frame chirp mass
(M) and mass ratio (g), with 90 % credible regions, along with the corresponding 1D mar-
ginal distributions for each waveform model, including their 90 % C.I.. Under the unlensed
hypothesis, the inferred parameters exhibit noticeable discrepancies across the three wave-
form models. In particular, the NRSur model favours higher chirp masses and mass ratios
than the IMRPhenom family. This behaviour likely reflects increased modelling uncertainty
in the high-mass regime, where the signal contains relatively few in-spiral cycles and the

inference becomes more sensitive to waveform systematics.
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In contrast, under the microlensing hypothesis, the posterior distributions for the two
parameters become broader across all models, mainly attributed to the increased degrees
of freedom in the microlensing model. At the same time, the level of disagreement between
waveform models is reduced. Notably, the NRSUR posterior shifts toward lower masses and
mass ratios, bringing it into closer agreement with the IMRPhenom-based results. This trend
is also evident in the 2D credible regions, which show increased overlap compared to the
unlensed case. Overall, while the broader posteriors indicate increased parameter degener-
acy, the improved cross-model consistency suggests that the microlensing framework may

partially mitigate waveform-dependent discrepancies present in the unlensed analysis.

We further investigate the impact of the microlensing hypothesis on the inferred source-
frame masses (m; s and my ) and spin magnitudes (x; and x»), focusing on the NRSur
model, which provides the most physically rigorous representation by minimising the av-

eraged mismatch with NR waveforms [329].
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Figure 6.4: Comparison of the posterior distributions of the source-frame component
masses for GW231123 inferred with the NRSUrR model under the unlensed (orange) and
point-mass microlensing (sky blue) hypotheses.
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A key feature of PM lensing is that it produces magnification only (# > 1). Under
this interpretation, the observed GW signal corresponds to a magnified version of a more
distant source. As a result, the inferred luminosity distance (d;) increases, implying a higher
source redshift (z). Since the source-frame masses scale as ms = m/(1 + z,), this leads to
systematically lower intrinsic mass estimates. Figure 6.4 shows the posterior distributions
of m; s and my 5, under the microlensing and unlensed hypotheses. While the reduction in
m s is relatively modest, m, s decreases more significantly. Quantitatively, the median and
90 % C.L shift from 1297154 M and 1067132 My, in the unlensed case to 1097352 M, and
591720 M, under the lensing hypothesis. This difference is consistent with the behaviour
seen in Figure 6.3, where the NRSUR analysis under the microlensing hypothesis favours
smaller mass ratios. Consequently, whereas the unlensed interpretation places the event in
an ambiguous outlier regime, the lensed scenario shifts it toward values more consistent

with the known BBH population.
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Figure 6.5: Comparison of the posterior distributions of the dimensionless spin magnitudes
for GW231123 inferred with the NRSUr model under the unlensed (orange) and point-mass
microlensing (sky blue) hypotheses.

Furthermore, the inferred x; and y» shift toward more moderate values under the
microlensing hypothesis across all waveform models, with x, in particular exhibiting a
broader and less peaked distribution. Figure 6.5 shows the corresponding posteriors for the
NRSuUR cases. This behaviour can be understood in terms of a morphological degeneracy
between spin-induced modulations and lensing-induced distortions. As discussed in [331],
spin precession can introduce waveform modulations that resemble the interference-like
features produced by a compact lens, particularly when the spin magnitudes are large.

Within the microlensing framework, such features can instead be accommodated by lensing
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Parameter M, X1 X2
KS JSD KS JSD KS  JSD

Unlensed 0.647 0.294 0.150 0.044 0.051 0.002
Lensed 0.342 0.089 0.097 0.009 0.026 4 x 1074

Table 6.2: KS statistics and JS divergence (in nats) computed between the chirp mass and
spin magnitude posteriors inferred from individual-detector analyses under the unlensed
and lensed hypotheses, using the NRSur waveform model

parameters, thereby reducing the preference for extremely high spin values. Similar to the
trends observed in the mass parameters, this shift toward more moderate spin values im-
proves the agreement across waveform models, leading to a more consistent interpretation

of the signal.

6.3.3 Single-Detector Analysis and Consistency Checks

If a GW signal is genuinely affected by lensing, the associated distortions are expected to
appear consistently across all detectors in the network. To test this, we perform independent
microlensing analyses using data from the aLIGO Hanford (LHO) and aLIGO Livingston
(LLO) detectors. As noted in the case of GW200208_130117 [335], a lensing-like feature
present in only a single detector is more plausibly explained by local instrumental noise or
a transient glitch that mimics the lensing morphology. In contrast, a consistent signature

observed across independent detectors is less likely to have a terrestrial origin.

Using the NRSUR model, we obtain log,, BY" = 0.62 for LHO and 2.64 for LLO, both of
which independently favour the microlensing hypothesis. The higher Bayes factor obtained
for LLO can be attributed to its higher SNR relative to LHO, which enables a more precise
resolution of the interference patterns. Part of the discrepancy between the two detectors
may also arise from differences in data treatment: the LHO data were deglitched, whereas
the LLO analysis used the original data [336]. Residual noise artifacts or variations in data

conditioning can, therefore, introduce modest shifts in the inferred evidence.

To quantify the consistency of the intrinsic parameters, specifically the chirp mass, mass
ratio, and spin magnitudes, inferred from each single-detector analysis, we compute the
Kolmogorov-Smirnov (KS) statistic and the Jensen-Shannon (JS) divergence. These meas-
ures are applied to the posteriors obtained under both the unlensed and microlensing hy-
potheses. As shown in Table 6.2, both the KS and ]S values are lower in the microlensing
case than in the unlensed case, which indicates that the parameter estimates inferred from
the two detectors are more consistent under the microlensing hypothesis, suggesting that

it provides a more coherent description of the signal across the detector network.
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To further assess whether the apparent preference for the lensing hypothesis reflects
a genuine feature of the data or arises from modelling degeneracies, we compare the in-
ferred waveforms with a model-independent reconstruction obtained from an unmodelled
search pipeline [337]. This reconstruction is performed using cWB [44], which employs a
wavelet basis to reconstruct coherent signal power across detectors, providing a data-driven

baseline that does not rely on specific waveform assumptions.

Given the high BY" values, which motivate the lensing interpretation, several scenarios

can explain the observed agreement:

+ Consistent lensing signature: The reconstructed waveform exhibits features con-
sistent with the lensed templates, supporting the interpretation that the data contain
lensing-induced distortions.

+ Degeneracy-driven agreement: The reconstructed waveform does not exhibit clear
lensing-specific features, whereas the lensed templates achieve a better fit by ex-
ploiting degeneracies (e.g., between spin-induced modulations and lensing effects),
suggesting that the apparent support for lensing may be driven by model flexibility.

« Ambiguous or noise-dominated structure: The reconstructed waveform does not
clearly favour either scenario, suggesting that the apparent agreement may be influ-

enced by noise fluctuations or limited information content in the signal.

Figure 6.6 shows a time-domain comparison between the reconstructed waveform (h,e.)
and the waveforms generated using the parameters inferred under the unlensed and mi-
crolensing hypotheses with the NRSur model (hyoqe1)- The shaded regions correspond to the
90 % C.I of the waveforms obtained from parameter-estimation analyses. Visual inspection
alone does not clearly indicate which waveform better matches the cWB reconstruction.
We therefore quantify the agreement by computing the mismatch (MM), which measures

the dissimilarity between two signals [76, 338]:

MM =1 — max <hrec ‘ hmodel>
t07¢0 \/(hrec | h/rec><hm0del | hmodel>

; (6.2)

where (- | -) denotes the noise-weighted inner product defined in Eq. (1.41). The maximisa-
tion is performed over relative time and phase shifts (¢, ¢o) to account for trivial offsets in
the coalescence time and phase, ensuring that the comparison reflects only intrinsic wave-

form differences rather than arbitrary alignments.

The term MM in Eq. (6.2) is computed using a restricted data segment spanning -0.15 s
to +0.1 s around the trigger time (as illustrated in Figure 6.6), rather than the full 8 s data
stream. Outside this interval, the signal is subdominant, and the data are effectively noise-
dominated, so those regions do not contribute meaningfully to the comparison. Figure 6.7
shows the distributions of MM values between the cWB reconstruction and waveform real-
isations drawn from the unlensed and microlensed posteriors, restricted to samples within
the 90 % C.I,, for each LIGO detector. The mismatch between the cWB reconstruction and
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Figure 6.6: Comparison between the cWB reconstruction (magenta) and the 90 % credible
waveforms inferred under the lensed (sky blue) and unlensed hypotheses (orange). The time
represents the time relative to 2023 November 23 at 13:54:30.619 UTC.

the mean waveform is 0.029 (0.033) for the unlensed case and 0.022 (0.025) for the mi-
crolensed case in LHO (LLO), respectively, indicating that the microlensed reconstruction
provides a closer match to the model-agnostic baseline. This trend is also reflected in the
full mismatch distributions: for the unlensed model, the median and 90 % C.I are 0.040™0 055
and 0.04570:512 for LHO and LLO, while for the microlensed model they are 0.029™0 008 and
0.03370:059- The difference between the mismatch distributions for the microlensed (sky-
blue) and unlensed (orange) cases is further quantified using the KS statistic, yielding values
of 0.75 for LHO and 0.68 for LLO. These results indicate that, although the two distributions

partially overlap, they remain statistically distinguishable.

While the results consistently favour the microlensing hypothesis, it remains unclear
whether this preference reflects genuine lensing-induced features or arises from degen-
eracies in the waveform modelling, particularly given the short duration of the signal, which

limits the ability to distinguish between lensing effects and modelling degeneracies.

6.4 Conclusion
We reanalysed 84 BBH candidates detected during the first half of the LVK fourth observing

run under the PM microlensing hypothesis, focusing on frequency-dependent lensing dis-
tortions. Among these, 83 events yield Bayes factors (BN") that are either negligible or fully
consistent with the expected unlensed background distribution. GW231123 stands out as
the sole outlier, exhibiting a Bayes factor that exceeds the background and represents the

highest value reported in GW lensing searches to date.
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Figure 6.7: Distribution of the mismatch between the cWB reconstruction and the re-
covered lensed (sky blue) and unlensed (orange) waveforms for GW231123 within the 90 %
C.I.. The vertical dashed lines indicate the mismatch values between the cWB reconstruc-
tion and the mean unlensed and mean lensed waveforms, respectively.

Due to the limited size of the current background injection set, we obtain an upper
bound of 28 % for the global FAP, indicating that statistical fluctuations cannot yet be ex-
cluded with high confidence. Furthermore, we must consider the possibility that missing
physics in current unlensed waveform models may artificially enhance the Bayes factor.
Specifically, if the unlensed templates (e.g., XPHM-ST) fail to perfectly capture complex
physical features present in the data, such as advanced spin precession or subtle NR correc-
tions, the Bayesian evidence may compensate for these modelling residuals by favouring
the additional degrees of freedom provided by the lensing parameters. In this case, the pref-
erence for lensing may reflect modelling degeneracies rather than a genuine lensing signal.
Despite a more detailed investigation of the inferred lens properties, source parameters un-
der the microlensing hypothesis, and consistency across individual detectors, we find that
the evidence remains inconclusive. Although GW231123 represents the most compelling
candidate identified so far, a robust lensing claim requires a larger background sample and

improved control over waveform systematics.

Finally, it is worth considering an alternative and plausible astrophysical interpretation
accessible to the current detector network: the overlapping-signals scenario [339]. In this
picture, two or more independent GW signals from unrelated sources coincidentally arrive
at the detectors within a very short time window. Such a superposition can produce a distor-
ted waveform that mimics the interference patterns expected from micro-images separated
by millisecond time delays. Under this scenario, [340] demonstrated that the Bayes factor
favouring a multi-signal model over a single unlensed signal can also be significantly large,

comparable to the value obtained for GW231123. Distinguishing between microlensing and
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overlapping signals remains challenging, as both can produce similar phenomenological
signatures. Disentangling these possibilities, whether the signal arises from a single lensed
source or from multiple coincident sources, will be essential for a definitive interpretation

and constitutes an important direction for future work.



Chapter 7

Residual Test to Search for Microlensing
Signatures in Strongly Lensed

Gravitational-Wave Signals

Disclaimer

The following chapter is based on the paper Residual Test to Search for Microlensing
Signatures in Strongly Lensed Gravitational Wave Signals [104]. The author is the first
author of this paper and contributed to the development of methodology, data ana-

lysis, interpretation of the results, scientific discussion, manuscript preparation, and

generation of all figures. This paper was published in the Astrophysical Journal.
o

Roughly, O(1) SLGW signals per year are expected for the LVK detectors at their design
sensitivities, while third-generation (3G) detectors are anticipated to observe approximately
O(10) such events per year [158, 159, 341]. To date, however, dedicated searches conduc-
ted by the LVK Collaboration across all BBH events from the O1 through O4a observing
runs have yielded no conclusive evidence for either strong-lensing or microlensing sig-
natures [238, 324, 325, 326, 335]. Current search schemes employ different methodologies
depending on the lensing regime. Strong-lensing searches are typically agnostic to the lens
model and rely on the geometrical-optics approximation [299, 300, 301, 302, 303, 304, 342,
343, 344, 345, 346, 347, 348], whereas the microlensing pipeline assumes a specific physical

configuration, such as a single, isolated microlens [298].

In a more realistic scenario, as noted in Section 5.2.2, a GW signal strongly lensed by
a galaxy or galaxy cluster is likely to experience further perturbation from stellar fields or
DM substructures embedded within the lens. These effects can imprint complex signatures
on individual SLGW signals. Consequently, the BBH parameters inferred from individual
images can exhibit apparent discrepancies. Neglecting such microlensing effects in strong-
lensing searches may lead to missed detections. Incorporating these additional complexities
into current search pipelines, however, would substantially increase the computational cost.
In the context of the rapidly growing number of detected events, such an approach is likely

to become computationally prohibitive [349, 350, 351].

130
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To circumvent this limitation, we propose a residual-based approach rather than per-
forming full parameter estimation with template families that explicitly model both mi-
crolensing and strong-lensing effects. Specifically, if a standard strong-lensing analysis—
which assumes that multiple images from the same source share an identical waveform
morphology—is applied to strongly lensed signals that also exhibit microlensing, the res-
ulting best-fit waveform will fail to fully capture the observed data. We then exploit the
resulting residuals as a diagnostic to identify these additional lensing-induced distortions.
This strategy is conceptually analogous to testing GR, which aims to identify deviations
from GR-predicted templates within the observed signals [352, 353, 354, 355].

7.1 Methodology

7.1.1 Amplification Factors for Microlensing Fields within a Macrolens

The total lensing effect on a GW signal induced by a microlensing field embedded within a
macrolens can be computed using Eq. (2.71), with an appropriate Fermat potential 7'(x, y)
that describes the full lens configuration. In particular, the Fermat potential must incorpor-
ate both the macrolens contribution' and the microlensing effects, the former of which can
be parametrised by the convergence () and shear () [103]. Under this setup, the Fermat
potential for N point masses in the vicinity of a macroimage located at @ = (1, x2) is
given by [319, 356, 357]:

T (3’5, wm7ymacro - 0) - ((1 — K+ V)x% + (1 — R ’Y).T;)

o |

e (7.1)
— |52 (" — )’ + ko ()|,

where ™ denotes the position of the m™ microlens, and k = 4Gmi/ c3, with my, repres-
enting the average microlens mass. The term ¢_ corresponds to a negative mass sheet in-
troduced to compensate for the contribution of the microlenses, such that the total conver-
gence remains unchanged. In Eq. (7.1), the macrolensing contribution is obtained through
a local expansion of the lensing potential, where the expansion center can be chosen ar-
bitrarily. For convenience, we set the macroimage position as the expansion center, i.e.,

=0.

ymacro

Substituting Eq. (7.1) into Eq. (2.71), the amplification factor as a function of the dimen-

sionless frequency w can be written as [323]:

w

Plw) = 2 / i [exp {iwT (z, 2™, y,... = 0)}], (7.2)

271

1. We assume an SIE profile (see Section 2.2.4) for the macrolens in this work.
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7.1.2 Mock Data Generation and Joint Parameter Estimation

For mock lensed GW signals, we first simulate 100 BBH systems using PycBc [358]. Source
parameters are drawn via a Monte Carlo procedure based on a merger-rate density that
traces the star formation rate (SFR) following [295], assuming a characteristic time delay of
50 Myr between star formation and the BBH merger (see Appendix B of [359] for details).
We adopt a POowERLAW + PEAK mass distribution with hyperparameters and parameter
ranges as defined in [360] to sample the component masses (m1, ms). The inclination angle
is drawn from p(¢) o sin¢, while the remaining parameters—component spins (dy, ds),
polarisation angle 1, right ascension «, declination J, coalescence time ¢, and coalescence
phase ¢.—are sampled from uniform distributions over their respective physically allowed

ranges. The waveforms are then modelled with IMRPHENOMPV?2 [278].

For each BBH, we construct two pairs of lensed signals under two distinct lensing hy-

potheses:

« Hsy: the BBH is strongly lensed by a single macrolens, producing two macroimages.
« Hyse: the BBH is strongly lensed by the same macrolens as in Hg;, and each macroim-

age is further microlensed by stellar fields embedded within the macrolens.

Under Hgp, we generate 100 pairs of SLGWs using the previously made 100 BBH systems.
For each BBH system, we assign strong-lensing parameters following the SIE model, includ-
ing the axis ratio (¢), velocity dispersion (o,), and impact parameter (y). The o, values are
sampled from SDSS galaxy distributions [361], while the ¢ values are drawn from a Rayleigh
distribution with the scaling parameter corrected following [341]. The y values are sampled
from a uniform distribution. Given these SIE lens parameters, the corresponding ~ and
are computed using Egs. (??) and (2.21). For lensing systems that produce quadruple im-
ages, we select the first two arriving images to ensure that each system yields exactly two
detectable GW signals.

Next, under Hysr, to generate signals that exhibit both strong-lensing and microlens-
ing effects, we simulate microlensing fields by assuming a stellar mass distribution that
follows the late Salpeter initial mass function (IMF) [362] and a Sérsic radial profile [363].
For consistency with [319, 364], we configure the IMF to include remnant objects, assuming
their mass density constitutes 10 % of the total stellar mass density. Stellar microlens masses
are sampled in the range 0.1-1.5 M, while compact remnant masses span 0.1-28 M. For
each lensing system, the number of microlenses (V) is determined by the microlensing con-
vergence (k) as inferred from a Sérsic profile and the microlens masses. Table 7.1 summar-
ises the main parameter distributions and ranges used to generate the lensed waveforms.

Finally, we construct a mock signal set consisting of 100 pairs of SLGW signals (hlsrf1 : hisnL{z
and 100 pairs of signals that are both strongly lensed and microlensed (hﬁjLSLJ, hli\r,}jLSLyz) to
serve as injections. Note that the lensing effect in Hg is described by Fyeo(w) in Eq. (2.74),

whereas for Hys, the amplification is governed by the frequency-dependent factor F'(w)
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in Eq. (7.2). We inject all lensed signals into simulated stationary Gaussian noise n for
the aLIGO-Hanford, aLIGO-Livingston, and AdV detectors, using the O4 design sensitiv-
ity PSDs [365]%. To assess future prospects, we also employ the anticipated O5 sensitivity
curves [365]°. We consider only those signals with a network SNR exceeding the threshold
of pret = 12, following [319].

Parameter Distribution or Model Range

my Power Law + peak (5, 85| M
Mo Uniform (5, my] Mg
my, (stellar) Salpeter IMF [0.1, 1.5] M,
myp (remnant) Spera et al. (2015) [362] [0.1, 28] M,
K Sérsic profile -

N (K, my) - [103, 10]

Ky SIE (¢, 04, 9) -

Table 7.1: The assumptions for component masses, macrolens, and microlens parameters
adopted to simulate lensed GW signals.

To conduct JPEs for the 200 pairs of lensed GW signals, we employ the Golum pipeline [300,
303]. The joint likelihood function in this pipeline assumes that the two input signals origin-
ate from the same source and are purely strongly lensed, thereby neglecting any potential

microlensing effects.

First, from the JPEs performed on the 100 pairs of SLGW signals, we obtain the maximum-
likelihood waveforms for the first lensed signals (hglL“"’{L). As a complementary step, we also
extract the maximum-likelihood values of the lensing observables, including relative mag-
nification factors (), differences between arrival times (At), and differences between
Morse factors (A¢,,). One can then determine the maximum-likelihood waveforms of the
second lensed signals (7g5") by transforming the luminosity distances, coalescence times,

and Morse factors according to:

maxL __ JmaxL maxL
dp™lsee = dp™ sy Xy pper™

maxL _ L maxL
e s, =t g, FAETE

¢g1axL|SL72 — ¢gaXL|SL,1 +A¢2aXL. (73)

2. The PSD data were obtained from the LIGO Document Control Center (DCC) under document LIGO-
T2000012, available at https://dcc.ligo.org/LIGO-T2000012/public.
3. The projected O5 PSDs for each detector are sourced from the PycBc.psp package [366].
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As discussed in Section 4.3.2, waveform morphology can be significantly altered in the
presence of non-negligible eccentricity, precessing spins, or HOMs. Nevertheless, Eq. (7.3)
remains valid even for lensed waveforms exhibiting such phase modulations, provided that
the JPE utilises waveform templates incorporating these features [157, 306, 367]. We un-
derline that a JPE analyses two lensed signals simultaneously, enabling accurate inference
of lensing observables, such as the Morse factors and their difference [367]. Consequently,

h3*L can be obtained from A3 in the frequency domain.

Similarly, we obtain the maximum-likelihood waveforms for the pairs of microlensed
signals (% || hied ). The morphologies of 1} differ from those of Ay g, as the tem-
plates used in the pipeline account only for strong lensing. This mismatch is expected to

manifest as non-negligible residuals.

7.1.3 Residual Test

Since the adopted pipeline does not account for microlensing, the discrepancies between
hmal and byl are expected to be significantly larger than those between h2®% and Al
To statistically quantify these differences between the maximum-likelihood waveforms re-
trieved under the two hypotheses, we investigate the residuals (r = d — h), which represent
the strain remaining after subtracting the signal model (/) from the observed data (d). If the
true GW signal embedded in the data perfectly matches the model, the residual will be con-

sistent with pure detector noise”.

We assume that the data in the i™ detector, containing a lensed GW signal, can be
expressed as:

d" = hi +dh' +n', (7.4)

where h{; is the purely strongly lensed signal excluding microlensing effects, d’ represents

the frequency-dependent distortion induced by microlensing, and n’ is the detector noise.

Under Hs, the lensing effects are governed by Fye, and the waveform morphology
remains unchanged, meaning the dh terms vanish. Consequently, the residual in the it

detector is given by:

Ti|HSL = dz - hi,maxL
— héL 4 ni . hi,maxL
= 6hi +n', (7.5)

4. Non-Gaussian features, such as glitches, can occasionally overlap with a signal. In such cases, the residuals
would not align with the stationary detector noise characterised at other times.
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where 0h; denotes the difference between the true lensed signal and the maximum-likelihood

i,maxL

waveform recovered under Hgp. Since i is obtained by fitting the noisy data, rather
than the noiseless signal, dh%; does not generally vanish. In the idealised limit where the
maximum-likelihood waveform exactly reproduces the observed data, pimaxt th + nt,
and hence dh, — —n’, giving 7* — 0. In practice, for a correctly specified hypothesis and
a waveform model, the residual should instead be statistically consistent with the instru-

mental noise.

Conversely, dh is non-zero under Hyys.. In this case, the residual is given by:

ri|HMLSL = dz _ hi,maxL
= hiy + dh' 4 n — i
= 6hiys + 1, (7.6)

where 0hl, denotes the difference between the true microlensed signal, il + dh‘, and
the maximum-likelihood waveform inferred under Hs. Since the analysis pipeline uses
templates that do not account for microlensing, this difference generally contains a contri-
bution from the microlensing effect in addition to any waveform mismatch. As with dh%,,
dhiy s does not necessarily remain non-zero, since the maximum-likelihood waveform is
obtained by fitting the noisy data. However, if the microlensing contribution cannot be
adequately absorbed by the Hg, waveform model, it can leave a coherent structure in the
residual that is inconsistent with the expected instrumental-noise distribution. A schem-
atic representation of the expected residuals under each hypothesis is shown in Figure 7.1,

illustrating that the residual under H s is more pronounced than that under Hg;..

To evaluate the extent to which residuals deviate from pure detector noise (denoted by
Hy) under a given signal hypothesis Hx, where X is either SL or MLSL, we analyse the
cross-correlation between residuals from different detectors. We introduce a statistic, A, to
represent this quantity. In [368], the cross-correlation of residuals—defined as the deviation
between observed microlensed strain and the best-fit unlensed templates—was utilised to
search for microlensing signatures in otherwise unlensed GW observations. Following the
methodology in [347], these cross-correlations are computed by introducing a time shift 7 to
one residual relative to another. This approach assesses the coherence of the residual power
across the detector network. We adapt this technique by calculating the inner product of
the residuals from each detector to obtain A, which quantifies the alignment between the

two signals.

For strain data from the i'" and j® detectors with corresponding residuals ¢ and 77, A

is defined as:
= exp <r a0, T (4 T)HX> (7.7)
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Figure 7.1: Time domain strains of raw data (grey solid lines), injected waveforms (purple
solid lines), and residuals (red solid lines) for a representative BBH event in the LIGO-
Hanford detector, assuming Hg and Hyysy in the top and bottom panel, respectively. We
assume the same BBH and macrolens parameters for the two injected waveforms.

where T is the relative time delay between the i and j® detectors, and the inner product
(-,-) is defined as in Eq. (1.41). When calculating A, we do not use a time window spanning

the entire signal duration. Instead, we adopt a targeted time window of the form:
t €[t — at, + At t.+ At], (7.8)

where ¢, is the coalescence time, ¢ is the signal duration inferred from the JPE, and a is a
scaling constant used to tune the window size. The term At ensures sufficient coverage of
the ringdown phase; we set At = 0.2 s. In the subsequent analysis, we use a = 0.25, as this
value yields optimal performance for our residual-based diagnostic. A detailed discussion

on the efficiency of the time window will be presented in Section 7.2.3.

Recall that the residual r is decomposed into a model-mismatch component dh and
a detector noise component n. When evaluating Eq. (7.7), dh contributes directly to the
inner product because it remains coherent across detector segments when aligned with the
correct time shift 7. In contrast, the noise components n are uncorrelated between detectors
due to their stochastic nature, and thus, their cross-contributions tend to average to zero.

Consequently, a higher value of 6h results in a higher value of A.
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The distributions of A obtained under each hypothesis can be differentiated if their cor-
responding residuals are sufficiently distinct. In this study, the Ay, distribution effectively
serves as a background distribution, allowing us to determine which hypothesis is favoured
for a given event by evaluating where its computed A value falls relative to this background.
We consider an event to favour Hyg if its Ay, value exceeds the upper bound of the 20
CI” of the Ay distribution.

It is important to note that, while the AdV detector is included in the initial parameter
estimation, it is excluded from the calculation of A in Eq. (7.7). This is because AdV’s noise
level is generally higher than that of the LIGO detectors. Although a larger detector network
typically improves the total network SNR, the inclusion of a high-noise detector can degrade
the residual test performance by broadening the A distribution, thereby reducing sensitivity

to microlensing signatures.

7.2 Results

7.2.1 Analysis using Realistic Population-based Events

From the JPEs conducted on the two independent sets of 100 pairs, simulated under the
scenarios of pure strong lensing and superimposed microlensing (see Sec. 7.1.2), we obtain
the maximum-likelihood waveforms (i.e., 200 A3*™ and 200 h&X:). Using Egs. (7.5)-(7.7),
we compute the values of Ay from the 200 rg, and Ay, from the 200 7y, . Note that
the instrumental noise realisations n’ used for both r4; and i, ; are identical. Additionally,
we generate a set of 200 pure Gaussian noise segments (N) for each detector, based on the

same PSDs used for the data generation, to compute the corresponding Ay, values.

Since the detector noise is assumed to be stationary and Gaussian, and the JPE frame-
work accurately recovers hgp, the Ay, distribution is expected to closely follow the Ay,
distribution, which typically behaves as a normal distribution with a mean of 1 and unit
variance. In contrast, the distribution of Ay, is expected to deviate from Ay, indicating
that the microlensing-induced terms dhyysp. in Eq. (7.6) contribute more significantly to the

residual than dhg;.

Figure 7.2 shows the A distributions for the residuals and Gaussian noises, along with
their corresponding Gaussian kernel density estimates (KDEs). As previously noted, an
event is identified as a candidate that is both strongly lensed and microlensed if its A value
exceeds the upper bound of the 95 % (20) C.I. of the Ay distribution. For O4 sensitivity,
11 % of the 200 microlensed events favour Hyysp. A primary factor contributing to this relat-

ively low percentage is that most events in our realistic population exhibit small mismatch

5. All one-dimensional credible intervals computed in this work are central, meaning they contain equal
probability mass above and below the bounds.



138 Residual Test to Search for Microlensing Signatures in SLGW Signals

values (MM < 0.03) relative to hsy (see Eq. (6.2))°. In this chapter, the MM is defined as

follows:

MM = 1 — M (hyst, hst)

h h
— 1 — max (Pwist, hst)

®o,to \/<hMLSL> hMLSL> <hSL> h5L>

. (7.9)

Such events are intrinsically difficult to distinguish, even when using specialised microlens-
ing pipelines like GRAVELAMPS [298]. In Section 7.2.2, we will discuss how the detection
efficiency improves for high-mismatch events, which are expected to be more readily de-
tectable.
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Figure 7.2: Left panel: The A distributions and their corresponding Gaussian KDEs for each
0f 200 N (blue), rg; (black), and 7y g1, (red) samples obtained using the O4 sensitivity. rs;, and
ryesL have the same underlying noise strain. Right panel: The results obtained by employing
the O5 sensitivity.

In addition to the O4 analysis, we repeat our study using the projected LIGO O5 sensit-
ivity to quantify the improvement in our residual-based test. We anticipate enhanced per-
formance if: (1) the dhg, term in Eq. (7.5) is minimised through more precise parameter
estimation, and (2) the reduced noise floor maximises the relative contribution of dh to
the A statistic in Eq. (7.6). As expected, for the same population of strongly lensed and
microlensed events, the percentage of signals favouring Hyyg. increases to 21.5% at O5
sensitivity.

6. MM values are computed by averaging the two MM values obtained using hgy and hyrsy detected in the
aLIGO-Hanford and aLIGO-Livingston detectors.
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To verify that more significantly microlensed events yield larger A values, we calculate
the difference AA = Ay, — Ay, for individual BBH events. This allows us to investigate
the correlation between AA and both the MM and the maximum strain of d hyq s —the latter
representing the residual amplitude remaining after subtracting the best-fit strongly lensed

template. A positive AA value indicates that 7y is more significant than rg;.

As shown in Figure 7.3, microlensed events with larger d/ are concentrated in the high
AN region, consistent with the definition of A in Eq. (7.7). Similarly, events with relatively
high MM values tend to exhibit higher AA, although the correlation between AA and dh is
stronger than that between AA and MM. In the O4 case, most high-MM events are located
within the 20 C.I. of the A4, distribution (black dotted lines), as the noise power is relatively
high compared to the residual power. Consequently, the statistical fluctuations of Ay, tend
to be broader than those of AA. In contrast, the reduced noise levels in the O5 case result
in most high-MM events above the 20 threshold.
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Figure 7.3: Scatter plots showing the correlation between Ay, and AA for (a) O4 and (b)
O5 sensitivities, colour-coded based on max(|dh|) and mismatch, denoting the maximum
strain of the pure residual and mismatch between hgy, and hyysp computed by averaging the
values obtained from aLIGO-Hanford and aLIGO-Livingston, respectively.
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Figure 7.4: The same configuration as Figure 7.2, but now showing A distributions for real-
istic population-based microlensed events (red), events with MM > 0.03 (cyan), and events
with MM > 0.1 (purple).

It is important to note that a high MM does not necessarily indicate a large dh. If a
significantly distorted signal has a low SNR, the absolute value of §/i remains low despite
the high MM. Conversely, even for weakly distorted signals, if the time delay between mi-
crolensed images is very short, the resulting repeated merger part of the waveform may
not be fully captured by the recovered best-fit waveform. This leads to a high 6h and, con-
sequently, a high AA.

7.2.2 Analysis using High-mismatch Events

The majority of the simulated hyysy exhibit small MM values, which is consistent with
expectations for a realistic microlensing population [315]. Therefore, we also focus on mi-
crolensed events with MM > 0.03 and MM > 0.1, which are more likely to be detectable
with current pipelines, to better evaluate the effectiveness of our residual-based test. To
obtain more robust results for the high-MM regime, we created an additional set of events
with MM > 0.3 by artificially enhancing the microlensing effects. Specifically, we increased
the macrolens magnification to ¢ = 100 to produce significantly microlensed signals that

do not follow the realistic population distribution.

Figure 7.4 compares the A distributions for events with MM > 0.03 and MM > 0.1
against the realistic population-based distributions shown in Figure 7.2. For events with
higher MM values, there is a clear increase in the proportion of signals identified as mi-
crolensed (i.e., those with A values exceeding the upper bound of the 20 C.I. of the Ay,
distribution). This confirms that the residual test is a valid diagnostic for identifying mi-

crolensed events in the high-MM regime. A summary of the results is tabulated in Table 7.2.
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O4 sensitivity

Condition Niotaw N B
Realistic population 200 22 0.110
Events with MM >0.03 94 26 0.277
Events with MM > 0.1 35 12 0.343

O5 sensitivity

Condition Niotw Nvi.  Bmw
Realistic population 200 43 0.215
Events with MM >0.03 94 49 0.521
Events with MM > 0.1 35 23 0.657

Table 7.2: Summary of the results of residual test depicted in Figures 7.2 and 7.4. Niota1, Ny,
and Ry, denote the total number of events satisfying the specified condition, the number
of events discerned as a microlensed signal, and the ratio between the two numbers.

Furthermore, we constructed receiver operating characteristic (ROC) curves to assess
the overall performance of our residual-based approach. As shown in Figure 7.5, all area
under the curve (AUC) values exceed 0.5, indicating that the residual test effectively dis-
tinguishes between microlensed and purely strongly lensed GW signals. The AUC values
improve with higher detector sensitivity and larger mismatch values, consistent with the

trends presented in Table 7.2.

7.2.3 Effect of the Time Window on A

In Sections 7.2.1 and 7.2.2, A values were calculated using a specific time window of the
form shown in Eq. (7.8), with o = 0.25 and At = 0.2, effectively excluding the early
inspiral portion of the time-domain waveform. For BBH sources, the GW strain is lower
during the early inspiral stage and reaches its maximum during the late inspiral and merger
phases. Consequently, the early parts of the signal are more susceptible to noise fluctuations
compared to segments closer to the merger. Our approach mirrors those adopted in tests of
GR [353, 354, 355], where narrower time windows are generally employed to minimise noise
contributions that are unrelated to potential non-GR features. However, a narrow window
must be chosen carefully for microlensing, as the time delays between microimages vary. A
window that is too restrictive risks excluding data segments, particularly in the post-merger
phase, that may contain significant microlensing signatures. To address this, we investigate
various time windows covering different portions of the GW signal to evaluate the impact

of noise fluctuations on the A distributions.

A representation of the Ay, distributions obtained using various time windows is
shown in Figure 7.6. The coloured segments (red, cyan, and purple) of the curves represent
events correctly identified as microlensed, while the gray segments correspond to events

identified as unmicrolensed. As shown, smaller values of « result in a higher proportion of
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Figure 7.5: ROC curves for the residual test constructed by comparing each of the three
event groups—Ay,,, values of events drawn from a realistic population (red), events with
MM > 0.03 (cyan), and events with MM > 0.1 (purple)—against the background distribu-
tion given by the Ay, values shown in Figure 7.2 (Left: O4 sensitivity, Right: O5 sensitivity).
The corresponding AUC values have also been estimated.

the Ay, distribution being identified as microlensed. This trend is expected because GW
microlensing is most prominent when the time delays between images are shorter than the
chirp time, and the resulting signatures are more distinctive in the high-frequency regime.
Since the merger and ringdown phases predominantly consist of high-frequency compon-
ents, using a targeted time window centered on the merger rather than the entire signal
duration enhances the efficiency of the residual test. The detection ratios (Ryy) for each
time window and mismatch condition are summarised in Table 7.3. Empirically, we find
that a time window with a = 0.25 yields the optimal efficiency for microlensing detectab-

ility.

7.3 Conclusion

Strongly lensed GW signals likely experience microlensing effects due to stellar fields em-
bedded within the lens galaxy, which imprints complex patterns onto the GW waveforms.
Current strong-lensing Bayesian inference pipelines are not designed to detect these distor-
tions, as they typically assume repeated signals share an identical time-frequency evolution.
However, incorporating both strong lensing and microlensing into a joint Bayesian analysis
is computationally challenging due to the expanded parameter space and the complexity of

calculating amplification factors for dense stellar fields.
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Figure 7.6: Ay, distributions obtained using various time windows determined by a con-
stant o and mismatch conditions (Left: O4 sensitivity, Right: O5 sensitivity). Coloured seg-
ments in the distributions represent microlensed events with A4, falling within the range
identified as microlensed, whereas grey segments indicate microlensed events misclassified
as unmicrolensed.

Our results highlight the potential of residual tests as a robust diagnostic for identi-
fying microlensing signatures in SLGW signals. This approach can serve as a low-latency
pre-analysis pipeline, enabling us to efficiently prioritise events for follow-up with more
intensive, full-parameter-estimation microlensing pipelines. By focusing on the residuals—
the difference between the recovered best-fit purely strongly lensed waveform and the ob-
served data—we can uncover events with significant microlensing signatures that might
otherwise remain overlooked in traditional analyses. The distribution of cross-correlation
values for both strongly lensed and microlensed signals, compared with that for purely
strongly lensed ones, suggests that microlensing effects can create statistically measurable

deviations in residual tests.
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04 sensitivity

Condition Rwe RT’° Rer"™ Ryt'?
Realistic population 0.110  0.075 0.065  0.050
Events with MM >0.03 0.277 0.213 0.170 0.106
Events with MM > 0.1 0.343 0.314 0.257 0.114

O5 sensitivity

Condition Ry R RTU™ RO
Realistic population 0.215  0.160 0.155  0.140
Events with MM >0.03 0.521 0.447 0.447 0.404
Events with MM >0.1 0.657 0.657 0.629 0.571

Table 7.3: The same configuration as in Table 7.2, but showing the ratio of events identified
as microlensed to the total number of events.

As discussed in earlier studies, however, certain waveform features such as spin pre-
cession and orbital eccentricity can mimic microlensing by introducing similar modula-
tions [321, 331, 369], potentially leading to residuals being mistakenly attributed to mi-
crolensing. While we have neglected these effects in this study, as lensing of BBHs with ex-
treme precession or eccentricity is expected to be rarer than the standard population [370,
371, 372], distinguishing between residuals arising from microlensing versus those from

intrinsic source properties should be addressed in future work.

In our current cross-correlation framework, we utilised maximum-likelihood wave-
forms to obtain a single statistic per event. A more exhaustive approach would involve using
the full posterior distribution of waveforms to generate a distribution of cross-correlation
values for each event. One could then assess the degree of overlap between this distribution
and the full cross-correlation distribution obtained from all events. Furthermore, while we
used Gaussian noise realisations to establish a baseline, real detector noise often includes
non-Gaussian features, such as glitches. Therefore, robust deglitching procedures must be
applied before the residual test, although microlensing features may be inadvertently re-

moved if the lens model is not incorporated into the cleaning.

It is also important to note that while we employed one of the state-of-the-art microlens-
ing models and realistic parameter ranges as a baseline, the results could vary with different
microlensing population models and macromodel magnifications. In general, higher mac-
rolens magnification and higher density of microlenses lead to larger mismatches, thereby
increasing the probability of detection. For further investigation into the role of the mac-
romodel across various parameter spaces, we refer the reader to [312, 315, 323]. Beyond

our baseline estimates for a realistic population, we also quantify our detection capability
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using selected high-mismatch waveforms (Table 7.2), allowing our results to be interpreted
within the context of these specific distortions. A comprehensive investigation of diverse
microlensing fields in conjunction with complex galaxy lens models is reserved for future

work.

When focusing specifically on high-mismatch events, which are typically detectable by
existing microlensing pipelines, the residual test demonstrates improved performance at
both O4 and O5 sensitivities. However, a caveat remains: excessively distorted microlensed
signals may suffer substantial SNR loss during the initial matched-filtering process if the
templates do not account for microlensing effects [322]. In such cases, a dedicated search
pipeline incorporating microlensed templates may be required to avoid missing these events

entirely.

When considering the entire dataset containing microlensed events in both low- and
high-mismatch regimes, our results suggest that aLIGO O4 sensitivity may not be sufficient
to reliably detect most realistic microlensing effects. However, the projected improvements
for O5 are expected to significantly enhance our ability to discern these signatures. In the
era of next-generation detectors, where the detection rate of lensed GW signals will be
significantly higher, such low-latency methods will become increasingly important. We
anticipate our approach to be even more efficient for next-generation detectors due to the
longer signal durations, higher SNRs, and improved sensitivity in the high-frequency re-
gime. A detailed quantitative study of the efficiency in these future scenarios will be con-

ducted in future work.

Finally, the computational advantage of our method is substantial. A single JPE followed
by the residual test for a pair of lensed events takes approximately half a day, as a single
likelihood evaluation in our approach requires only a few milliseconds. In contrast, using a
frequency-domain source model that explicitly incorporates both strong and microlensing
effects in a standard search pipeline (e.g., within a nested sampling framework) results in
likelihood evaluations taking approximately 10 seconds per waveform. This makes the full
analysis roughly 10* times slower than our method. Consequently, the residual test presen-
ted in this chapter has the potential to serve as a high-speed, low-latency pre-analysis tool,
alerting us to potential microlensing candidates before committing to more computation-

ally intensive investigations.
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Chapter 8

Lens Reconstruction for Delensing

Disclaimer

The following chapter is based on two papers: Gravitational Lensing aided Luminos-
ity Distance Estimation for Compact Binary Coalescences [373], published in Physical
Review D, and Inferring Properties of Dark Galactic Halos using Strongly Lensed Grav-
itational Waves [311], published in the Astrophysical Journal. In the former work, the
author served as a co-first author and contributed to the development of the analysis
framework, data analysis, manuscript preparation, and generation of all figures. In
the latter work, the author was the first author and contributed to the development

of the methodology, data analysis, interpretation of the results, scientific discussion,

manuscript preparation, and generation of all figures.

In microlensing analysis, a lens model is typically assumed a priori, and the lens para-
meters are inferred simultaneously during parameter estimation. While some correlations
exist, the source parameters are not completely degenerate with the lens parameters. In
contrast, the analysis of detected SLGW signals, which often relies on model-independent
comparisons of the relative magnification factors, time delays, and phase shifts between
multiple images, faces a fundamental challenge: the inferred luminosity distance of each
image is completely degenerate with the lensing magnification. Consequently, the meas-

ured distances do not represent the true luminosity distance to the source.

This degeneracy poses a critical issue for GW cosmography. As discussed in Section 3.2.2,
lensing introduces a systematic bias in the inferred luminosity distance. Consequently, any
cosmological inference based on this biased distance, such as measurements of the Hubble
constant (Hy), will also be biased, even if the source redshift is precisely determined from
EM counterparts. Therefore, in the study of SLGWs, it is imperative to perform a lens re-
construction to delens the signals and recover the true luminosity distance. By accurately
modelling the mass distribution of the lens responsible for multiple imaging, the distance-
magnification degeneracy can be broken or mitigated. This approach enables simultaneous
constraints on lens properties and the recovery of unbiased luminosity distances required

for precision cosmology.
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In this chapter, we first present a proof-of-principle study of the delensing procedure
using analytic lens models, including the PM and SIS models described in Section 2.2.1 and
Section 2.2.2, respectively. In these simplified cases, lens reconstruction and the recovery of
the true luminosity distance can be performed using closed-form analytical relations. We
specifically examine how SLGW detection can improve the precision of luminosity distance
measurements compared to unlensed signals, thereby strengthening constraints for GW
cosmography. We then extend the analysis to more realistic scenarios. We explore numer-
ical approaches to lens reconstruction under more general lens models in Sections 2.2.3—
2.2.6, where the mapping between lens parameters and lensing observables is no longer

one-to-one, precluding closed-form solutions.

8.1 Analytic Delensing with PM and SIS Models

For the PM and SIS models, within the geometric-optics approximation, the relevant lens
parameters are the redshifted lens mass and the dimensionless impact parameter, §;, =
(M7, y). The SIS model provides a simple and widely used description of galaxy-scale lenses
in the strong-lensing regime, and is therefore well-motivated for studies of SLGWs. In con-
trast, the PM model is not generally representative of galactic-scale lenses, although it can
serve as an effective approximation in simplified configurations where the mass distribu-
tion is highly centrally concentrated. Despite this, we adopt the PM model alongside the
SIS model for its analytical simplicity and its utility as a baseline model, as both models

admit closed-form relations between lensing observables and lens parameters.

In this section, we present an analytic delensing procedure and quantify the reduction
in luminosity distance uncertainty by using mock BBHs lensed by the two lens models,
constructed to resemble real BBHs selected from GWTC-3 [374].

8.1.1 Effective Luminosity Distance

As described in Egs. (2.35) and (2.43), the PM lens produces two images for any non-zero v,
whereas the SIS lens yields two images only for y < 1.

For both the PM and SIS models, the magnification of each image is uniquely determ-
ined by the impact parameter y. As a result, the effective luminosity distances defined in
Eq. (2.75) can be directly expressed as a function of y. For the PM lens, this relation is given
by:

dM = il : (8.1)
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Table 8.1: Injection parameters and SNR values of three BBHs similar to GW200208_222617,
GW200216_220804, and GW200219_094415.

Event my Mo Xeft di,  SNR
[Mo]  [Mo] [Gpc]
GW200208 222617 51.0 12.3 0.45 4.1 7.94
GW200216_220804 51.0 30.0 0.10 3.8 10.35
GW200219 094415 37.5 279 —-0.08 3.4 9.86

while for the SIS lens it takes the form:

d
R (32)
1+ i

where the + and — signs denote the first-arriving (positive-parity) and second-arriving

(negative-parity) images, respectively.

8.1.2 Parameter Estimation Framework

We simulate BBHs based on selected interesting candidates from the GWTC-3 catalogue [374],
including GW200208_222617 (alow mass-ratio candidate; ¢,,, = mo/m;), GW200216_220804
(an eccentric candidate), and GW200219_094415 (a high-spin candidate). These systems are
chosen to span different regions of the binary parameter space, and to contrast with the
equal-mass BBH case typically used as a baseline. In particular, such systems tend to ex-
hibit more complex waveform morphology (see Section 4.3.2), which can make parameter
estimation more challenging and may lead to larger uncertainties in inferred source prop-
erties, including the luminosity distance. We adopt the median values of the component

masses (mq, my), effective spin y.g and luminosity distance d;, which are summarised in
Table 8.1.

We generate both injection and template GW waveforms using the IMRPhenomXPHM
model [288] to avoid systematic biases arising from waveform mismatches. For each sim-
ulated unlensed signal (h,(f)), we perform parameter estimation using the bilby lib-
rary [240] and the dynesty [263]. This setup is labeled as normal PE in Figure 8.1. We
assume a detector network consisting of aLIGO-Hanford (H), aLIGO-Livingston (L), and
AdV (V), referred to as the HLV network. To achieve optimal distance estimation under
ideal sensitivity conditions and to assess the impact of detector noise and performance, we

consider two configurations:

« Case A: Design PSD [365] with zero-noise realisations.
« Case B: O3a PSDs with Gaussian noise, where the O3a PSDs correspond to the first

three months of the third observing run’.

1. The corresponding PSD data for H, L, and V can be found at https://dcc.1ligo.org/LIGO-T2000012/
public


https://dcc.ligo.org/LIGO-T2000012/public
https://dcc.ligo.org/LIGO-T2000012/public
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Figure 8.1: Flowchart of parameter estimation for an unlensed signal and its corresponding
strongly lensed pair constructed from it. The posterior of d’ is first inferred from the un-
lensed signal. The posteriors of d; """ for the two lensed signals are then obtained via joint
parameter estimation and retrieval. Finally, the inferred distance posteriors are compared
to assess the precision of the posterior on the true luminosity distance.

For the luminosity distance prior, we assume a uniform distribution in Euclidean volume,
corresponding to p(dy) o< dZ, i.e., a constant source density in Euclidean space (the low-
redshift limit of a comoving volume prior), over the range [0.1, 10] Gpc. For other source

parameters, we adopt the default precessing BBH priors implemented in Bilby [240, 375].

Next, we simulate mock lensed signals by assuming that each unlensed signal is lensed
by both a PM and an SIS lens, producing two lensed signals per model (i.e., three unlensed

signals produce a total of six lensed signals).

As discussed earlier, we restrict the dimensionless impact parameter to the range y €
[0.1, 1.0), ensuring the formation of at least two images. The lower bound is motivated
by the expected occurrence rate of SLGWs [301, 324, 325, 326, 376]. As an optimistic scen-
ario for strong lensing, we consider the regime of maximum amplification, which occurs
at y = 0.1 for the lens models considered here; accordingly, we set y = 0.1 in our injec-
tions. We also adopt a lens mass of M;, =10'"> M, corresponding to typical galactic-scale
lenses. This choice yields time delays between the two lensed images ranging from weeks
to months over the considered range of y, consistent with expectations for galaxy-scale

strong lensing.

To construct lensed signal pairs, we use the same intrinsic source parameters as in the
unlensed case, except for the luminosity distance, which is modified by lensing magnific-
ation. For example, the chirp mass is assumed to be identical for all images, i.e., M. =
M. _ = M.,. The sky locations of the lensed images are also taken to be identical, as cur-

rent detector sensitivities do not enable us to resolve small angular separations between
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Figure 8.2: Posteriors of d; . and ji obtained from JPEs of a pair of signals from
GW200208_222617 lensed by SIS (orange) and PM (blue) models. Black dotted and dashed
lines indicate the injected values of d;, . for the SIS and PM cases, respectively. The injected
values of 1, are nearly identical for the two lens models (uP3 ~ 175 ~ 0.818); therefore,
only a single vertical line is shown for fi,.

images (e.g., [374]). We do not include time delays or phase shifts in the analysis, as they
do not directly affect luminosity distance estimation. The prior assumptions for the lensed
signals are taken to be the same as those used for the unlensed case, except that we adopt

a uniform prior on the relative magnification, i, [300].

For Cases A and B, we perform JPEs on the lensed signal pairs for each lens configura-
tion using the method described in Section 5.2.1, implemented via the Golum pipeline [300,
303] (labeled as joint PE in Figure 8.1). While the full analysis infers both source paramet-
ers and lensing observables, we focus on the relative magnifications and the luminosity

distances, which are the quantities of interest in this work.

8.1.3 Results

From the JPE of the lensed signal pairs, we obtain posteriors for the relative magnification
factors and effective luminosity distances for both the PM and SIS models under Cases A and
B. Figure 8.2 shows the resulting posteriors of 1, and dff\iSIS for each pair of lensed signals
from the GW200208_222617-like event as a representative example. The top and bottom
panels correspond to Cases A and B, respectively. The posteriors p( i) are consistent with

the injected values for both lens models and are nearly identical, as y = 0.1 yields i, =~
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0.8 for both models. In contrast, the distance posteriors differ between the models. The
distributions p(dy, ;) inferred under the SIS model are narrower than those obtained with
the PM model within the 99 % C.L, indicating improved precision in parameter estimation.
This difference arises from the higher 11, and consequently higher SNR, in the SIS model
(/EES = 11, SNRgis >~ 26.34) compared to the PM model (,uliM ~ 5.5, SNRpy ~ 18.66). In
addition, the presence of noise in Case B leads to a noticeable reduction in the precision
of the luminosity-distance measurement, particularly for the PM case. For the SIS case,

however, the effect appears less significant due to its substantially higher SNR.

Following [300], we improve parameter constraints by reweighting the posterior samples
of the individual lensed signals. The reweighted posterior is constructed by combining the
posteriors of the lensing and apparent source parameters (see Eq. (15) of [300]). For both
models, the first-arriving (+) image is more strongly magnified and is therefore used as the

reference. In this procedure, the posterior p(dy, ) is refined using information from p(dy, ).

To recover the true luminosity distances, we convert the reweighted effective distances
using (14 posteriors, which are obtained analytically from the reweighted i, posteriors (de-
noted as retrieval process in Figure 8.1). Using Eqgs. (2.36) and (2.44), we obtain the posterior
of y, which is then mapped to ., via Egs. (2.35) and (2.43). To illustrate an optimal scenario
in which only the uncertainty in dy . is taken into account, we estimate the true lumin-
osity distance using a fixed 1 corresponding to its maximum-likelihood value, without
propagating the uncertainty in p. For Cases A and B, the retrieved luminosity distance
distributions for the lensed pair from the GW200208_222617-like event are shown in Fig-
ure 8.3, together with the posterior of the true distance obtained from parameter estimation

of the corresponding unlensed signal (d;") for comparison.

To quantify how much the recovered luminosity distances are improved in precision
relative to the unlensed case, we compare the widths of the 99 % C.I. of the recovered dis-
tances posteriors, denoted by Wyg. We define the ratio Rgg = Wy /W5, where X denotes
one of the adopted O3b-like BBHs, labeled here using the shorthand event identifiers 208,
216, and 219. For convenience, we use abbreviated event labels obtained by dropping the
first three and last six digits of the original event IDs in the superscripts of Wyg and Rog.
Table 8.2 summarises the resulting Wyg and Rgg values for the three mock BBHs considered

in this section.

The results are broadly consistent across all BBHs: the luminosity-distance posteriors
inferred from lensed signals are more tightly constrained than those obtained from the
corresponding unlensed signals. Differences in Wyg and Rgg values for the three BBHs are
mainly due to the SNRs of the original unlensed events since identical lens parameters are
adopted for each lens model. For example, the GW200208_222617-like event has the lowest
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Figure 8.3: Posteriors of the recovered true luminosity distance (dy) of the
GW200208_222617-like event for the PM (blue) and SIS (orange) cases. For compar-
ison, the distance posterior obtained from the corresponding unlensed signal, p(d;™)
(grey), is also shown. The left and right panels correspond to the results from Cases A and
B, respectively. The black solid line indicates the true value. Coloured vertical dashed lines
denote the lower and upper bounds of the 99 % C.I for each posterior distribution in the
corresponding colour.

unlensed network SNR among the three systems considered in Case A. Correspondingly,
its unlensed distance posterior exhibits the broadest C.I., with Wy ~ 8 Gpc. As a result,
the impact of strong lensing appears most pronounced for this event, yielding R2)® ~ 8,

compared to Rgg ~ 4 for the other BBHs.

As expected, the presence of noise tends to reduce the improvement from strong lens-
ing, since the SNR enhancement from magnification and from combining multiple repeated
signals becomes less effective. Nevertheless, even in the presence of Gaussian noise, the
recovered luminosity-distance precision remains improved by a factor of approximately
two to seven relative to the unlensed case (see the Case B results in Table 8.2). Overall,
these proof-of-principle results demonstrate the potential of strong lensing to improve
luminosity-distance measurements by providing multiple magnified observations of the

same GW source, leading to tighter distance constraints

8.2 Beyond Simple Lens Models: Numerical Reconstruction

As shown in the previous section, delensing based on successful lens reconstruction can
significantly enhance the precision of luminosity distance estimates. However, for more
realistic lens models, the lens parameters cannot be determined analytically from lensing

observables. In this section, we present a numerical approach to infer lens parameters from
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Case A: HLV design PSDs with zero-noise realisation

Signal WE RS OWET RS OV REY
[Mpc] [Mpc] [Mpc]
Unlensed 7,918 1.00 4,806 1.00 4,167 1.00
Lensed (PM) 1,274 621 1,78 2.69 1,146  2.68
Lensed (SIS) 948 835 1282 3.75 1,147 3.63

Case B: HLV O3a PSDs with a Gaussian-noise realisation

Signal WEE RS VT RS OV REY
[Mpc] [Mpc] [Mpc]
Unlensed 4373 100 7,675 1.00 3,961 1.00
Lensed (PM) 1,206 3.63 1,882 4.08 2,133 1.86
Lensed (SIS) 637  6.86 1,693 453 1437 2.76

Table 8.2: The Wyy and Rg9 values that are obtained from GW200208_ 222617-,
GW200216_220804-, and GW200219 094415-like BBHs. Results from Cases A and B are
compared for each injection.

GW signals using the rejection sampling technique. This method can be applied to a wide
range of lens models once the relevant lens parameters are defined. We also explore how
the reconstruction can be further improved by incorporating multi-messenger information,

such as the identification of the host galaxy of the GW source and the lens galaxy.

8.2.1 Analysis Setup

We simulate nine distinct GW lensing systems based on the lens models described in Sec-
tion 2.2. The parameters are randomly chosen from a pool of 8; that can generate the spe-
cified detectable multiple images. To maintain consistency, we use a single intrinsic un-
lensed signal from a GW150914-like event, generated with the IMRPHENOMXPHM wave-
form model [288]. For most lensing configurations, we assume a luminosity distance of
di = 3 Gpc and a redshifted lens mass of M7 = 10'? M. However, for the NFW and
PNFW models, the strong lensing cross-sections for sources at low redshifts are signific-
antly smaller than the other models (see Figure 2 in [311]). To ensure a non-negligible
lensing probability for the two models, we instead inject the signals at d;, = 10 Gpc with a
higher redshifted lens mass of M7 = 10'* M,

The resulting lensing configurations span from double-image to quintuple-image sys-
tems, with the image multiplicity determined by model-dependent lens parameters. Sim-
ulated lensed GW signals are injected into Gaussian noise characterised by the projected
LIGO-Virgo 04 PSD [365]. Consistent with the projected detectability of the detector net-
work [365], we assume that lensed GW signals (h;(f)) are detected with a network SNR
Pret > 8 except for NFW and PNFW cases. An exception arises for Type IIl images in NFW
and PNFW models, which are strongly demagnified by the lens geometry and often yield
lower SNRs. For each system, the injected lens parameters (0;) are listed in Table 8.3. The
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ID Model Injected 6, No. of images
1 PM y=0.22 Double

2 SIS y =0.22 Double

3 NFW (y, k) = (0.004, 0.167) Triple

4 SIE (g, y) = (0.85, 0.22) Double

5 SIE (g, y) = (0.63, 0.22) Quadruple

6 SPEMD (q, y, v) = (0.85, 0.22, 1.5) Double

7 SPEMD (g, y, v) = (0.58, 0.17, 0.75) Quadruple

8 PNFW (¢, y, #s) = (0.6, 0.011, 0.167) Triple

9 PNFW (q, v, ks) = (0.82, 0.008, 0.167) Quintuple

Table 8.3: Injected ; values used to simulate the nine GW lensing systems considered in
this section.

recovered SNRs vary across systems: Systems 1, 2, and 4-7 yield pp: € [11, 16], while Sys-
tems 3, 8, and 9 fall within p, € [4, 10]. For highly demagnified images, we adopt an SNR
threshold of p,.: = 4, assuming such signals can be identified with dedicated sub-threshold
search pipelines [325, 326, 377].

To conduct JPEs for each lensing system, we again use the Golum pipeline [300, 303].
As this pipeline is optimised to analyse two signals, the estimations are performed on pairs
of the first lensed signal (7; ;) and the j-th lensed signal (h; ;), which means that we can get
posteriors of fi,1; and Aty;, where j = 1,2, ..., n if the system has n lensed GW signals.
We assume uniform prior distributions for pe;; and At;;. For the source parameters, we
adopt the prior distributions for precessing BBHs in [375]. Priors for the main parameters

used in this work are shown in Table 8.4.

Parameter Prior Range

mi, Mo UNIFORM [5, 100] M,

dy, UNIFORMCOMOVINGVOLUME [0.1, 5]Gpc OR
[0.1, 10]Gpc

RA UNIFORM [0, 2]

DEC IsoTrOPIC -

Lhrel UNIFORM [0.1,10]

At UNIFORM -

Table 8.4: Priors on the main source parameters, including component masses (11, ms),
luminosity distance (dr), and sky location (RA, DEC), as well as lensing observables (e,
At) employed in this work. A broader prior on dy, ([0.1, 10] Gpc) is adopted for NFW and
PNFW systems to account for injected effective distances, d¢f > 5Gpc.
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8.2.2 Lensing Observable Catalogue and Rejection sampling

A key challenge in lens reconstruction is that, for most lens models beyond simple cases
such as PM and SIS, the mapping between the lensing observables and the lens parameters
is not one-to-one. In addition, the observables are inferred as posterior distributions rather
than precise point estimates, and their associated uncertainties further hinder accurate re-

covery of the underlying lens properties.

To address this, we employ a rejection sampling technique [254] to infer 6. This ap-
proach is particularly well-suited for our framework because, while the mapping from ob-
servables to parameters is not analytically invertible, forward modelling allows us to effi-
ciently compute i, and At for any given set of 8;. By comparing these forward-modelled
predictions with the likelihood implied by the inferred posteriors of the observables, we

effectively sample the posterior distribution of ;.

For each aforementioned lens model, we select sets of lens parameters 6, that produce
multiple image solutions (i.e., at least two images). For each 6;, we calculate the corres-
ponding relative magnification factors (u1,1;) and Fermat potential (A77 ) using LENSTRO-
NoMmy [378]. Note that the physical time delay is given by At = Da;AT, where Dy does
not affect the image configuration in the geometrical optics limit. The resulting parameter—
observable combinations are stored as ordered triplets, (© = {0y, pi;e1, AT'}) forming lensing

observable catalogues.

We use the constructed catalogues for the detected lensed signals in each system listed
in Table 8.3. For simplicity, we assume that the correct lens model is known for each sys-
tem. Figure 8.4 illustrates an example using the posterior distribution P(j) from lensing
system ID 2 (see Table 8.3). In the rejection sampling procedure, candidate values of ji,
drawn from the catalogue triplets O, are first proposed according to a distribution Q(trel)
(solid blue line). Each sample is then accepted with probability proportional to the ratio
P(pire)/ MQ(pire1), where M is chosen such that P(e) < MQ(pe) (solid yellow line)
over the domain, ensuring that the accepted samples populate the region under the target
distribution P(fi.) (solid black line). Green and magenta dots indicate the accepted and

rejected O, respectively.

Finally, the accepted values of 0, effectively represent the posterior probability distri-
butions of the lens parameters. Furthermore, the associated time-delay samples, AT, can
be converted into the corresponding redshifted lens mass samples, M/, by applying the
analytical relationship defined in Eq. (2.44).
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Figure 8.4: Illustration of rejection sampling.

In terms of computational performance, the rejection sampling technique is efficient.
For a double-image system, the total computation time is typically less than one CPU hour.
For more complex systems with triple to quintuple images, the required time increases to
a few CPU hours. This is due to the sequential nature of the sampling process, where the
rejection sampling for the ;" image pair (first and j*) is conducted only after the posterior

results for the preceding " pair (first and i'", where i < j) have been obtained.

8.2.3 Axially Symmetric Lenses

To confirm the validity of the rejection sampling technique, we first compare the 6; pos-
teriors obtained via rejection sampling against the analytical posteriors derived through
univariate transformations of the i, posteriors using Eqgs. (2.36) and (2.44) for the PM and
SIS models, respectively. As shown in Fig. 8.5, the recovered posteriors for M and y for
System 1 (PM Double) and System 2 (SIS Double) peak near the injected values. The res-
ults from the two methods are nearly identical: the analytical posteriors are represented by
dashed gray and black lines, while the rejection sampling results are shown in solid colours.
The solid black vertical lines indicate the true injected values, and the vertical dashed lines

denote the 90 % C.I. for each parameter.
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Figure 8.5: Posteriors of 8; and redshifted lens mass M for System IDs 1 and 2. The col-
oured distributions are obtained using the rejection sampling technique, while the grey
distributions are derived analytically from g, posteriors using Eqs. (2.36) and (2.44).

The high degree of agreement between the analytical and numerical distributions suc-
cessfully demonstrates the validity of the rejection sampling technique as a tool for mapping
lensing observables back to lens parameters. However, it is important to note that while this
validates the methodology, rejection sampling does not inherently bypass all physical de-
generacies. The ability to successfully recover 8; remains subject to intrinsic degeneracies

among parameters that may exist within more complex lens models.

Asintroduced in Section 2.2.3, among the spherically symmetric lens models considered,
the NFW model does not have an analytic expression for the lensing observables. Thus, we
use the rejection sampling technique for System ID 3 (NFW triple). After identifying the
estimated i, posteriors with the detected triple images as a target distribution, we draw

{ire Samples from the lensing observable bank of the NFW to conduct rejection sampling.

Figure 8.6 shows the recovered posteriors for the lens parameters 8; and the redshifted
lens mass M} for the NFW case. Although the injected values are successfully recovered
within the 90 % C.I., the posteriors are poorly constrained. In particular, x, remains largely
consistent with the prior, indicating that it is weakly constrained. This behaviour reflects
the intrinsic nature of galaxy-scale lensing: for an NFW profile, the relatively low surface
density implies that strong lensing, and hence the formation of multiple images, occurs

only for very small values of y. Within this narrow range, many of the (y, ) combinations
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Figure 8.6: Corner plot showing the posteriors of the lens parameters 8; = (y, k) and
redshifted lens mass M for System ID 3.

from the prior produce nearly identical 1, values, leading to a strong degeneracy between
these parameters. Accordingly, the M} does not peak at the true value. The precision of
the obtained i, posterior is currently insufficient to break this fundamental degeneracy,

resulting in the broad, uninformative posteriors.

8.2.4 Non-Axially Symmetric Lenses

In more realistic astrophysical scenarios, strong lens candidates such as galaxies are not
perfectly spherical but exhibit ellipticity. The introduction of ellipticity complicates the lens
model and introduces stronger degeneracies between 6;. Consequently, we expect the pos-
teriors for 6, and M} in non-axially symmetric models to be more poorly constrained than
those in the axially symmetric cases. In addition, the inclusion of extra parameters to de-
scribe the lens profile, such as the profile density slope -, further increases the complexity

of the parameter space and exacerbates these degeneracies.
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Figure 8.7: Corner plots showing the posteriors of 8; and M} for System IDs 4, 6, and 8.

Figure 8.7 shows the inferred posteriors for System IDs 4, 6, and 8, corresponding to

double-image configurations (SIE and SPEMD) and a triple-image configuration (PNFW).

While the true injected values lie within the 20 credible regions of the joint 2D posteriors for

all three models, the marginal 1D posteriors often do not peak at the true values and remain

poorly constrained. Notably, the M/ posteriors are better constrained than the structural

parameters. This is because M is primarily constrained by the time delays between images

(At), which are typically better constrained than i, with GW observations. These results

indicate that the properties of an elliptical lens cannot be robustly recovered when the lens-

ing configuration produces only double or triple images under our modelling assumptions.



8.2 Beyond Simple Lens Models: Numerical Reconstruction 163

However, the detection of more than two images provides additional independent con-
straints that help break degeneracies between lens parameters. By obtaining more lensing
observables (u; and At;), the parameter constraints become tighter, leading to better-
constrained posteriors compared to double-image systems. Figure 8.8 shows the results
for System IDs 5, 7, and 9, which produce quadruple or quintuple images. To account for
the possibility that only a subset of images may be observed in practice, we consider two
scenarios: (1) the detection of only a pair of GW images (gray) and (2) the detection of all
available GW images (coloured).

Table 8.5 quantifies the improvement in lens parameter recovery when these additional

0
A/B

of the 90 % C.I. between the pair-only case (A) and the all-images case (B). Except for the

constraints from more images are included. We define the ratio, R as the relative width
SIE case, the C.I. widths of ; narrow down by tens of percent when all images are included.
This additional information improves the agreement between the inferred posteriors and
the injected values, particularly for the SPEMD case, where all posteriors converge well to
the injected values. In contrast, the PNFW case continues to exhibit a significant degeneracy
between y and kg, similar to the NFW results. Thus, for non-axially symmetric models,
the posteriors of 8, and M/ remain only weakly constrained by GW information alone.
Despite these limitations, the posterior width of ¢ consistently decreases across all models.
This improved constraint on the lens structure is particularly valuable for multi-messenger
astronomy, as it can aid in localising and identifying candidate lens galaxies associated with

the GW host galaxy within the inferred sky area.

8.2.5 Non-Axially Symmetric Lenses with EM Observation

While GW information alone is often insufficient to recover lens parameters with high pre-
cision, incorporating EM observations offers a powerful means of breaking existing para-
meter degeneracies. By leveraging extra constraints from EM data, we can significantly
refine the estimation of structural parameters and, consequently, obtain a more robust con-
straint on the redshifted lens mass M/}?. For instance, if a lens galaxy is identified within the
GW sky localisation region, its structural properties, such as the axis ratio and position
angle, can be directly measured from high-resolution imaging. In addition, the image pos-

itions of the lensed host galaxy can provide further spatial constraints.

However, identifying the correct lens galaxy remains challenging, as the GW localisa-
tion uncertainty is still large enough to contain thousands of candidate galaxies. In this
context, several studies [310, 379, 380] have proposed localising the host-lens system using
wide-field surveys such as the Legacy Survey of Space and Time (LSST) [381]. This ap-

proach generally assumes the joint detection of lensed GW and EM signals from the same
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(c) System 9 (PNFW quintuple)

Figure 8.8: Same configurations as in Figure 8.7, but showing the posteriors of 8, and M}

for System IDs 5, 7, and 9.

host galaxy”. By combining lensing observables from both messengers, specifically through

the joint application of Egs. (2.76)-(2.79), the number of candidate systems within the GW

localisation region can be significantly reduced, enabling identification of the most probable

lens-source configuration.

2.

In general, the host galaxy of a GW source is also lensed by the intervening galactic halo.
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Figure 8.9: Same configurations as in Figure 8.8, but with the assumption that quadruple
(quintuple) image systems are detected with the additional EM observations and thereby,
axis ratios and image positions are confined with 4 5% and 0.1 error ranges.

In particular, [310] argue that the detection of quadruple GW images can significantly
reduce the sky localisation area with current LIGO-Virgo detectors. Furthermore, as shown
in Figure 8.8, the axis ratio of a lens galaxy can be more precisely constrained when four or
more GW images are identified, providing a critical starting point for identifying the lens

galaxy in EM surveys.

To quantify the impact of multi-messenger constraints, we consider a scenario in which
the lens galaxy has been successfully identified. Motivated by typical observational uncer-
tainties, we assume that the axis ratio and EM image positions are constrained to within
+5 % and 0.1 arcseconds, respectively. Figure 8.9 shows the recovered posteriors for 8; and

MF for the non-axially symmetric lens systems under these assumptions. All 8, posteriors
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del(Bl) \'A Pau(el) in Figure 8.8

log, M7 R
Model Rapjan  Rivian Rapijan R ibial Ripy/at
SIE 1.03 1.01 0.97 - -
SPEMD 1.55 1.33 1.22 1.11 -
PNFW 1.89 1.36 1.30 - 1.06
Pall(gl) \'A) Pall+EM(0l) in Figure 8.9

log, oM, s
Model Rojan tim Rall/leﬁlJrlEM Rle/allJrEM R:ll/allJrEM
SIE 9.87 8.17 - -
SPEMD 6.94 7.90 4.21 -
PNFW 3.07 1.51 - 1.85

Table 8.5: Quantitative evaluation of the improvement in lens parameter recovery from
additional constraints, such as multiple GW images and indicative EM observations.

become significantly tighter and peak near the injected values. We quantify this improve-
ment in Table 8.5 using the ratio Rzlll Jall+EM? defined as the relative width of the 90 % C.I of
the all-GW images to the all-GW + EM scenarios. Most importantly, M} is recovered with
high precision. By combining the inferred M with the lens redshift z; obtained from EM
spectroscopy, the intrinsic lens mass M; can be determined, completing the reconstruction

of the lensing system.

8.3 Conclusion

In this chapter, we first demonstrate the delensing process through analytic lens reconstruc-
tion. Our proof-of-concept study shows that we can retrieve the true luminosity distance
with significantly improved precision by detecting SLGWs from a single BBH. Even in the
presence of simulated detector noise, an optimal strong-lensing configuration enhances the
distance constraint by a factor of several relative to the unlensed case. Although the initial
demonstration is restricted to simple PM and SIS models with double images, more com-
plex lens models, such as those introduced in Section 8.2.4, can yield higher magnifications
and increased image multiplicity, further improving the precision of luminosity distance

estimates.

As the lens models become more complex, the reconstruction procedure becomes in-
creasingly challenging. An inference framework based on rejection sampling is implemen-
ted to address this challenge, further demonstrating that the precision of lens reconstruction
is significantly improved when joint GW and EM observations are available. In addition to
the geometric information provided by EM imaging, spectroscopic measurements of both
the lens galaxy and the lensed host galaxy enable precise redshift measurement, supply-
ing an additional and critical constraint on the lensing configuration, such as the Einstein

radius.
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Successful lens reconstruction directly enables more precise and accurate luminosity
distance estimates, providing critical input for studies of the formation and evolution of
compact binary populations. Furthermore, these improved distance measurements offer a
powerful avenue for constraining the Hubble constant through the Hubble-Lemaitre law
discussed in Section 3.1.3. By mitigating the intrinsic uncertainties in standard GW distance
inference, SLGWs may play a key role in resolving the current Hubble tension in the coming

decades.

However, real-world detection scenarios are expected to be significantly more challen-
ging, and several key issues remain to be addressed. We highlight three primary directions

for future investigation.

First, observational completeness. In practice, only a subset of the full image ensemble
may be detected (e.g., two images from a quadruple-image SIE system), either because addi-
tional images have not yet arrived due to long time delays or because their SNRs fall below
the detection threshold. A natural extension is to incorporate rejection sampling to compare

different image-multiplicity scenarios and identify the statistically preferred configuration.

Second, model selection and hypothesis testing. Because the lens density profile is not
known a priori, rejection sampling should be embedded within a JPE framework to enable
rigorous hypothesis testing. Such an approach can not only identify the most probable lens

model but also improve search pipelines by reducing FAR, as suggested by [382, 383].

Finally, complex lensing environments (macro-micro lensing). As discussed in Chapter 7,
galactic substructures, such as star clusters and DM subhalos, can induce additional mi-
crolensing effects on top of the macrolensing signal. Neglecting these contributions may
bias lens parameter estimates. Developing parameter estimation frameworks that incorpor-
ate the associated wave-optics effects remains an important goal for future work, particu-
larly in the context of space-based interferometers, where higher SNR and improved sky

localisation will help disentangle these complex degeneracies [384, 385, 386].



Chapter 9

The Impact of Strong Lensing on H
Measurements with Gravitational-Wave

Dark Sirens

Disclaimer

The following chapter is based on the paper The Impact of Strong Lensing on Hubble
Constant Measurements with Gravitational-Wave Dark Sirens [387]. The author was
the first author and contributed to every stage of this work, including mathematical
derivations, framework development, data generation and analysis, interpretation of
the results, scientific discussion, figure production, and manuscript preparation. This

paper was published in the Astrophysical Journal Supplement Series.

As discussed in Section 3.1.4, the precise value of Hj remains under debate due to
the Hubble tension, between early-Universe measurements inferred from the cosmic mi-
crowave background [175], which report Hy = 67.4+0.5 km s~ Mpc™!, and late-Universe
measurements based on the Cepheid-supernova distance ladder [181], which find H, =
72.3 4+ 1.4 km s~! Mpc~!. This discrepancy has motivated growing interest in independent
approaches to measuring H,. In this context, as introduced in Section 3.2, GW standard
sirens provide a promising alternative, particularly given the rapid expansion of GW astro-
nomy over the past decade, with more than 200 CBCs detected by the LVK network [20].

In this chapter, we focus on the galaxy-catalogue-based dark siren method [219, 220],
in which each GW event is statistically associated with multiple candidate host galaxies
within its sky localisation volume. By weighting these galaxies according to their spatial
probabilities and luminosities, one can construct a probabilistic redshift distribution for
the GW source and subsequently perform hierarchical inference of Hj. For the galaxy-
catalogue-based method, improving constraints on H, primarily depends on two factors:
accurate sky localisation to reduce the number of potential host galaxies, and precise meas-
urements of the luminosity distance. In this context, we consider SLGW events, which, as

demonstrated in Section 8.1, are expected to yield improved luminosity-distance precision.

168
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In addition, SLGWs can provide more informative constraints than unlensed events for
sky localisation [310, 388], both of which are essential for robust host-galaxy identification
in the dark-siren framework. Furthermore, the additional lensing information encoded in

these systems can provide complementary cosmological constraints on H.

Although no unambiguous detection of SLGWs has yet been reported in the latest
GWTC catalogue [238], the LVK detector network is expected to observe GW strong lens-
ing atarate of O(1) Gpc ™3, yr~!at design sensitivity [158, 159, 160, 326, 341, 359, 389]. Such
systems are expected to provide cosmological information analogous to that obtained from
time-delay measurements of strongly lensed quasars [111, 390, 391]. As the number of de-
tected SLGWs increases in future LVK observing runs [102, 326] and with next-generation
observatories such as the Einstein Telescope [200, 392, 393], joint analyses incorporating
both source and lens population models will become increasingly important. At the same
time, unlensed dark sirens should not be excluded from analyses, as combining lensed and
unlensed GW events within a unified hierarchical framework can substantially improve the
precision and robustness of the inferred Hy. In this regard, tools such as gwcosmo [219, 220,
394] provide a flexible Bayesian framework for incorporating population information and

jointly inferring cosmological parameters from both lensed and unlensed GW events.

In this chapter, we investigate the impact of SLGWs on H, inference, highlighting how
lensing information can strengthen cosmological constraints relative to conventional un-
lensed dark sirens. Two observational scenarios are considered. In the first scenario, mul-
tiple lensed signals originating from a single dark siren event are detected. Once the host
galaxy is uniquely identified through lensing observables and cross-correlation with galaxy
catalogues, the Hubble-Lemaitre law (Eq. (3.33)) can be directly used to infer Hy. In the
second scenario, a population of lensed dark siren sources is detected, requiring a hierarch-
ical framework that consistently combines all events. This framework incorporates compar-
isons with galaxy-galaxy lensing catalogues to construct more informative redshift maps
and thereby improve the precision of the inferred H,. We additionally quantify potential
systematic biases in H) inference arising from neglected or incorrectly modelled lensing ef-
fects. Throughout this chapter, we assume a fiducial flat ACDM cosmology with 2,,, = 0.25,
Q, =0.044, Q) = 0.7,and Hy = 70 km, s, Mpc™ .

9.1 Mock Data

9.1.1 Galaxy catalogue

We adopt the MICE-Grand Challenge light-cone halo and galaxy catalogue (MICECATv?2) [395,
396, 397, 398, 399] for our galaxy distribution, while separately investigating how catalogue
incompleteness affects the inference of Hj. The simulation volume covers approximately

5000 deg? of the sky over a redshift range of 0.07 < z < 1.42. The catalogue provides abso-
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lute and apparent magnitudes across multiple photometric bands, alongside both true and
observer-frame redshifts. We specifically select the r-band for our analysis, as MICECATv2
is calibrated using the r-band Schechter function from [400], with galaxy evolution models
applied at higher redshifts [401]. Although completeness estimates were originally derived
using ¢-band data, we use the r-band data to ensure a direct and consistent application of
the Schechter parameters for incompleteness corrections. Here, completeness is defined as

the fraction of observable galaxies successfully included in the catalogue.

To maintain computational efficiency within gwcosmo, we utilise a randomly selected
one-eighth subset of the full MICECATV?2 catalogue, comprising approximately 6.2 x 107
galaxies'. We select galaxies with r-band absolute magnitudes M, < —20 and assume this
subset is 100 % complete down to an r-band apparent magnitude m, < 24 at z = 1.42 [401].
The absolute-magnitude cut is imposed to achieve an approximately uniform number dens-
ity in comoving volume, thereby constructing a volume-limited sample. This selection pre-
vents an overabundance of faint, low-redshift galaxies while avoiding a significant bias to-
ward only the brightest sources. We exclude galaxy clusters to focus exclusively on galaxy-
galaxy strong lensing. Hereafter, this complete catalogue is referred to as the Unlensed
Galaxy catalogue (UGCO).

Within the landscape of galaxy surveys, certain catalogues focus exclusively on lensed
systems; for example, the SLACS survey [402, 403] targets confirmed strong-lensing sys-
tems. Complementary efforts have produced dedicated catalogues of strong gravitational
lenses, such as lenscat [404], which facilitate the identification of host galaxies associated
with lensed transient events. In this context, we simulate a catalogue of lensed galaxies
derived from UGCO0. Compared to the unlensed case, a lensed galaxy catalogue contains
significantly fewer potential host-galaxy candidates per unit sky area within a given GW
localisation region. This sparsity effectively mitigates source-identification uncertainty in
the statistical H inference performed with gwcosmo. To simulate lensing systems, we as-
sume that all galaxies in our mock catalogue follow SIE density profiles described in Sec-
tion 2.2.4.

Since MICECATv2 does not directly provide the SIE lens parameters, we model their
underlying distributions. We adopt the functional forms described in [359]; however, rather
than fixing the galaxy number density at a specific redshift within the Schechter function,
we compute it independently at each redshift using the MICECATv2 data and sample velocity
dispersion o, accordingly. For the shape parameters, we assume a uniform distribution for
the orientation angle ¢. and a Rayleigh distribution for the axis ratio ¢, extending the lower

limit to gmin = 0.1 to include highly elliptical galaxies.

1. The resulting number density is 0.00146 Mpc > (reduced from the original 0.0117 Mpc ), which more
closely approximates the number densities of observational catalogues like GLADE+ [214] used in dark siren
GW cosmology.
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The number of strongly lensed galaxies, Ny 4,1, in a given catalogue is determined by the

optical depth, 74, as follows:

N Lgal — N, gal X Tgal

N (9.1)

=N x Y [ rlaPleda

%

where 7(z;) is the optical depth for the i galaxy at redshift z;, and P(z;) represents the
probability that a galaxy from the catalogue resides at redshift z;. Thus, 74, corresponds to

the combined optical depth across the entire galaxy population in the given universe (see
Eq. (2.31)).

Since we adopt an SIE lens model, only two or four images of a source galaxy can be
produced. The resulting lensed galaxy catalogue contains ~ 4.6 x 10* double-image sys-
tems and ~ 1.0 x 10% quadruple-image systems. Hereafter, this complete lensed galaxy
catalogue, comprising all double- and quadruple-image systems generated from the UGCO,
is referred to as the Lensed Galaxy catalogue (LGCO). Figure 9.1 shows the redshift distri-
bution of galaxies in the UGCO alongside the distributions of double- and quadruple-image
systems in the LGCO0. As expected, the distribution of lensed galaxies peaks at higher red-

shifts, as galaxies at higher redshift have a higher probability of encountering a foreground

lens.
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Figure 9.1: The redshift distributions of galaxies in the unlensed catalogue (UGCO0; red), and
of background galaxies in double-image (blue) and quadruple-image (green) systems in the
lensed catalogue (LGCO0).



172 The Impact of Strong Lensing on //; Measurements with GW Dark Sirens

In practice, observational galaxy catalogues are incomplete and do not capture every
potential host galaxy of a GW source. This incompleteness must be accounted for when
inferring H, using dark sirens and galaxy catalogues. To mimic these observational limita-
tions, we impose an apparent magnitude cut of my, = 21.87, removing galaxies fainter than
this threshold from both the UGC0 and LGCO0. The resulting incomplete catalogues are here-
after referred to as UGC1 and LGC1, respectively; their application in the Hy measurement

will be discussed in Section 9.3.

9.1.2 Dark Sirens

For our dark-siren simulations, we adopt the parametric models of BBH populations de-
scribed in Section 4.4.2, along with the source parameter ranges and hyperparameters in-
ferred from the GWTC-3 analysis [293]. We assume a fixed observation time of 7T,y =
2.26yrs, corresponding to the duration of the O4 observing run. For the remaining BBH

parameters, including spins, we assume uniform distributions.

Each simulated BBH is assigned to a host galaxy in the UGCO catalogue following a
physically motivated weighting scheme. A galaxy’s probability of hosting a BBH depends
on its SFR, stellar mass, metallicity, and the delay time between binary formation and mer-
ger [405, 406]. While explicitly incorporating all these factors can improve H, convergence
by accurately reflecting the true host distribution, inaccurate or oversimplified prescrip-
tions risk introducing systematic biases into the H, posterior [407, 408]. In this study, rather
than modelling the full complexity of host-galaxy properties, we adopt a luminosity-based
weighting scheme as a practical approximation, assigning higher hosting probabilities to
more luminous galaxies. Unlensed GW signals are generated using the IMRPHENOMXPHM-
SpPINTAYLOR waveform model [288, 289] and injected into a detector network consisting of
aLIGO-Livingston, aLIGO-Hanford, and AdV at their expected O4 sensitivities [365]. We

consider only those signals detected in all three detectors with a network SNR above 8

(pnet > 8)
In addition to the unlensed GW signals, SLGW signals are generated by applying the

lensing effects of galaxies in the LGCO to the previously simulated unlensed signals using
the amplification factors (see Eq. (2.74)). To determine the number of lensed GW signals
(Nigw), we follow a procedure analogous to that used in constructing the LGCO0: the optical
depth for BBHs is computed based on the galaxies in the UGCO0, such that:

ngw = Ngw X TBBH- (9.2)

Note that gy is the combined optical depth for the entire BBH population, computed using
the complete unlensed catalogue, UGCO.
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In practice, it is computationally prohibitive to calculate the dimensionless impact para-
meters (y) for every potential galaxy-galaxy pair while accounting for sky positions and an-
gular diameter distances between the source, lens, and observer. Therefore, we randomly
select Vi, source-lens pairs from the LGCO0, where each source galaxy is assumed to host a
BBH that is strongly lensed by its associated foreground lens galaxy. Consequently, y values
that ensure strong lensing are assigned, which are drawn from a uniform distribution over
the range y € [0.01, 1.2]. The upper bound of 1.2 corresponds to the maximum for which
strong lensing can occur within the axis-ratio range adopted for our SIE model. Table 9.1

summarises the assumed distributions for the representative source and lens parameters.

Parameter Distribution model Range
my Power Law + Peak (5, 112] M,
mso Truncated Power Law [5, m1] Mg
q Rayleigh [0.1, 1.0]
o Schechter [50,500]km/s
Y Uniform [0.01, 1.2]

Table 9.1: Assumed probability distributions for component masses (m;, ms) of the source
of dark sirens and the main lens parameters, including the axis-ratio (¢) and the velocity
dispersion (0,), and dimensionless impact parameter (y), employed in simulating strongly
lensed GW signals.

Among the simulated SLGW signals, only those with p,e > 8, evaluated using the
same detector configuration as in the unlensed case, are considered detected”. In a real-
istic scenario, it is not immediately known whether a detected signal is lensed. Candid-
ate lensed pairs (or higher-order multiplets) must first be identified by low-latency search
pipelines. For instance, posterior-overlap tests identify events with mutually consistent in-
trinsic parameters—such as component masses and spins—and overlapping sky localisa-
tions, while accounting for differences in arrival times and strain amplitudes [299]. For
high-ranking candidates, JPE is subsequently performed. During this step, as discussed in
Section 5.2.1, the lensing evidence is computed by jointly analysing the data segments un-
der the lensing hypothesis, thereby assessing whether the candidate multiplet is coherently
described as multiple lensed signals of the same GW source. In this work, the true associ-
ations between lensed signals are known by construction, allowing us to perform the JPE
directly on the correct signal sets. Only those systems for which the lensing hypothesis
is statistically supported by the JPE analysis are retained for the subsequent cosmological
inference.

2. In actual observations, thresholds for the astrophysical probability (pasio) and FAR are applied to ensure
signals are of astrophysical origin. For this study, we assume all signals satisfying the SNR threshold also
meet these criteria.
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9.2 HyMeasurement with a Strongly Lensed Dark Siren

Assuming the detection of a lensed dark siren, significantly improved sky localisation can
be achieved relative to the unlensed case [310, 388], along with more precise measurements
of the luminosity distance (d;) [373], as described in Chapters 3 and 8. Within this more
tightly constrained sky area, candidate lens galaxies and host galaxies can be identified,
enabling the use of the host redshift in combination with the improved luminosity distance
to infer H, with higher precision. However, the detectability of the lensing system remains

dependent on the lens mass, luminosity, and redshift.

9.2.1 Method

If a source-lens system can be uniquely specified, the redshift of the source galaxy (z5) can
be obtained via EM observations, either through photometric or spectroscopic methods.

The obtained z; can then be used to apply the Hubble-Lemaitre law (H, = v, /d,), where

cdz

or(e) = /o V(T + 23+ Q) )

is the recessional velocity of the source galaxy, and d, is its proper distance from the ob-
server. In a flat-ACDM universe, where the scale factor at z = 0 is set to ag = 1, the proper
distance is equivalent to the comoving distance to the source galaxy (dc = d /(1 + 2y)).
In this study, we ignore the peculiar velocity of the source galaxy. This assumption can
introduce biases in Hy measurement using bright sirens, such as binary-neutron stars, but
it is reasonable for dark-siren analyses, where host galaxies are typically not located in the
nearby Universe (d, < 200 Mpc) [228, 229].

Since the redshift of a galaxy cannot be determined perfectly, we assign uncertainties
such that the measured redshift follows a Gaussian distribution, where the the standard de-
viation is o,. For the photometric and spectroscopic methods, we adopt o, = 0.033(1 + z;)
and o, = 0.001(1 4 z;), respectively [409]. Using these estimated redshift distributions,
the recessional velocity of the source can be determined, and the measured luminosity dis-
tance can be converted into the corresponding comoving distance. Note that the measured
luminosity distance from the ;™ lensed signal is not the true distance to the source, but is
rescaled by the lensing magnification factor, as described in Eq. (2.75). Recovering the true
distance, therefore, requires delensing, which involves estimating the individual magnific-

ation factors j1; from lens reconstruction.

From the lens-model-independent JPE for the lensed signals described in Section 5.2.1,
one can obtain not only source parameters, but also lensing observables for each pair of sig-
nals. For a double-image system, this corresponds to a single triplet, (ttre1 12, At12, Ay, 12).

For a quadruple-image system, three such triplets are theoretically available, (tyel,1j, At1j, Adp 15)
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with j = 2, 3, 4, although fewer triplets may be obtained if some images are missing or un-
detectable. These lensing observables can then be converted into model-dependent lens
parameters either analytically [410] or numerically using a rejection-sampling framework

introduced in Section 8.2.

Once the lens parameters are constrained, one can further utilise shape parameters from
EM observations, such as the axis ratio (q) and elliptical angle (¢.) of the lens galaxies, as
well as the inferred redshifted lens mass, to aid in uniquely identifying the source-lens
system within the sky localisation. This approach relies on the assumption that both the
lens galaxy and the lensed source images are included in the catalogue. Therefore, we use
LGCO for this case. When accounting for catalogue incompleteness by imposing m;,, both

the lens galaxy and the lensed source galaxy images must be contained within LGC1.

With the lens parameters determined, we can reconstruct the lens galaxy under a given
lens model to obtain individual magnification factors, which are used to delens the apparent
luminosity distance and retrieve the true distance to the source. However, it is important to
note that the rejection-sampling approach does not always yield accurate lens reconstruc-
tions, owing to degeneracies between lensing observables and the underlying lens prop-
erties, as well as from the limited availability of EM information due to survey magnitude

limits. This issue will be addressed in Section 9.4.1.

9.2.2 Results

Among the simulated double- and quadruple-image systems, we present four representative
detected cases. For each system type, we identify: (1) the system with the highest mean SNR
(Pmean), defined as the average network SNR of its lensed signals, and (2) the system with

the lowest pmean-

For a given detector network and comparable pye.n, the sky localisation of a double-
image system is more precise than that of an unlensed event. A quadruple-image sys-
tem yields further improvement since more independent measurements of the same event
are available. Figure 9.2 displays the skymap posteriors for the four representative sys-
tems. When cross-referencing these localisations with the complete lensed galaxy catalogue
(LGCO), the inferred 90 % credible sky areas (A2gy4) contain O(1) and O(2-3) galaxies
with properties compatible with the GW observables for the double- and quadruple-image
cases, respectively. The exact counts of identified galaxies for each system are summarised
in Table 9.2.

To further constrain the potential lensing candidates, we utilise lensing observables,
specifically the relative magnification factors and the time delays between images. Since
these quantities can be directly obtained from the lensed galaxy catalogue, we can compare
the EM-derived properties of a candidate source-lens system with the parameters inferred

from the lensed GW signals.
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Figure 9.2: Sky localisation maps for the selected double- and quadruple-image systems.
The star symbols mark the true sky positions of the corresponding GW lensing systems.

As shown in Figure 9.3, for the double-image systems in the LGCO, the number of

candidates consistent with the inferred lensing observables is reduced to a few. For GW

signals, the time delay is measured with high precision, providing a significantly more

stringent constraint than the relative magnification factors, which are inferred from the

less precise luminosity distances. In practice, uniquely identifying the source-lens pair in

a double-image configuration, a prerequisite for measuring the source-galaxy redshift, re-

mains challenging. Such identification is typically feasible only for high-SNR events that

Table 9.2: The mean SNR values (pmean), 90 % credible sky area (Af2qg ), numbers of galaxies
within these area (Ng_g), and reduced numbers of galaxies whose properties are consistent
with those inferred from the lensed GW signals for each system (IV}_.).

SyStem Pmean AQ90 % [degz] NG—G (I3_G
DousLE 1 22 17.5 306 5
DoUBLE 2 8.1 178.8 1971 1
QUADRUPLE 1 30.0 0.97 1 1
QUADRUPLE 2 9.0 4.35 13 1
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Figure 9.3: Distributions of the median relative magnification factors and time delays ob-
tained from EM observations for the source-lens galaxy systems within the localised sky
area of each double-image case. In the inner box, the error bars of fi, g and Atgy are
shown.

yield exceptionally tight sky localisations (e.g., AQgy, < 20 deg?) [310, 380]. In contrast,
quadruple-image systems provide much tighter constraints. The additional images allow
for the unique identification of the source-lens system among only a handful of candidates,

as shown in Table 9.2.

Despite the inherent difficulties in double-image cases, we proceed under the assump-
tion that the source-lens pair can be uniquely identified for each system. Once the lens-
ing systems are correctly identified, as discussed in Section 8.2.5, we can further exploit
the observed image positions of the lensed source galaxy and the shape parameters of the
lens galaxy to more tightly constrain the remaining lens parameters, especially the impact
parameter y. This enables a more accurate determination of the individual magnification
factors’. Following [311], we assume that the shape parameters (¢, ¢.) can be determined
from EM observations with an uncertainty of +5 %, and that image positions can be meas-

ured with a precision of 0.1”.

The inferred individual magnification factors are presented in Figure 9.4. These distri-
butions are utilised to retrieve the true luminosity distances from the previously obtained
apparent distances following Eq. (2.75). Specifically, we perform a stochastic delensing pro-
cedure by drawing random samples from the posterior distribution of the magnification
factor and multiplying them by samples drawn from the apparent-distance posterior. This

yields a corresponding posterior realisation of the true luminosity distance. As expected,

3. In general, a galaxy, as an extended source, does not share the same source-plane position y as the point-
like GW event embedded within it (i.e., Ygal 7 Ygw)- Since the magnification factor is highly sensitive to y, it
is essential to utilise g, rather than yg, for cosmological inference.
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Figure 9.4: Posteriors of the apparent (orange) and retrieved true (green) luminosity dis-
tances for each case, along with the recovered magnification factor (blue), s, for the first-
arriving lensed GW signal obtained via rejection sampling.

lens reconstruction, the inference of individual magnification factors, is less accurate for
double-image systems, where only two observables (1] and At) are available. In contrast,
quadruple-image systems provide much higher accuracy due to the four additional con-

straints provided by the extra images.

Using the recovered true luminosity distances along with the photometric or spectro-
scopic redshifts of the identified host galaxies in the lensing systems, we compute the cor-
responding comoving distances and recessional velocities. The Hubble-Lemaitre law is then
applied to derive Hy. Figure 9.5 shows the H, posteriors obtained for the four representative
cases. The 90 % C.I. for the quadruple-image systems, when combined with spectroscopic

redshifts, are significantly narrower than those in the other cases.

To quantify the degree of constraint on the H posteriors, we define the relative uncer-
tainty, dp,, as:

(9.4)
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Figure 9.5: The posteriors of the Hubble constant for the four representative lensing sys-
tems.

where [ eq denotes the median of the posterior. Normalising the C.I. by the median, rather
than the mean, which is inherently more sensitive to skewed or long-tailed distributions,
provides a dimensionless measure of the fractional uncertainty, analogous to the coefficient

of variation. A lower ¢y, value thus indicates a more tightly constrained posterior.

For each representative system, the estimated H, with its 90 % C.I. and the correspond-
ing 0y, are summarised in Table 9.3. Among systems with the same number of lensed
images, a higher ppe., leads to tighter H posteriors and, consequently, a lower 0y, as
expected, since higher-SNR events yield narrower posteriors for the inferred luminosity
distance. Furthermore, at a comparable SNR, quadruple-image systems yield narrower pos-
teriors than double-image systems, resulting in systematically lower dy, values. This im-
provement arises because the four lensed signals provide more independent constraints,

enhancing the precision of the delensed luminosity distance.

The low SNR of lensed GW signals contributes significantly to the large uncertainties,
as the inferred apparent luminosity distances are often poorly constrained. However, for
sources located at high redshift, the uncertainty can remain substantial regardless of the
SNR. Such high-z detections generally fall into two representative cases: (1) light BBH

events that become observable only through significant magnification, and (2) intrinsic-
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Table 9.3: Relative uncertainties and the corresponding Hubble constant posteriors, along
with their 90 % C.I, inferred using spectroscopic redshifts for the double- and quadruple-
image lensing systems.

System HO [km s L. MpC_l] (SHO
DOUBLE 1 77T 0.34
DOUBLE 2 67.4155¢ 1.22
QUADRUPLE 1 66.37%2 0.19
QUADRUPLE 2 76.5 100 0.34

ally heavy BBH events that require only moderate magnification to exceed the detection
threshold. In the first case, the apparent luminosity distances may be relatively well-constrained
initially; however, after the delensing procedure is applied to recover the true distances, the
variance increases in proportion to the magnification factor. In the second case, the appar-
ent distances are inherently broad, as the luminosity distance-redshift relation flattens at
high z, leading to increased uncertainty in the inferred distances. In both scenarios, the

resulting H, posteriors are expected to be poorly constrained.

Figure 9.6 shows how dp, varies across the ppean-2s plane for all detected lensed sig-
nals. For both doubly and quadruply lensed systems, dy, increases towards lower ppe., and
higher z,. At high redshifts, double-image systems generally exhibit uniformly higher dy,
values. In contrast, for quadruple-image systems, the uncertainty is dominated by low piean
rather than high z,. This indicates that detecting quadruple-image systems is particularly
beneficial for constraining 1, from distant sources, as the additional image constraints help

mitigate the uncertainties inherent to high-z observations.
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Figure 9.6: Scatter plots showing the distributions of ppe., and z; for all detected doubly-
(circle markers) and quadruply-lensed (diamond markers) GW systems in our sample pool,
colour-coded by d,.
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Beyond statistical uncertainties related to detector sensitivity, inaccurate delensing can
introduce additional errors even when the apparent luminosity distance is well constrained,
and the source lies in a relatively low-z universe. Such errors may arise during the rejection
sampling process due to degeneracies between lensing observables and the underlying lens
parameters. If the individual magnification factors obtained through delensing, which are
used to recover the true luminosity distance, are not sufficiently constrained, the resulting
distance posterior will broaden, losing the sharp peak required for an accurate measure-
ment. Consequently, achieving a tightly constrained delensed luminosity distance is essen-

tial for inference of precise Hj.

In this section, we assume a complete galaxy-galaxy lensing catalogue and the unique
identification of each lensing system. Under these idealised conditions, delensing is expec-
ted to be highly accurate, allowing us to neglect the associated systematic uncertainties. In
practice, however, observational limitations often lead to multiple candidate host galaxies
within the GW sky-localisation region, or to missing hosts that are fainter than the cata-
logue’s magnitude threshold. These factors introduce additional uncertainty into the H,
inference for individual events. The complexity further increases when combining inform-
ation from multiple dark sirens across different lensing systems. In the following section,
we describe the framework for combining multiple lensed dark sirens while accounting for
catalogue incompleteness, the redshift distributions of potential hosts, and the effects of

imperfect delensing.

9.3 Hy Measurement with Multiple Strongly Lensed Dark

Sirens

When multiple strongly lensed dark sirens from different lensing systems are detected,
the individual H, posteriors discussed in Section 9.2 cannot be combined through simple
multiplication. Instead, a joint likelihood must be constructed and then multiplied by the
H, prior distribution to obtain the overall posterior distribution. In this section, we adapt
gwcosmo [219, 220, 394]%, a Bayesian inference pipeline specifically designed for cosmolo-
gical studies and population analysis using GW events, to estimate the H posterior for
lensed GW observations.

4. 'The gwcosmo code is available at https://git.ligo.org/lscsoft/gwcosmo.
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9.3.1 Method

Given the detection of Nje,s et lensed GW systems, each consisting of multiple signals de-
noted collectively as {2y } With corresponding detection flags { Dig }, the posterior for Hj

is expressed as:

p(Ho [ {21gw}s { Digw}) < p(Ho) p(Niens,det | Ho)

Nlens,det (95)
X H L(«Tlgw,i ‘ -Dlgw,ia H0>7
i=1

where p(H,) is the prior on Hy and p(Niens et | Ho) is the probability of detecting Nieys det
lensed systems for a given Hy. In the unlensed case, the detection count term p(Nge | Ho)
is typically treated as independent of H, by adopting a rate prior of p(R) o 1/R [219, 220,
290]. However, in the lensed case, the detection probability is a function of magnification,
which is Hy-dependent. Consequently, p(Niens det | Ho) retains a dependence on Hy through
the magnification-dependent selection effects. The last term in Eq. (9.5) represents the joint

likelihood of the N ¢et systems. The likelihood for a single lensed system is defined as:

p(lxlgw | HO)
L1 | Do, Hy) = g 1770/ 9.6
( e | s 0) p(Dlgw | HO) ( )
where
p(Dlgw | HU) - /p(DIgw ’ Tlgw, HO) X p(xlgw | HO)dxlgw' (9'7)

The term p(Digy | Zigw, Ho) takes a value of unity if the data {zg, } is successfully identified
as a GW lensing system, and 0 otherwise. As discussed in Section 5.2, a system is classified
as strongly lensed when multiple signals satisfy the detection criterion (in this work, p,e >
8), and exhibit mutually consistent intrinsic parameters and sky localisations, supported
by a sufficiently high Bayes factor favouring the strong-lensing hypothesis. In practice,
however, the finite duty cycle of GW detectors implies that one or more signals in a lensed
multiplet may be missed if the detectors are offline at the time of arrival. In such cases, only
a subset of the lensed signals, potentially just a single signal, may be observed. The signal
would likely be misclassified as unlensed and analysed accordingly, thereby introducing a
potential systematic bias in the inferred H,. We discuss this effect and its implications in
Section 9.4.2.
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The term p(zigw | Ho) represents the probability of obtaining the observed lensed GW
data for a given value of Hy. In practice, p(2igw | Ho) depends on the full set of parameters
that determine the SNR of the GW event, which includes not only Hj, but also the lens and
source parameters (0, 0,)°, the redshifts (z, 2;), and the specific sky patches (£2) that con-
stitute the sky-localisation map. Hereafter, all dependencies on x4, are written explicitly.

Following this convention, Eq. (9.6) can be reformulated as:

ﬁ(xlgw|Dlgwa HO)

-1
Npix
N / / / / > P(Digwl €, 65,01, 24, 21, Ho)p(0s, 61, 25, 21,19, Ho)p(€)dbdbidzedz
J

Npix
X ////Zp(a:lgw|§2j,95,91,zs,zl,Ho)p(GS,Gl,zs,zl, €2, Hy)p(£2;)d8,d0,dzsdz,

’ (9.8)
where the term p(zigy | ...) is represented in a pixelated form by partitioning the sky-
localisation map into discrete patches on a HEALP1x grid [411, 412]°. In this scheme, each
sky patch is assigned the subset of likelihood samples whose inferred sky locations fall
within that specific region [394]. This pixelation approach is adopted to account for the
sky-varying incompleteness characteristic of galaxy catalogues. Under this discretisation,

the integral over the sky position is effectively replaced by a summation over the pixels.

The term p(6s,0;, 25, 21 | 2, Hy) represents the joint prior distribution of the source
and lens parameters, along with their respective redshifts, for a given Hj. In contrast to
the analysis of individual dark-siren events described in Section 9.2, where a unique host is
identified, the source and lens redshifts are inferred statistically by cross-matching the sky
localisation of the detected lensed signals with a galaxy-galaxy lensing catalogue, such as
the LGCo.

For a specific sky patch (2;, the redshift distributions of the source and lens galaxies
are determined by selecting all catalogue galaxies located within that patch. These patch-
specific distributions define the line-of-sight (LoS) redshift prior, which is independent of
the intrinsic distributions of the GW source parameters. Consequently, the joint prior can

be decomposed as:

p(esu 9[7 Zsy Rl |Qj7 HO) - p(es|H0>p(ZS7 2l €l|Qj7 HO) (99)

5. 05 denotes the intrinsic source parameters, excluding the source redshift z;. Likewise, 0; refers to the lens
parameters other than the lens redshift z;.
6. http://healpix.sf.net.
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Because the intrinsic properties of the GW source—such as masses, spins, and orbital parameters—
are independent of the sky location, the first term p(6, | Hy) carries no explicit dependence

on ;.

The denominator in Eq. (9.8) accounts for selection effects arising from the finite sens-
itivity of GW detectors, which introduces a bias toward louder signals in the detected GW
population. Accurate modelling of these effects is required to avoid selection biases, such
as Malmquist bias, and to obtain unbiased estimates of population-level parameters [292].
In the context of lensing, the selection effect is defined as the fraction of all GW sources
whose lensed signals are detected with a network SNR exceeding the detection threshold,
pmr = 8. For doubly lensed systems, we require both signals to individually exceed py,. For
quadruply lensed systems, at least two signals must exceed the threshold, as a minimum of

two distinct detections is necessary to confidently identify a strongly lensed event.

In principle, one could perform a dedicated sub-threshold search to identify counter-
parts of a detected super-threshold signal that fall below the detection threshold due to in-
sufficient magnification or demagnification [377, 413]. Furthermore, a lensed signal could
potentially be identified from a single image by searching for waveform distortions in Type-
II images, such as those induced by the phase shift of HOM [157, 367] as described in
Section 5.1. However, these effects are neither directly relevant to the high-magnification
regime nor contribute to the improvements in sky localisation. Consequently, we do not

consider these scenarios in this work.

Regarding EM selection effects, although a complete catalogue was assumed in Sec-
tion 9.2, realistic galaxy surveys may fail to include source-galaxy images or lens galaxies
whose apparent magnitudes fall below the survey’s detection threshold. The resulting in-
completeness introduces additional selection effects as a part of the redshift information
required for the LoS redshift prior remains missing. To account for these effects, we con-
struct the LoS redshift prior by marginalising over the absolute and apparent magnitudes of
both the source and lens galaxies, following the methodology in [220]. Since the LoS prior
is defined for galaxies that are potential hosts within the GW sky-localisation region, we
introduce binary parameters s and [/, denoting, respectively, whether a given source galaxy
hosts a GW source and whether the detected signals are genuine counterparts correspond-

ing to multiple lensed images of a single underlying GW source.

As described in Section 9.1.1, we impose an apparent-magnitude threshold my, = 21.87
to construct incomplete catalogues from the UGC0 and LGCO. At this threshold, the result-
ing UGC1 contains approximately half of the galaxies in the UGCO (~ 3.1 x 107 galaxies).
Under the same cut, the LGC1 retains approximately 34 % of the galaxy—galaxy lensing sys-

tems from the LGCO. Using these four simulated catalogues, we compute the LoS redshift
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priors on a HEALP1x grid. We adopt a resolution of ng4. = 128 for the UGCs to ensure con-
sistency with the framework in [220]. For the LGCs, we use ngq4. = 64 because the number
of objects decreases significantly due to the small strong-lensing optical depth, making a

coarser grid more appropriate for maintaining sufficient statistical coverage per pixel.

By substituting the joint likelihood of the lensed GW signals from Eq. (9.8) into Eq. (9.5),
and incorporating the joint prior expressions from Eq. (9.9), the posterior for H can be

written explicitly as:

p(Hol{T1gw}, { Digw}) o< p(Ho)p(Niens,aet| Ho)

Npix - Nlens,det
X ////p(Dlgw‘esa 617 Zsy 21y HO)p(es’HU> Zp(zsa 21, el|Qj7 H07 S, l)deldesdzldzs
J
]Vlens,det Npix
X H //// Zp(xlgw,i‘gja 087 017 Zsy Rl HO)p(Qs’HU>p(Zsa 2l el‘ij H07 S, l)deldesdzldzs
i J
(9.10)

A comprehensive derivation of Eq. (9.10), along with a detailed explanation of the contri-

bution of each constituent term, is provided in Appendix A.

9.3.2 Results

To estimate H,, we construct two separate analyses using (i) unlensed signals with UGCs
and (ii) lensed signals with LGCs. In each case, we draw random sub-samples from the sim-
ulated population of detectable events to emulate a realistic observing run. The first sample
pool comprises 250 unlensed signals, consistent with the number of events detected un-
til the LVK fourth observing run. Under an optimistic scenario, the second pool consists
of six doubly lensed and two quadruply lensed systems. Although this number of lensed
events exceeds conservative expectations’, it is adopted to ensure sufficient statistics for re-
constructing smooth posterior distributions while maintaining the expected ratio between

double- and quadruple-image systems.

Figure 9.7 shows the H, posteriors for four analysis scenarios: unlensed and lensed
GW signals combined with either complete or incomplete galaxy catalogues. Note that we
employ spectroscopic redshift measurements from the galaxy catalogues. In all cases, the
posteriors converge well to the true value; however, the 90 % C.I. is noticeably narrower
for the lensed signals with complete catalogues. Specifically, among the lensed systems,
doubly-lensed signals exhibit broader sky localisation (as shown in Figure 9.2), resulting
in numerous potential host galaxies along the line of sight and complicating the identi-

fication of the true lensing system. Furthermore, the uncertainty in their luminosity dis-

7. In arealistic observing scenario, a fraction of lensed GW signals may be missed due to the finite detector
duty cycle and the limited efficiency of search pipelines.
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tance remains relatively large, yielding only modest constraints on Hj. In contrast, while
quadruply lensed signals are less frequent, they provide substantially improved sky local-
isation, which significantly reduces the number of candidate host galaxies and narrows the

luminosity-distance uncertainty, resulting in considerably tighter constraints on H.
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Figure 9.7: Posteriors of H| for the four analysis scenarios. The left panels use complete
galaxy catalogues (UGCO0 and LGCO0), while the right panels incorporate catalogue incom-
pleteness (UGC1 and LGC1).

In cases involving incomplete catalogues (UGC1 and LGC1), the H posteriors are broader
than those from the corresponding complete-catalogue cases, as the uncertainty in identify-
ing the true host galaxy increases. In particular, in the LGC1 scenario, delensing accuracy
is further reduced due to incomplete information on the lensing systems. This limitation

directly increases uncertainty in the luminosity distance.

Overall, our results demonstrate that analysing even a small number of strongly lensed
dark sirens with a dedicated galaxy-galaxy lensing catalogue can improve the precision
of Hy by approximately 50 % compared to a standard analysis using several hundred un-
lensed dark sirens. Detailed results are provided in Table 9.4. To achieve a few-percent
fractional uncertainty (05, < 0.1), comparable to the constraints provided by Type Ia su-
pernova measurements, our framework indicates that a few tens of lensed GW systems
would be required, assuming a complete catalogue. For instance, in a scenario using a ran-
domly selected sample of 32 doubly lensed and 8 quadruply lensed events, we obtain a

relative uncertainty of 6y, = 0.09.
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Table 9.4: Median values and 90 % C.Ls of recovered H posteriors and their relative C.L
values (dp,) for each catalogue case.

catalogue Completeness Holkm - s7! - Mpc™] S,
UGCO 100 72,1275 05 0.34
UGC1 50 82.7371%18 0.40
LGCO 100 66.85222 0.23
LGC1 34 7429303 0.26

9.4 Challenges in Measurement due to Lensing Bias

In this section, we investigate potential systematic biases in [, inference arising from two
scenarios: (i) when lensing effects are either entirely ignored by adopting a conventional
unlensed framework or not fully captured by a given lens model, and (ii) when a specific
number of signals are misclassified, such that lensed events are identified as unlensed and

vice versa.

9.4.1 Systematic Bias in Lens Reconstruction

Accurate measurements of H using lensed GW signals depend fundamentally on reliable
lens reconstruction. If lensing effects are ignored or if the reconstructed lens model fails to
fully capture the foreground galaxy’s lensing potential, e.g., due to unresolved mass sub-
structure, significant biases can be introduced into the inferred parameters. These biases
primarily affect the recovered luminosity distance to the GW source and, by extension,
the derived value of H,. Consequently, minimising these systematic biases is essential for

robust cosmological inference.

To quantify the impact of incorrect lens reconstruction and imperfect delensing, we
analyse multiple simulated GW signals sharing the same underlying lensing configura-
tion. Specifically, we adopt the galaxy-galaxy lensing configuration of the DOUBLE 1 sys-
tem shown in Table 9.2. We keep the lens parameters, source distance, and all other source
parameters fixed, while varying only the BBH component masses and noise realisations,
thereby generating different signals that probe the same lensing geometry. This controlled
setup allows us to study the impact of lens-modelling errors while accounting for variations

in the source waveform and detector noise.

We simulate 30 such realisations and analyse them under three distinct modelling as-
sumptions: (1) an unlensed configuration (no delensing applied); (2) an SIS profile, repres-
enting an incorrect lens model; and (3) an SIE profile, corresponding to the correct lens

model. Figure 9.8 illustrates the H, posteriors inferred from individual lensed BBH events
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Figure 9.8: H posteriors obtained from multiple simulated GW signals sharing the same
doubly lensed lensing configuration with a true SIE density profile. The BBH component
masses and noise realisations are varied while keeping the lens parameters and the other
source parameters fixed. The dashed red lines indicate the true value of H. The top, middle,
and bottom panels correspond to the cases of no delensing, SIS delensing, and delensing
with the correct SIE model, respectively.

(gray curves), together with the progressively combined posteriors for each case (sky-blue
for N = 10, blue for N = 20, and navy for N = 30). While systematic biases may be
difficult to diagnose from the posterior of a single realisation, combining multiple events

reveals clear trends.

In the no-delensing case (Figure 9.8a), the inferred H is significantly biased for all num-
bers of combined realisations, as uncorrected magnification leads to a systematic underes-
timation of the luminosity distance. For the SIE case (Figure 9.8c), the posteriors converge

consistently toward the true value, with the C.I. narrowing as more realisations are accu-
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mulated. In contrast, for the SIS-delensing case (Figure 9.8b), the bias remains subtle when
only N = 10 realisations are combined but becomes increasingly evident, as more real-
isations are accumulated. These results demonstrate that lens-reconstruction errors, while
potentially masked by statistical noise in individual dark-siren measurements, can accu-
mulate into significant systematic biases in joint analyses, particularly within the gwcosmo

framework.

9.4.2 Selection Bias in Lensing Identification

In the lensed dark-siren case, selection effects are more intricate than in the unlensed case.

For unlensed events, detectability is determined solely by whether a signal exceeds the
threshold py,,, and only the population of dark sirens needs to be considered. In contrast,
selection effects for lensed events must account not only for the detectability of each lensed
signal but also for the requirement that multiple signals are correctly associated with the
same underlying GW source. This identification process is typically quantified by the FAR
of the lensing hypothesis.

Consequently, misidentification can occur in two ways: first, independent unlensed
signals may be falsely identified as lensed signals from a single source (false positives);
and second, a genuine lensed signal—whose counterparts are missed, delayed beyond the
observation window, or too faint to be detected—may be misclassified as unlensed (false
negatives). Such misidentification leads to incorrect selection-bias corrections and failures
in lens reconstruction, resulting in the biased recovery of the source luminosity distance.
As the number of observed events increases, the lensing misidentification can introduce
substantial systematic biases into the inferred H,, potentially dominating the statistical
uncertainty. Figure 9.9 illustrates the bias in the H posteriors arising from misidentifica-
tion in the two scenarios described above. To isolate the effects of misidentification from
uncertainties related to catalogue incompleteness, we use the complete UGC0 and LGCO

catalogues.

In the first scenario, we replace 4, 8, or 12 unlensed signals from the 250-event baseline
with two, four, or six pairs of double-image signals (N)" = 2,4, or 6). These pairs are
intentionally misclassified as unlensed events to mimic pipeline identification failures. We
then estimate H;, using the UGCO and the selection-effect corrections appropriate for un-
lensed signals. Figure 9.9a shows the H posteriors for these three cases, together with
the reference unlensed H| posterior from Figure 9.7. Because these lensed signals remain
undelensed, their inferred luminosity distances are systematically underestimated, as the
magnification factor is typically greater than unity (1 > 1). This bias shifts the inferred
Hj to higher values, as shown in Figure 9.8a. However, the impact remains modest: for
every additional two NIQ?IL, the median H increases by approximately one unit (from the
red solid line to the blue dotted line), as the fraction of contaminated signals remains small

compared to the overall population.
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Figure 9.9: Biased H, posteriors obtained when a subset of signals is misclassified in a
population where the majority are correctly identified. The top and bottom panels show
biases arising from classifying unlensed signals as lensed and lensed signals as unlensed,
respectively. The dashed black lines denote the true value of H, while the correctly in-
ferred posterior from Figure 9.7 is shown for reference. As the number of misclassified
events increases (N5 in the left panel and N}, in the right panel), the inferred posteriors

pair
progressively shift away from the true value.

In the second scenario, we replace one, two, or three of the double-image systems out of
the six doubles and two quads with an equivalent number of independent unlensed signals
(]\Tg;r = 1,2, or 3) that are coincidentally and incorrectly identified as lensed pairs by the

search pipeline. H; inference is then performed using the LGCO0 and the selection-effect
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corrections for lensed signals. Figure 9.9b shows the results for these three cases, with the
reference lensed Hj posterior from Figure 9.7 included for comparison. Since the unlensed
signals are erroneously delensed, their inferred distances are systematically larger than
their true values. Consequently, as the number of false positive unlensed pairs increases,
the H posterior shifts progressively toward lower values (from the blue solid line to the
red dotted line). Compared to the first scenario, the fraction of misclassified signals within
this smaller population is significantly higher, resulting in a more pronounced systematic

bias in the H, inference.

9.5 Conclusion

We have demonstrated that strong lensing significantly enhances the cosmological utility
of dark sirens. When paired with a dedicated galaxy-galaxy lensing catalogue, the improved
sky localisation and tighter luminosity-distance constraints provided by lensing enable sig-
nificantly more informative redshift inference than in the unlensed case. Our results show
that even a single strongly lensed dark siren, particularly a quadruply lensed event, can
yield competitive constraints on Hj, approaching the precision of bright sirens. Further-
more, combining just a few lensed dark sirens can lead to a substantial improvement in the
Hubble constant estimate, achieving constraints comparable to, or even tighter than, those

obtained from several hundred unlensed events.

Robust cosmological inference from strongly lensed dark sirens fundamentally requires
accurate lens reconstruction to recover the intrinsic luminosity distance to the GW source.
While lens reconstruction is generally reliable with both EM and GW observations when
the galactic mass distribution follows a simple profile, such as the SIE model adopted in this
work, real galaxies exhibit structural complexities beyond this idealisation. Substructures
and small-scale mass components embedded within galaxies can introduce additional lens-
ing effects that may induce wave-optics signatures in GW signals. Such effects can modify
the observed waveform morphology [312, 313, 314, 315, 316, 317, 318, 319]. Consequently,
accurate reconstruction in these regimes requires incorporating wave-optics corrections

associated with such small-scale structures.

Beyond these small-scale complexities, lens reconstruction for cosmological inference is
subject to a more fundamental large-scale limitation: the mass-sheet degeneracy (MSD) [414].
The MSD arises because observed image positions and lensing observables remain invari-
ant under a transformation that both rescales the projected mass density and introduces a
uniform mass sheet. As a result, lensing data alone cannot uniquely determine the abso-
lute mass normalisation or the time-delay distance, leading to a direct degeneracy with the

inferred value of H,.
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The MSD can be broken by multiple sources at different redshifts lensed by the same
galaxy, although such configurations are exceptionally rare, or by introducing independent
physical constraints. A powerful tool is stellar kinematics, specifically the measurement
of the velocity dispersion of stars bound to the lens galaxy [415]. These measurements
probe the lens’s gravitational potential independently of the lensing geometry. By jointly
modelling the lensing configuration and stellar kinematics, the mass normalisation inferred
from lensing (e.g., the projected mass within the Einstein radius) can be directly compared
with that inferred from the dynamics, thereby constraining the mass-sheet transformation
parameter. Furthermore, in the wave-optics regime, distortions induced by substructure can

provide additional constraints to help break the degeneracy [416].

As discussed, strongly lensed GW systems can provide tight constraints on Hj, even
when their sample size is significantly smaller than that of unlensed events. Increasing the
number of lensed detections to several tens of systems further tightens the precision to the
few-percent level. Next-generation ground-based detectors are expected to detect a large
number of SLGWs, potentially O(100) events, assuming a relative lensed-to-unlensed de-
tection rate of 1073, as the lensing optical depth increases with the detector horizon. These
facilities may even detect demagnified lensed signals that currently lie below the detection
threshold. With improved sky localisation and higher mean SNRs, the identification and
characterisation of lensed GW sources will be significantly enhanced compared to current-

generation detectors [417].

Furthermore, space-based detectors such as LISA [418] will achieve sub-degree-level
localisation even for unlensed events [419]. Strongly lensed supermassive black hole mer-
gers and extreme mass-ratio inspirals will thus provide exceptionally powerful probes for
constraining H, [420]. However, galaxy catalogue incompleteness is expected to worsen as
detector horizons extend to higher redshifts. The impact of this incompleteness will become
increasingly significant, as cosmological inference will be progressively dominated by prior

assumptions in regions where the catalogue is sparse.

In addition, since our work focuses exclusively on H, we do not consider hyperpara-
meters describing the population properties of BBHs and lens galaxies, nor additional cos-
mological parameters such as the matter density, €2,,, or the dark energy equation-of-state,
wy introduced in Section 3.2.1. Strong lensing, however, has the potential to provide com-
plementary constraints on these parameters [417, 421]. A fully hierarchical Bayesian ana-
lysis that incorporates population-level parameters for both sources and lenses may yield a
more reliable inference of H alongside (2,,, and wy. In particular, realistic population mod-
els for lens galaxies, including the halo mass function, redshift distribution, and structural

and luminosity distributions, should be incorporated to improve the framework.
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In summary, we have developed distinct frameworks for inferring H, from single and
multiple lensed dark sirens, respectively, incorporating lensed galaxy catalogues and ac-
counting for lensing selection effects, including detection efficiency and catalogue incom-
pleteness. We systematically quantify how the SNR of lensed GW signals, intrinsic source
redshift, and delensing uncertainties affect the precision of recovered luminosity distances
and the resulting H, posterior. Our analysis further demonstrates that even a small fraction
of misclassified events can induce measurable systematic biases in Hy. These results high-
light the importance of accurate lens modelling, robust lens identification, and a consistent

treatment of selection effects in future GW cosmology involving strong lensing.
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Gravitational-Wave Microlensing as a

Probe of Compact Object Populations

Disclaimer

The following chapter is based on the paper Gravitational-Wave Microlensing as a
Probe of Compact Object Populations. The author is the first author and contributed to
all stages of this work, including data generation, development of the analysis frame-
work, data analysis, interpretation, scientific discussion of the results, manuscript
preparation, and generation of all figures. This paper is currently in preparation and

will be submitted to the Astrophysical Journal Letters.

Unlike galaxy surveys or star-cluster searches in the local Universe, detecting small and
faint compact objects at cosmological distances remains exceptionally challenging. This dif-
ficulty is particularly severe for non-luminous objects that emit no EM radiation, leaving
significant uncertainties in the compact-object population. GW lensing provides a unique
observational probe of such otherwise inaccessible compact objects. In particular, com-
pact lenses can produce characteristic wave-optics signatures in GW signals, imprinting
distinctive frequency-dependent diffraction patterns on the waveform, as introduced in
Section 2.4.2. As discussed in Section 5.1.1, these signatures can additionally provide dir-
ect constraints on the redshifted lens mass, offering information that is difficult to obtain
through traditional EM microlensing observations, which primarily probe magnification
variability [422, 423].

Constraining the abundance and mass function of these compact objects would provide
important insight into their formation channels and their contribution to the overall mat-
ter content of the Universe [424, 425]. Such measurements could further help determine
whether the observed compact-object population can be explained solely by conventional
stellar remnants or requires additional exotic components, such as IMBHs or PBHs [426,
427]. However, individual GW lensing events generally provide only limited information.
In most cases, the waveform primarily constrains the redshifted lens mass, leaving a de-
generacy between the intrinsic lens mass and lens redshift. As a result, robust population

inference requires a statistical framework that combines information from many detections.

194
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Hierarchical Bayesian inference introduced in Section 4.4 provides a natural approach
to this problem. By jointly modelling the distribution of lens masses and redshifts across
multiple events, one can infer the underlying population properties and constrain the hy-
perparameters governing the compact-object population. In particular, incorporating lens-
redshift information can help alleviate the mass—redshift degeneracy and enable direct con-

straints on the intrinsic lens-mass distribution and its cosmological evolution.

As mentioned in Chapter 6, no compelling evidence for GW microlensing has yet been
identified in current observations. Current analyses, therefore, primarily place constraints
through the absence of microlensing detection [428]. Future GW observatories, however,
are expected to substantially increase the number of detected GW events lensed by compact
objects whose masses fall within the range that can produce observable wave-optics effects
in their frequency band [429]. This motivates a quantitative investigation of how accur-
ately the underlying compact-object population can be reconstructed from a large sample

of microlensed GW events.

In this Chapter, we investigate the detectability of microlensed GW signals and assess
how populations of compact lenses can be constrained using hierarchical inference from
multiple microlensing detections. Throughout this chapter, we adopt the PLANCK15 cosmo-

logy [174] as our fiducial baseline model.

10.1 Methodology

10.1.1 Mock Microlensed GW Signals

To simulate microlensed GW signals, we consider only BBHs, whose detection horizon with
current ground-based detectors extends to the largest distances among CBC sources. Source
parameters are drawn from the population models described in Section 4.2.2 with hyper-
parameters inferred from GWTC-3 analysis [293] to generate a synthetic BBH population.
GW signals are then generated using the XPHM-ST waveform model [288, 289].

We draw microlensing parameters based on a PM population described by two hyper-
parameters: ng, the comoving number density of microlenses, and ayy, the slope of the
lens-mass distribution. Following [427], which demonstrated that IMBH number densities
are well constrained around ny = 10°® Mpc~3, this fiducial value is adopted. We assume
a power-law distribution for the intrinsic lens mass (}/;), motivated by stellar lenses fol-
lowing the initial mass function and compact objects observed by the LVK network [237,
430]:

p(M; | o) oc MM (10.1)
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where we set a limited lens-mass range M, € [1, 10°] M. Above this upper bound, lensing
effects shift from the wave-optics regime into the geometrical-optics regime within the LVK
frequency band. We adopt cyy, = [1, 2] for the M, distribution to explore two representative
population scenarios. The choice ay, = 1 corresponds to a log-uniform mass distribution,
providing a relatively broad and agnostic baseline model. In contrast, ayy = 2 represents
a steeper distribution in which low-mass lenses dominate the population more strongly.
Comparing these two cases allows us to assess how constraints on the underlying lens

population depend on the steepness of the mass function of that population.

Since only a fraction of GW signals are expected to undergo detectable microlensing, we
first estimate the probability that a BBH signal generated at source redshift 2, is microlensed

by a compact object located at z; < z;.

The probability that a GW signal generated at z, encounters a microlens at z; < z; is
related to the optical depth, given by Eq. (2.28). For a given comoving number density ny,

the optical depth can be written as:

T(25) = / dM, /OZS lenoﬂyiaxR%%a (10.2)
where V. and Rp are the comoving volume and Einstein radius, respectively. The factor
Umax 18 introduced because, in the wave-optics regime, diffraction effects allow detectable
microlensing signatures to extend beyond R commonly associated with EM microlensing
(Ymax = 1). Consequently, the effective lensing cross-section expands to o = 7y2. . R% [147].
Using Eq. (2.31) together with the simulated BBH population and Eq. (10.2), we calculate the
population-averaged optical depth and determine the expected number of microlensed GW
events in our simulations. As will be discussed later (see Figure 10.1), we adopt Y, = 2.75

and Y.y = 2.07 for the aypg, = 1 the ayy, = 2 populations, respectively.

Since GW microlensing measurements constrain the detector-frame lens mass, i.e., the
redshifted lens mass M/}, it is convenient to express the microlensing probability directly
in terms of M. Combining the optical depth with the assumed A/, distribution p(M;|on),
the probability that a BBH at redshift z, is microlensed by a lens with detector-frame mass
MF is given by:

p(M} | o, 25) = 7(25)p(Mi| o)
DDy, dV. (10.3)
D le

/ dzl Mz 1—anm (1_}_2)04ML 2
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Figure 10.1: Distributions of log Ay? between microlensed and corresponding unlensed
waveforms for signals satistfying the network detection threshold p,¢ > 8, shown as a
function of M; and the redshift ratio z;/z,. The colour scale represents y. The red line in-
dicates the adopted distinguishability criterion.

Using Eq. (10.3), we sample M} within the range [1, 10°] M. Next, y values are sampled
from a geometric prior distribution, p(y) x y, within the range [0.01, 3.0]. This standard
distribution naturally arises from the differential lensing area under the assumption of a
spatially uniform source population in the source plane. Extremely small values of y are
statistically disfavoured because they correspond to a small geometric lensing cross-section,

whereas observable microlensing distortions become increasingly suppressed at large .

Although the optical depth determines the expected number of microlensed GW events,
only a subset of these events produces detectable wave-optics signatures in GW observa-
tions. The detectability of GW microlensing depends not only on the network SNR, pye,
but also on the waveform mismatch e between microlensed and unlensed signals, which

quantifies the degree of waveform distortion induced by wave-optics effects (see Egs. (6.2)

and (7.9)).

Following [431], we adopt a fiducial distinguishability criterion based on the statistic
Ax?, which is equivalent to A in Eq. (1.43) but is interpreted here as a measure of how
distinguishable a microlensed waveform is from its unlensed counterpart. In the limit of

small waveform mismatches, Ax? can be approximated as:

AX2 ~ ZpEetenet, (10.4)
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where €,.; denotes the network-averaged mismatch computed from the individual detector
signals. We assume the conventional GW detection threshold p,; > 8 together with a fidu-
cial mismatch threshold e,y > 0.03, corresponding to the approximate level at which wave-
form distortions become distinguishable in GW observations. These values yield Ax? =

3.84 (log Ax? ~ 1.35).

Figure 10.1 shows the resulting Ay? values between simulated microlensed waveforms
and their corresponding unlensed counterparts for signals satisfying the SNR detection
threshold (p,er > 8), as a function of M; and z;/z, for both apy, = 1 and ap. = 2 pop-
ulations. In both cases, Ax? shows a decreasing trend with increasing y, reflecting the
progressive suppression of wave-optics distortions at larger y. We estimate ¥, used in
Eq. (10.2) based on the adopted Ay? threshold.

In addition, a positive correlation between ); and Ax? is evident, as expected from
the stronger and more distinguishable waveform distortions produced by more massive
lenses. Since the ayy, = 1 population contains a larger fraction of high M lenses than the
steeper ay, = 2 distribution, a correspondingly larger fraction of simulated events satisfy
the final distinguishability criterion in the a)y, = 1 case. The minimum lens mass capable
of producing detectable microlensing signatures is approximately O(2) M, for oy = 1,
whereas detectable signals in the ayy, = 2 case can extend down to approximately O(1) M.
Moreover, no clear correlation is observed between Ay? and 2;/z,. While the lensing prob-
ability is maximised for lenses located roughly midway between the source and observer
due to geometric effects, the strength of observable wave-optics distortions depends more

strongly on M/and y.

It is important to note that some simulated microlensed signals may satisfy the dis-
tinguishability criterion while still failing the network SNR requirement (ppet > 8). Such
events would not be initially detectable. We therefore retain only events satisfying both
detectability criteria and classify them as detectable microlensed GW signals. From this de-
tectable population, we randomly select 200 microlensed events and inject them into simu-
lated aLIGO-Livingston, aLIGO-Hanford, and AdV detector data, assuming their projected

O4a sensitivity and Gaussian-noise realisations [365].

10.1.2 Hierarchical Bayesian Inference of Hyperparameters

To estimate the parameters of microlensed waveforms, we adopt the Gravelamps [298].
As shown in Chapter 6, the pipeline yields posterior distributions for the PM lens para-
meters, M/ and y, together with the Bayesian evidence for the microlensing hypothesis,
Byi. Performing parameter estimation for the same signal under the unlensed hypothesis
additionally yields the corresponding evidence By, allowing the Bayes factor between mi-
crolensing and unlensed hypotheses, BN, to be evaluated. A microlensed signal is expected

to favour the lensing hypothesis when BY" > 1. In realistic searches, microlensing detec-
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tions would additionally require a robust FPP assessment based on a large population of
unlensed background events, as discussed in Section 5.1. In this work, however, we adopt
a pragmatic criterion and regard microlensed events with BY" > 1 and well-constrained
posteriors for M} and y as confidently identified microlensing events, yielding a total of

132 events.

From the identified microlensing events, the posterior distribution of the hyperparamet-
ers (\) can be inferred through a hierarchical Bayesian framework that combines informa-
tion from all detected events (d) (see Egs. (4.27) and (4.29)). The corresponding posterior is
given by:

p(A [ d) < p(A)P(Nurget | A)
T ()0, M, 1) (O M 0 | V) (10
B |

where Ny et is the number of detected microlensed events and /(\) indicates the de-

tection efficiency for a given hyperparameter set, corresponding to a selection-bias cor-
rection [291, 292]. The hyperparameter set consists of both source-population and lens-
population parameters, i.e. A\ = (g, ;). Here A, describes the BBH population e.g., intro-
duced in Egs. (4.35)-(4.39), while \; = (., 1) in this work.

The first term in Eq. (10.5) is the prior on the hyperparameters. In this work, we fix A,
parameters to their injected values to focus exclusively on the inference of )\;. We adopt
broad priors for \;, namely apg € U[—4, 12], consistent with the power-law index priors
for the primary BH of a BBH commonly used in LVK population studies [237, 293], and
log,, no € U[0, 10], following the range adopted in [427].

The second term, p( Ny et | A), describes the probability of detecting Ny, ger microlens-
ing events, which is modelled using a Poisson-distributed variable with an expected number
given by Eq. (4.28):

<NML,det> = NULf(/\) /ppop(evalzvy ’ A)Pdet(esaMlzvy) dadelzd?/ (10.6)

where Ny, is the mean of the Poisson process for unlensed events (i.e., the expected total
number of unlensed events, including both detected and undetected ones) and 7(\) is the
population-averaged optical depth defined in Eq. (2.31), which depends on the given hy-
perparameters. Py denotes the indicator that a microlensed signal with the given source

and lens parameters satisfies the adopted detection and distinguishability criteria.

The third term in Eq. (10.5) represents the joint likelihood of all detected microlensed
events, constructed as a product of individual event contributions, assuming that each event
is statistically independent given \. This assumption allows the joint likelihood to be factor-
ised into a product of event-level terms. In the numerator, p(d; | s, M, y;) denotes the

event-level likelihood of each set of observed microlensed GW data, evaluated using pos-
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terior samples obtained from parameter estimation. The term p,o, (65, M7,y | A) encodes
the underlying astrophysical population model for both the source and lens parameters. In
this work, the lens population is described by M} distribution given in Eq. (10.3), together

with the geometric prior on .

In the denominator, 5(\) represents the probability that a source drawn from the un-
derlying population is successfully identified as a detectable microlensing event under the
adopted detector sensitivity and distinguishability criteria. It can be interpreted as an over-
all detection efficiency that accounts for selection effects induced by both the SNR threshold
and waveform distinguishability requirements. Based on Eq. (4.30), the detection efficiency

for microlensed signals can be rewritten as:

(NMLdet (A))
Nur7(N)

_ / Doop (8, M7y | X) Pace(8, M7, 1)) d6,dM7 dy.

BA) =
(10.7)

As shown in Eq. (4.32), B()\) is estimated using numerous microlensed injections, as follows:

Nin', et z
1 b ppop<03,i7 Ml,ia Yi | A)
Ninj < T(0s,is M7y yi)

B(A) ~ (10.8)
where Vi, and Ny ¢ec denote the total number of injected and successfully detected mi-

crolensed signals, respectively, and 7 is the prior distribution used in the injection cam-

paign.

10.2 Results

10.2.1 Inference of the Compact-Lens Distribution

From Eq. (10.5), we infer the joint posterior distribution for ayy and ng. To evaluate the
minimum sample size required to obtain meaningful constraints on these population para-
meters, we analysed three scenarios with varying numbers of detected microlensed events:
Nyirget = 50, 100, and the full sample of 132. As shown in Figure 10.2, the widths of posteri-
ors for both hyperparameters become progressively narrower as the number of detections
increases, while the posterior peaks converge toward their respective true values. Notably,
ng is less well constrained than «y,.. This difference arises from its strong degeneracy with
y, which more directly governs the microlensing probability and magnification than the

lens mass M.
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Figure 10.2: Corner plots showing the posteriors of g, and log,,no inferred from the
Ny det = 50, 100, and 132 cases for the two fiducial scenarios apy, = 1 (left panel) and
oy = 2 (right panel). The black dotted lines denote the corresponding true values.

Furthermore, in the cyg, = 1 scenario, the Ny ¢t = 50 case exhibits a positive correla-
tion between «y, and ng. When the number of detected events is limited, uncertainties in
oy, can be partially compensated by shifts in ng. Physically, larger values of ayy, correspond
to lens populations dominated by lower-mass compact objects, which generally produce
weaker microlensing signatures. Consequently, a higher lens number density is required
to maintain a comparable detection rate, giving rise to the observed ayy—ny degeneracy. In
contrast, for larger catalogues (Nyy gec = 100 and 132), the shape of the lens-mass distribu-
tion becomes much more tightly constrained by the data itself. The inferred value of .
is then effectively determined, substantially reducing the allowed compensation through
ng. As a result, the oy, —n( degeneracy is progressively broken, yielding nearly circular 2D

posteriors.

In the ayy = 2 scenario, the intrinsic lens-mass distribution is strongly concentrated
toward M. Even the N,y = 50 case is therefore dominated by low-mass lenses, and the
absence of high-mass lenses provides strong constraints on oy, thereby also constraining

no.
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10.2.2 Constraining the Microlens Fraction in Dark Matter

According to [432], the comoving number density ny appearing in Eq. (10.2) can be written

as
Pl

(M)

0
= <p Ml; (10.9)
3H2QY

87TG<MZ> ’

ng =

where p; and p. denote the compact-lens density and the critical density of the Universe,
respectively, and €2, = p;/p. is the corresponding density parameter of compact lenses.
(M;) denotes the expectation value of the intrinsic lens mass, analytically derived from the
assumed mass distribution p(M;|ay ) within the mass range [ M, Mmax]- For a given ay,

the theoretical (M) is given by:

((1—aw Mni;aML — Mrﬁi;aML
(2 - aML) Mr%;(aML _ M lmow? oML 7é 1, 2,
MmaX - Mmln
<Ml> = ln(M /M ] )’ oy = 1, (10.10)

M min M max 1 M max 9
_— n = Z.
\ M, max ~ M, min M, min ’ L

If the compact lenses are interpreted as dark compact objects, such as PBHs, the lens
density parameter can be expressed as {2 = fpu{lpm, Where fpy denotes the integrated
fraction of total DM contained in compact lenses across the prescribed mass range. Con-
sequently, constraints on 1y and o), obtained from the hierarchical Bayesian analysis can
be translated into constraints on fpy assuming a fiducial DM density parameter (py ~
0.26. Under these assumptions, the DM fraction associated with compact lenses can be

written as:

87TG7”L()<M1>

Jone = 3H2

(10.11)

Figure 10.3 shows the posteriors of fpy, calculated from the posterior samples of 1y and
any, for all detected microlensed signals. Here, fpy denotes the fraction of DM in the com-
pact objects within the mass range [My,, 10°] M, where M., represents the minimum
lens mass capable of producing detectable microlensing signatures for a given ), scenario
(see Figure 10.1). Note that fpy = 1 implies that all DM is comprised of compact objects

within this mass range.
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Figure 10.3: Posteriors of fpy inferred for the apy = 1 (left panel) and apy = 2 (right
panel) scenarios using catalogues with Ny ¢t = 50, 100, and 132 detected microlensing
events.The black dotted lines denote the corresponding true values.

In the aypp, = 1 scenario, the average lens mass is relatively high, corresponding to a true
DM fraction of fpu =~ 0.5. The posterior obtained from the Ny ¢er = 50 catalogue remains
relatively flat over a broad range of fpy. As discussed in Figure 10.2, this behaviour arises
from the degeneracy between ayy and ny. Nevertheless, the lower bound on fpy becomes

progressively tighter as Ny, 4t increases.

By contrast, for the apy = 2 scenario, the average lens mass is substantially lower,
yielding a correspondingly lower true DM fraction of fpy =~ 1.02 x 1072 The posterior
distributions peak near the true value even for the Nyy 4t = 50 catalogue, reflecting the

reduced oy —no degeneracy discussed previously.

It is worth noting that while the physical boundary strictly requires fpy < 1, our pos-
terior samples for the apg = 1 scenario extend into the unphysical regime (fpm > 1).
This issue arises because the analysis was performed using broad hyperparameter priors
that do not explicitly impose the physical constraint on fpy. In our simplified population
model, the physically allowed region in the (ng, o) parameter space can be estimated
relatively straightforwardly. In more realistic compact-object population models, however,
the mapping between hyperparameters and the implied value of fpy is expected to become
substantially more complex. For this reason, adopting broad priors at the hyperparameter
level and subsequently excluding posterior samples with fpy > 1 provides a more flexible

and model-independent approach than imposing hard physical boundaries a priori.
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We can also estimate the differential DM fraction as a function of lens mass, enabling
us to quantify how much DM is contributed by lenses of different masses. The differential

DM fraction per log,, M; is given by

dfpm 8TGNy . 9 0
= M7 " 1n(10). 10.12
dlog,y M, ~ 3HEpy 1 n(10) (10-12)

Figure 10.4 illustrates the resulting differential spectra. In the ayy, = 1 scenario, the
spectrum is tightly constrained at the low-mass end but exhibits progressively broader
C.Ls toward the high-mass regime. This behaviour directly reflects the error propagation in
Eq. (10.12): since the mass dependence remains close to ~ M}, even small statistical fluctu-
ations in the inferred slope a), become exponentially amplified at large M;. A qualitatively
similar trend is also observed in the ayy = 2 scenario, although the differential spectrum
remains substantially flatter. In this case, the mass dependence in Eq. (10.12) becomes neg-

ligible, thereby suppressing the propagation of errors toward larger M.
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Figure 10.4: The differential fraction of DM, dlfg)ﬁvh’ for the apy = 1 (left panel) and

oy, = 2 (right panel) scenarios using catalogues with Ny ¢er = 50, 100, and 132 detected
microlensing events. The black dashed lines denote the corresponding true spectra. The
solid coloured lines denote the median recovered spectra.

10.3 Conclusion

In this chapter, we have investigated the feasibility of constraining compact-object popu-
lations through hierarchical Bayesian inference applied to a catalogue of confidently iden-
tified GW microlensing events, while consistently accounting for selection effects. Using
simulated microlensed BBH signals drawn from two representative power-law lens-mass
distributions, with oy = 1 and oy, = 2, we demonstrated that the accumulation of mi-
crolensed detections can place meaningful constraints on both the mass-function slope .
and the comoving lens number density ng, while simultaneously breaking the degeneracy

between these parameters.
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We have further translated these constraints into the compact-DM fraction, fpy, and its
differential mass spectrum. The hierarchical framework allows the hyperparameter space
to be explored without imposing explicit hard priors derived from the physical bounds on
fom- Such priors become increasingly difficult to construct as the mapping between the
population hyperparameters and the physically allowed DM fraction grows more complic-
ated for realistic population models. Instead, the physical and unphysical regions can be
identified directly at the level of the inferred fpy posterior, making the framework more

flexible and model-agnostic.

We found that steeper lens-mass distributions yield tighter constraints on the inferred
fpm for the same number of detections. This behaviour arises because the parameter de-
generacy between oy and ng is more efficiently broken for steeper mass functions, while
the smaller characteristic lens masses lead to weaker amplification of the statistical uncer-
tainties in ny when propagating them into fpy. In addition, steeper mass functions sup-
press the contribution from the high-mass regime, where statistical uncertainties are more
strongly amplified in the inferred differential DM spectrum, thereby producing more stable
constraints across the parameter space. Consequently, compact-object populations domin-
ated by relatively low-mass lenses can, in principle, yield more robust constraints on the

compact-DM fraction.

Although our framework provides a robust foundation for population inference, sev-
eral simplifying assumptions adopted in this work motivate important directions for future
refinement. First, we employed a simplified population configuration in which the source-
population hyperparameters are fixed, thereby focusing exclusively on the lens population.
Incorporating uncertainties in the source population would weaken the constraints on the
population properties. However, such an extension would also enable a direct investigation
of potential degeneracies between the source and lens populations, particularly in scenarios
where both originate from dark compact objects. This possibility becomes especially relev-
ant if a fraction of the BBH population detected by LVK is itself primordial in origin [433,
434], since the source and lens populations could then share common formation channels

and population characteristics.

In addition, we adopted a simple power-law model for the intrinsic lens-mass distribu-
tion. If the compact lenses are interpreted as PBHs, more physically motivated mass func-
tions should be considered'. We also assumed a constant n, despite the possibility that the
compact-lens population evolves over cosmic time. A more realistic treatment could incor-
porate redshift evolution through a parameterisation such as n;(z) = ny(1+2)¥, analogous
to Eq. (4.38), where £ characterises the evolution of the lens abundance. Such models gener-
ally require additional hyperparameters and would introduce further correlations between

the source and lens population properties.

1. For a recent overview of PBH mass-function models and population studies, we refer readers to [435].
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Nevertheless, once the underlying hyperparameters are sufficiently constrained, it may
become possible to infer the lens redshift distribution statistically. In particular, the re-
covered intrinsic lens-mass distribution may also help partially break the degeneracy between
the detector-frame lens mass M* and the lens redshift z; through population-level margin-
alisation. Such a partial separation of z; from M} would allow the detected compact-lens
population to be grouped into redshift bins, enabling the evolution of the compact-DM

fraction, fpm(2;), to be investigated as a function of cosmic time.

Constraining the redshift evolution of the compact-lens abundance may provide an im-
portant clue to their astrophysical origin. If the inferred compact-object density increases
significantly following the peak of the cosmic star-formation history (z ~ 2) [295], such
behaviour would strongly favour a conventional stellar-remnant origin. In contrast, if com-
pact lenses continue to be detected at higher redshifts while the inferred fpy remains ap-
proximately constant over cosmic time, this would be difficult to explain through stellar
evolution alone. Instead, they would provide compelling evidence for an additional exotic
compact-object population, such as PBHs formed in the early Universe before the onset of

star formation.

From the perspective of detectability, the microlensing selection criteria should be re-
fined using more realistic FPP estimates derived from dedicated background injections,
rather than relying solely on Bayes factors, as discussed in Chapters 5 and 6. Our injection-
and-recovery framework also relied exclusively on isolated point-mass lens templates. How-
ever, as discussed in Chapter 7, strongly lensed GW signals are expected to undergo ad-
ditional microlensing perturbations from stellar fields embedded within a galaxy poten-
tial, producing waveform distortions substantially more complex than those generated by
isolated point-mass lenses alone. Addressing these limitations will require both more ro-
bust statistical detection frameworks and the development of more sophisticated waveform

models in future analyses.



PART IV

CONCLUSIONS

207






Chapter 11

Executive Summary and Future Prospects

General Relativity, formulated by Albert Einstein, stands as a monumental triumph of
twentieth-century physics [9, 10], predicting two cornerstone astrophysical phenomena:
gravitational waves [7, 8] and gravitational lensing [88, 89]. The intricate interplay between
these two predictions offers a unique avenue for probing the distribution of matter across
a wide range of scales, as well as the evolutionary history of the Universe. This thesis aims
to translate these profound theoretical frameworks into observational methodologies. In
particular, this work addresses two central questions: “how gravitationally lensed GW sig-
nals can be reliably identified in detector data.” (Part II) and “how such signals can be used to

extract meaningful astrophysical and cosmological information once detected.” (Part III)

The direct detection of GWs has marked a paradigm shift in modern astrophysics and
multi-messenger astronomy, opening an entirely new window onto the distant Universe [14,
16, 17]. Unlike EM observations, GWs enable direct access to the most extreme and highly
dynamical gravitational environments, such as CBCs, many of which are inaccessible to
conventional EM observations due either to the intrinsic absence of EM emission or to
observational limitations at high redshift. Chapter 1 established the theoretical and obser-
vational foundations of GW physics. The mathematical framework of GW generation was
introduced together with the astrophysical properties of compact binaries and other po-
tential GW sources [21, 24, 30]. We also reviewed the operating principles of ground-based
interferometric detectors and the methodologies used to identify GW signals within noisy
detector data [24, 61, 66, 72].

Gravitational lensing further extends the scientific reach of GW observations. Interven-
ing matter distributions can act as cosmic telescopes that magnify distant sources, thereby
providing a unique probe of the distribution of both baryonic and dark matter along the
line of sight [103]. At the same time, lensing introduces characteristic signatures into GW
signals, such as relative magnifications, time delays, and wave-optics interference patterns,
which encode information about both the lensing structures and the underlying source pop-

ulation. Motivated by these possibilities, Chapter 2 developed the theoretical framework

209
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of gravitational lensing for GWs, beginning with general lensing theory and extending to
lens models, lensing probabilities, and the physical distinctions between EM and GW lens-
ing [103, 114, 131, 147]. Within this framework, the key observables of lensed astrophysical

signals and their associated implications were systematically explored.

11.1 Toward Realistic Searches for GW Lensing

To extract physical source information from GW observations and identify possible lensing
signatures, we first reviewed the Bayesian inference framework for GW parameter estim-
ation in Chapter 4 [248, 253]. Bayesian inference plays a central role in GW astronomy
because the underlying source properties cannot be directly observed, but must be statist-
ically inferred from noisy detector data through waveform modelling [236, 252]. In contrast
to many EM observations, GW analyses rely on coherent matched-filtering and likelihood
exploration, making Bayesian techniques indispensable for robust source characterisation
and uncertainty quantification. Within this framework, we further examined the physics of
CBC signals and the high-dimensional parameter space describing them. Since CBC signals
are characterised by a large number of correlated parameters, efficient stochastic samplers
become essential for accurately obtaining posterior distributions [236, 240, 243, 244, 245,
246, 247].

Building upon this theoretical and computational foundation, we addressed the first
central question of this thesis. Chapter 5 investigated practical searches for gravitational
lensing signatures in GW observations using advanced Bayesian inference techniques and
modern computational pipelines [238, 327]. In particular, we explored two complement-
ary classes of lensing searches: (1) searches for single distorted signals and (2) searches for
multiple lensed images originating from the same source. Through these analyses, we high-
lighted the conceptual and methodological differences between waveform-distortion-based

searches and correlation-based multiple-image searches.

Despite these methodological advances, our isolated PM microlensing analysis of BBH
events from recent observing runs, as presented in Chapter 6, has not yet yielded decis-
ive and unambiguous evidence for GW microlensing. GW231123 [329], however, remains
a particularly intriguing candidate. When interpreted under the microlensing hypothesis,
this event exhibits the highest Bayes factors obtained to date (log,, B}° ~ 3.8), improved
agreement with model-agnostic reconstructed waveforms, and source parameters that are
more consistent with the currently inferred astrophysical BBH population [238]. Despite
these suggestive features, more rigorous validation, including extensive robustness tests
against waveform systematics [331] and detector artifacts [332], together with broader
population-level analyses across future GW catalogues, will be required before a confid-

ent microlensing detection can be established.



11.1 Toward Realistic Searches for GW Lensing 211

A major limitation of many existing lensing searches is that they rely on idealised
lensing scenarios, such as isolated PM lenses or lens-model-independent multiple-image
searches. Consequently, current search pipelines may not fully capture the complexity
of realistic astrophysical lensing environments [314, 317, 318, 320, 321]. As discussed in
Chapter 7, a more physically realistic scenario involves the simultaneous presence of strong
lensing and microlensing. To address this complexity, we introduced a residual-based frame-
work designed to identify hidden microlensing signatures embedded within strongly lensed
GW signals. Rather than performing computationally expensive, fully model-dependent
parameter estimation over complex lens configurations, this method exploits characteristic
structures remaining in the waveform residuals through our statistics Ay, (see Eq. (7.7)).
This approach enables a low-latency search strategy while retaining sensitivity to subtle

wave-optics features generated by realistic lensing systems.

Nevertheless, achieving robust and quantitatively reliable identification of such com-
plexly lensed signals ultimately requires fully lens-model-dependent Bayesian inference
employing realistic astrophysical lens models. Consequently, alongside the continued de-
velopment of low-latency non-parameter-estimation-based search pipelines, future efforts
should prioritise the efficient and accurate computation of the oscillatory amplification

factor, F'(f), in the wave-optics regime (see Eq. (2.71)).

11.2 Strong- and Micro- Lensing: Inferences on Hj and fpy

The successful identification and interpretation of lensed GW signals provide a unique op-
portunity to connect GW astronomy directly with precision cosmology [202]. GWs them-
selves serve as standard sirens, providing a completely independent probe of cosmology.
Since the GW waveform directly encodes the luminosity distance to the source without
relying on the traditional cosmic distance ladder, GW observations offer a powerful and
largely unbiased method for measuring the expansion history of the Universe, as discussed
in Chapter 3. This cosmological potential is further amplified when these standard sirens
undergo gravitational lensing. Lensing magnification increases the effective sensitivity of
GW detectors to high-z sources. In addition, both magnification and the joint analysis of
multiple lensed signals from a single event can improve source localisation and luminosity-
distance (d) estimation. Ultimately, combining strong lensing with standard sirens offers

a promising pathway to constrain H, and address the ongoing Hubble tension.

To fully exploit the potential of these lensed standard sirens, Chapter 8 established the
necessary methodologies for analysing individual strong lensing systems. While multiple
lensed signals can yield exceptional precision in di and sky localisation as mentioned above,
translating these measurements into astrophysical and cosmological insight requires reli-

able host-galaxy identification and accurate reconstruction of the lens mass distribution.
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We demonstrated that combining EM observations of the host-lens system with precise
GW measurements enables tight constraints on the lens-model parameters. Such accurate
lens reconstruction is an essential prerequisite for the delensing process, which aims to

recover the intrinsic luminosity distance required for unbiased H, inference.

Building upon these enhanced parameter constraints, Chapter 9 explored the cosmo-
logical applications of lensed dark sirens by integrating galaxy catalogues with the hier-
archical Bayesian framework introduced in Chapter 4. We first demonstrated how the im-
proved sky localisation and luminosity-distance measurements discussed in the previous
chapter enable robust H inference even from a single strongly lensed dark siren via the
Hubble-Lemaitre law. In particular, we showed that a single quadruply lensed dark siren

can provide an H| constraint comparable to that obtained from a bright siren event.

Next, extending the analysis from individual systems to population-level cosmological
inference requires a statistical framework capable of self-consistently incorporating source
populations, selection effects, and lensing probabilities. To address this, we developed a
comprehensive hierarchical Bayesian framework for lensed dark siren populations. Our
analysis demonstrated that a small number of lensed GW events can achieve an H, pre-
cision comparable to that from hundreds of unlensed signals, and that future populations
of multiply lensed GW events can constrain H at a level competitive with existing EM
observations. Finally, we investigated potential systematic biases arising from missed or
incorrect lensing classifications, highlighting the importance of robust lens-identification

pipelines to prevent cosmological misinterpretations.

Shifting the focus from the expansion history of the Universe to compact-object popula-
tions, Chapter 10 explored the astrophysical implications of GW microlensing. In particu-
lar, we investigated the information that could be extracted from a future catalogue of con-
fidently identified microlensed GW events. By statistically combining multiple detections
within a hierarchical Bayesian framework, while consistently accounting for microlensing
selection effects, we demonstrated that the mass and spatial distributions of the compact

lenses can be tightly constrained.

Furthermore, if we assume that the microlensing events originate from intrinsically
dark compact objects, their inferred population properties provide a direct probe of the
DM fraction, fpy, composed of compact objects spanning the stellar- to IMBH-mass re-
gime, in contrast to previous studies that have primarily constrained compact-object pop-
ulations through the non-detection of microlensing signatures (e.g., [428]). Our framework
illustrates how future GW microlensing observations can evolve beyond individual-event
studies into a population-level probe of otherwise inaccessible compact-object populations,

opening a new observational window onto both astrophysics and fundamental cosmology.



11.3 Challenges and Future Directions in GW Lensing 213

11.3 Challenges and Future Directions in GW Lensing

The current absence of definitive lensed GW detections should not be interpreted as evid-
ence against the existence of such systems, but rather as a consequence of the intrinsic
observational limitations of the present detector era. The primary limitation arises from
the low intrinsic lensing probability for events detectable by existing second-generation
detector networks. The optical depth for strong lensing increases rapidly with source red-
shift, approximately scaling as 7(z;) oc 22 at low redshift, where the Universe is approx-
imately Euclidean. However, current GW detectors are primarily sensitive to BBH mergers
at z < 1-1.5, where the expected strong-lensing probability remains only 7 ~ 107%-
1073 [238]. Given that present GW catalogues contain only several hundred detected BBH
mergers, the absence of an unambiguous lensed detection in current observing runs is there-

fore statistically unsurprising.

The optical depth for GW microlensing remains substantially more uncertain because
the underlying population of compact lenses is not yet well constrained. Nevertheless, com-
pact objects capable of producing microlensing are expected to be more abundant than
galaxy-scale strong lenses, potentially implying a higher occurrence rate of microlensing
signatures. Identifying such events in observational data, however, remains highly challen-
ging. Microlensing signatures typically manifest as subtle frequency-dependent modula-
tions, such as interference fringes or beating patterns, whose detectability is fundamentally
limited by the distinguishability between lensed and unlensed waveforms in the presence of
detector noise. Weak microlensing configurations, such as those involving low lens masses
(M; < 100My,) or large impact parameters (y > 1), are expected to occur more frequently
than configurations with high lens masses or small impact parameters. In such cases, the
induced waveform distortions typically produce only very small mismatches (MM < 1)
between the lensed and unlensed templates (see Eq. (6.2)). In the presence of realistic de-
tector noise, these weak distortions can be easily obscured by statistical fluctuations, pre-
venting Bayesian model selection from decisively favouring the microlensing hypothesis.
Consequently, a substantial region of the physically relevant microlensing parameter space

remains effectively inaccessible to current detector sensitivities.

These challenges, however, are not expected to remain fundamental limitations in the
era of third-generation detectors. The Einstein Telescope [393] and Cosmic Explorer [436]
will dramatically extend the observable volume of the Universe, substantially increasing the
lensing optical depth and enabling the routine detection of high-z binary mergers. Simul-
taneously, the exceptionally high SNRs (p,er > 100) and long in-spiral durations accessible
to next-generation detectors will allow subtle wave-optics modulations to be resolved with

far greater precision.
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Nevertheless, the transition toward precision GW lensing science will require advances
beyond detector sensitivity alone. As discussed in Chapter 6, GW lensing signatures can ex-
hibit significant phenomenological degeneracies with intrinsic complexities of CBC signals
(e.g., [331, 340, 369]). If the frequency-dependent amplitude and phase modulations induced
by lensing significantly overlap with waveform features produced by non-standard binary
configurations, such as orbital eccentricity, spin precession, or overlapping GW signals,
standard Bayesian inference may misidentify these effects as evidence for lensing, poten-
tially leading to biased parameter estimation or false-positive lensing detections. Therefore,
as detector sensitivities improve and statistical uncertainties decrease in the high-SNR re-
gime, increasingly accurate waveform models incorporating both realistic source physics
and lensing effects will become essential. In parallel, low-latency, computationally efficient
inference pipelines capable of exploring realistic lens models will be critical for fully ex-

ploiting the scientific potential of future GW observations.

Ultimately, the coming decades are expected to transform GW lensing from a candidate-
driven search into a precision observational framework for probing cosmology and compact

structures across multiple astrophysical scales.

In the context of advanced cosmological inferences, next-generation detectors will provide
substantially improved sky localisation and luminosity-distance measurements, facilitating
host-galaxy identification and redshift determination for GW sources. In particular, a future
catalogue of SLGW events will enable time-delay cosmography with unprecedented preci-
sion. Since GW arrival times can be measured to millisecond accuracy, the corresponding
time-delay distances (see Eq. (2.25)) may provide sub-percent constraints on H, potentially

competitive with existing EM-only probes such as the CMB and Type Ia supernovae.

Beyond constraining the local expansion rate, these lensed GW observations can also
address evolving cosmological phenomena. Recent DESI results [197] have shown increas-
ing evidence for dynamical dark-energy models in which the equation-of-state parameter
evolves with redshift, rather than remaining fixed at w = —1 as assumed in the standard
ACDM framework [437, 438] (see Egs. (3.18) and (3.21)). In this context, strongly lensed
GW observations from next-generation detector networks may provide an important and
highly complementary probe of the cosmic expansion history and the possible evolution of
dark energy [417].

Complementing these large-scale cosmological inferences, future GW detectors with
improved sensitivity will additionally become capable of identifying lower-mismatch mi-
crolensing signals, substantially increasing the number of detectable compact-lens can-
didates and strengthening population-level constraints. In particular, the detection of mi-
crolensing signatures from compact DM candidates at cosmological distances would place

stringent constraints on the compact-DM fraction beyond the peak of the cosmic star-
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formation history, where conventional stellar-remnant populations become increasingly
difficult to produce. Such observations may also probe lower compact-object mass ranges
that are less contaminated by ordinary stellar populations, thereby providing a cleaner win-

dow into possible primordial compact-object populations [424, 439].

Furthermore, access to lower GW frequencies in future detectors would extend the ob-
servable wave-optics regime toward more massive lenses, enabling interference signatures
produced by intermediate-mass and heavier compact objects (10° M, < M7 < 10°Mg) to
be probed directly [386]. Such observations could open a new avenue for constraining the

population properties of IMBHs and other massive compact objects across cosmic history.

Although the unambiguous detection of a lensed GW signal remains an outstanding
milestone, the field is rapidly transitioning from a theoretical possibility to an imminent
observational reality. As detector sensitivities continue to improve and the catalogue of
GW events expands, the methodologies and investigations presented in this thesis serve as
a useful foundation for the eventual identification and scientific exploitation of GW lens-
ing. Looking further ahead, the emergence of multi-messenger lensing, in which GW and
EM signals are jointly observed from the same lensed source, will establish a new paradigm
for probing both cosmology and compact-object populations [102]. Ultimately, future GW
lensing observations will transcend current methodological challenges, helping to address
long-standing questions surrounding the nature of dark matter, the demographics of com-

pact objects, and the evolution of the Universe itself.



APPENDIX

A Posteriors of the Hubble Constant

In this appendix, we provide a detailed description of each component in Eq. (9.10). The
derivation presented here builds upon the formalism of Gray et al. [220]. Rewriting the
expression, the posterior distribution of the Hubble constant, Hy, for a set of lensed dark
sirens, gy, With corresponding detection indicators, Dj,, (Where each element is either 0

or 1), and assuming Njens ¢et detected lensed systems, can be written as:
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where 0, 0, 2, and 2; denote the GW source parameters excluding the distance, the lens
parameters of the source-lens galaxy system, the source redshift, and the lens galaxy red-
shift, respectively. p(zs, 21, 6i|€2;, Ho, s, 1) is the LoS redshift distribution of source and lens
galaxies obtained from the galaxy-galaxy lensing catalogue. The GW sky localisation is dis-
cretised into N, pixels, with §2; corresponding to the sky direction of the j™ pixel. p(Hy)
denotes the prior on the Hubble constant, which is a uniform distribution over the range of
[20,140] km - s - Mpc™!. More detailed descriptions of the remaining terms are provided

in the following subsections.

A.1 Selection Effect Associated with Lensed Gravitational Waves

Selection bias arises when the number of detectable signals differs from the total number
of mergers due to limited detector sensitivity. The inferred H, becomes biased if selection
effects are ignored. For example, low-redshift events are more easily detected, which would
incorrectly suggest an overabundance of GW sources at low redshift. To correct for this,
the likelihood of each GW event must be divided by its detection efficiency, that is, the

probability that an event with given parameters would be observed.
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Given the detection probability for a source with parameters 0 = (05,01, zs, 21), pdet(g)
and the underlying population distribution ppop(g) for a given set of hyperparameters A,
such as Eqgs. (4.35), (4.37), and (4.39), the expected number of detections of lensed GW events
is given by:

(Vi () = N [ D@y (12)0
(2)
= MNens /// (Digwlbs, 01, 25, 21, N)p(0s, 01, 25, 21| N)dOsdOd 2 d 2,

where Nj,s denotes the total number of lensed mergers [291]. The detection efficiency is
the same as the ratio between the total and expected number of detection. To efficiently
evaluate the detection efficiency of lensed GW events, we generated numerous injections
from a fiducial distribution W(g) (see [292] for more details). For a given set of detected
lensed GW events, the detection efficiency, equivalent to the selection-effect term in Eq. (1),

can be evaluated as follows:

N
< lel}ifdet //// Dlgw|957 9[, 257 Zl7 ) (05, Ql, Zs, Zl|A)d0 d@ldzldzs
lens

u’lj det (0—;|A>
h ij - w< ;)
N de ®3)
. 1 p(ml,ia ma s, Zs,i|A) ppop(el,ia Zl,i|zs,ia A)
 Nig - (M, Mo, Zs) (01, 21,6)
o 1 pul p(ml,i7 Mo, Zs z‘ ) ppop (/j ‘ )
B ]Vinj i 7T<m1,ia m2,ia Zs z) (:J ) ’

where m; ;, Mo ;, and j1; indicate the component masses and individual magnification factors

of the i'" lensed event, respectively.

Instead of sampling the 6, and z; directly, we first compute /i from the lens parameters,
creating multiple images under a specific lens model. The resulting magnification factors
define a distribution from which we draw samples, as these factors directly affect the SNR
of the lensed signals. We adopt the population models in Section 4.4.2 for the source-
frame primary and secondary masses and redshift. All other source parameters are drawn
from hyperparameter-independent distributions. For these latter parameters, the popula-

tion prior pp,, reduces to the prior 7 and is thus omitted.
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Since detectability is determined in the detector frame, we draw injections in the de-

tector frame, which modifies Eq. (3) as follows,
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where m¢ and m¢ are detector-frame primary and secondary masses. Although injections
are generated in the detector frame, the selection function is evaluated by reweighting them
to the source-frame population model, including the full Jacobian associated with the trans-

formation between (m¢, m¢, d<f) and (my, ma, 2, ji).

To determine whether a signal is detected, the unlensed case is straightforward. A single
event is considered detected if its network SNR exceeds the chosen threshold, p,.; = 8.
However, for lensed events, multiple signals from the same source must not only exceed
the network SNR threshold, but also be confirmed to originate from the same source and
truly lensed through a lensing hypothesis test. Strong lensing can be verified using pipelines
equipped with joint parameter estimation, such as [300, 301, 302, 303] employed in projects
of searching for GW lensing signatures [238, 324, 325]. In this study, we assume that all
lensed signals pass the hypothesis test. Hence, the detection criterion reduces to verifying
that lensed signals are detected above the SNR threshold and correctly identified as lensed.
Accordingly, Niens ¢et in Eq. (3) denotes the number of GW lensing systems that satisfy both
the detection threshold and the lensing hypothesis test.

For doubly lensed GW systems, if one of the signals falls below the detection threshold,
the lensing nature of the system cannot be inferred from the single detected signal alone.
In principle, one may nevertheless perform a dedicated sub-threshold search to identify
a counterpart of a detected super-threshold GW signal that is insufficiently magnified or
strongly demagnified to be detected above the threshold [377, 413]. Furthermore, a lensed
GW signal could be identified even from a single image by searching for waveform distor-

tions in Type-II images induced by higher-order GW modes [157, 367] .

For quadruply lensed systems, only two or three of the four images may be detected
in realistic scenarios. We impose the analogous requirement to the doubly-lensed case that
at least two signals must exceed the detection threshold for the system to be identified as

strongly lensed. Since the lensing hypothesis test determines the number of detected lensed

1. However, such effects are not directly relevant to the high-magnification regime or to improvements in
sky localisation, and therefore we do not consider this possibility in this study.
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signals in each system, we consider three cases: two, three, or all four images detected, when
accounting for selection effects. It is important to note that partially detecting only two or
three of the four images can make it initially unclear whether the system originates from a
quadruply lensed source. Accounting for selection effects under the assumption that such

systems are doubly or triply lensed leads to a biased inference of the Hubble constant.

Once a specific lens model is adopted, however, the possible number of lensed signals
becomes fixed, and the corresponding population distributions of lensing observables, such
as relative magnification factors and time delays, are determined. Under the SIE model, for
example, only two or four images can be produced. Thus, if three images are detected, the
event can be unambiguously identified as a quadruply-lensed system, allowing the appro-
priate quadruple-image selection effects to be applied. When only two images are detected,
however, both the doubly-lensed and quadruply-lensed interpretations remain possible,

and selection effects from both cases must be considered.

The term ppop(g\ A) in Eq. (2) can be expressed in terms of the underlying population dis-
tribution function, dN'/ g [291, 292]. We begin by defining the number of compact binary

mergers per unit observer time and unit redshift, defined as:

AN R(z) 0V,
dtdz 1+ 2z 9z’

®)

where R(z) is the intrinsic merger rate per comoving volume, V., at source redshift z, and

the (1 + z)~! factor accounts for cosmological time dilation.

To obtain the subset of these merger events that undergo strong lensing, the optical

depth introduced in Eq. (2.28) can be rewritten as:

Ly :
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where dV./(d2dz;) denotes the differential comoving volume per steradian at the lens red-
shift z;, n; is the comoving number density of lenses with properties ¢;, and s, represents

the strong lensing cross-section of an individual lens for a given zg, z;, 6;, and H.

From Eq. (5), dN/ df can then be related to the intrinsic merger rate, together with the
corresponding optical depth in Eq. (6) as follows:
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where T, denotes the observation period. Eq. (7) encodes the distribution of §; and z;, both
of which depend on Hj in contrast to the z; and #,, which are independent of H,. Therefore,
unlike in the unlensed case, the probability of detecting Niens et lensed dark siren system
for a given value of Hy, p(Niens det | Ho), cannot be neglected even when adopting a scale-
invariant prior on the merger rate, P(R) o 1/R. For a given expected number of detections

({(Miens,det))s P(Niens get | Ho) in Eq. (1) can be expressed as a Poisson distribution as follows:

p(*]\flen&det ’ HO) —= €_<Nlens,det> (<Nlel’ls7det>)]\flensydet . (8)

A.2 Line-of-sight Redshift Prior

The LoS redshift prior is constructed by using the measured redshift, luminosity, and ap-
parent magnitude information of galaxies in a given catalogue to identify which galaxies
lie within the GW sky localisation, to weight them by their probability of hosting a BBH
merger (e.g., luminosity weighting) and being lensed, and to correct for the incompleteness
of the galaxy catalogue. This framework enables the inference of the redshift distribution

of the observed BBH events from GW observations.

For the purpose of identifying galaxies within a given GW localisation, a galaxy-galaxy
lensing catalogue, in which both source and lens galaxy information is available for each
system, can be more informative than a standard galaxy catalogue containing only unlensed
galaxies. However, luminosity weighting and corrections for catalogue incompleteness re-
quire the intrinsic source-galaxy luminosity (i.e., the absolute magnitude) and the redshift.
While galaxy-scale gravitational lensing is achromatic and leaves the observed redshift un-
changed to within the precision of spectroscopic measurements, the absolute magnitude
can be significantly altered by lensing magnification. Therefore, delensing is required to
recover the intrinsic absolute magnitudes of source galaxies in order to obtain robust lu-
minosity weights and incompleteness corrections. Accordingly, the LoS redshift prior must

account for whether both the source and lens galaxies are included in the catalogue.

A.2.1 Complete catalogue

We first consider the complete catalogue case, in which there is no apparent magnitude
limit, such that every lens galaxy and all lensed images of the source galaxy for each system
are included in the catalogue. In this case, the LoS redshift prior in Eq. (1), p(2s, 21, (€2, Ho, s, 1),

is given by:

p (25, 21,01 | Q5, Ho, 8,1) = //p(zmzl,@z,Ms,m;,Ml,ml | Q;, Ho, s,1) dMgdm, dM;,dmy,
)
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where M, and M, denote the intrinsic absolute magnitudes of source and lens galaxies,
respectively. m; and m/, are the apparent magnitude of the lens galaxy and lensed source-
galaxy images (see Eq. (2.59)), respectively. Note that M cannot be correctly obtained from
m/, using the standard distance modulus alone, as the magnification factor of the lensed
image must be taken into account. Hereafter, we define M = (M,, M) and i = (m/,,m;)
to concisely represent the absolute and apparent magnitudes. The integrand in Eq. (9) can

then be written as:

p (ZS7Zla0l7M7m | Qj7HU)3al7MSIE>

1 T o= —
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where Mg indicates that SIE profiles are assumed to infer M, from m/, of their images.

Since all lensed images and the lens galaxy are observed in a complete catalogue, the
intrinsic luminosity of the source galaxy can, in principle, be accurately recovered. We
therefore assume that the intrinsic absolute magnitude of the source galaxy is uniquely
determined once the other measured parameters are specified, such that its prior can be
represented as a delta function. The absolute magnitude of the lens galaxy, M, is unaffected
by lensing and independent of the source properties, and thus its prior can likewise be
treated as a delta function®. Moreover, the probability that a galaxy hosts a GW source and
that the detected lensed images are genuinely associated does not depend on M, €}, or

Mg, which are omitted in the last term p(s, ]...).

The LoS redshift prior for the complete catalogue case can be written as:

b (ZS7 21, 01 | Qja H07 S, l7 MSIE)
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where Vg, denotes the number of lensing systems within the sky patch €2;. Following the
notation of [220], the hat notation denotes the measured value for the k" galaxy-galaxy
lensing system, and the corresponding p(zs, 2, ;) are modelled as Gaussian distributions

centered on these measured values. For 2, and z;, we adopt the spectroscopic redshift un-

2. Note that, however, in galaxy-galaxy lensing systems, the spatial overlap between foreground lenses and
background lensed source-galaxy images leads to blended photometry, which can systematically bias photo-
metric redshift estimates.
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certainties introduced in Section 9.2.1, namely o, = 0.001(1 + z). For the lens parameters,
we assume a standard deviation of 0.01, which corresponds to the grid resolution used in
the delensing procedure described in [311]. As shown in Eq. (11), the magnitudes of the lens
galaxies are not included, which can be neglected when deriving the LoS redshift priors,

and thus we will omit M; and m,; and not explicitly write them in the following.

Since no explicit correlation between GW source redshift and host galaxy luminosity is

known, the term p(s,|...) can be factorised as follows:
p(S, Z‘ZS, 2l 9[7 M57 HO) X p(slzs)p(S’Ms)p(l“g? Rsy Ry 617 HO) (12)

For simplicity, one may reduce the complexity of the LoS computation by disabling the
luminosity weighting, i.e., setting p(s|Ms) o const.. In this case, all source galaxies at
2z are assumed to have equal probability of hosting a BBH merger, and the resulting LoS
redshift prior depends on the merger rate and lensing probability as a function of redshift

and the distribution of galaxies.

A.2.2 Incomplete catalogue

In practice, galaxy catalogues are often incomplete due to observational limits. In this sec-
tion, we examine the impact of an apparent magnitude threshold my,, which may cause
certain lens galaxies or lensed source-galaxy images to be missing from the catalogue. We
consider six possibilities based on the visibility of the lens galaxy and the source-galaxy
images: whether the lens is in- or out-of-catalogue, and whether all, a subset, or none of
the source images are in the catalogue. Since whether a system is in the catalogue depends
on whether the system is identified as lensed (G'G) or not (GG), these six possibilities can
be grouped into the two categories (see Table A.1 for details).

With these definitions, Eq. (9) can be rewritten as

p(ZS7Zl791 | Qj7H07Sal7MSIE) = // Z p(zsazl79l7M57m;7g | Qj7H07S7laMSIE) dMsdm;
9=GG,GG

= > p<g|Qj,Ho,s,l,Msm//p(zs,zl,ez,Ms,m;|g,Qj,Ho,s,z,Msm> dMdm,.
9=GG,GG
(13)
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Case catalogue zg,m. 2,0, Delensing
(G, LG) In v v Very accurate (0-5 %)
(G', LQG) In v v Accurate (5-20 %)
(G, LG) In v X Possible (20-50 %)
(G',LG)  Mixed 4 X Poor (50 %-) or Impossible
(G, LG) Out X X Impossible
(G, LG) Out X X Impossible

Table A.1: Information availability for the six possibilities determined by the observational
accessibility of the lens galaxy and the lensed source-galaxy images. G denotes the case in
which all lensed images are included in the catalogue, G’ denotes the case in which none
of the images are included, and G’ denotes the case in which only a subset of the images is
included. Similarly, LG and LG indicate whether the lens galaxy is present in or absent from
the catalogue, respectively. A checkmark (v') and a cross (X) indicate that the corresponding
quantity is observationally accessible or not, respectively. For the (G’, LG) case, if two or
three images of a quadruple-image system are observed, the system is identified as lensed
and delensing is partially possible, though limited. The accuracy of the delensing depends on
the number of accessible observables. The numbers in parentheses denote the relative error
ranges of the recovered magnification factors. Conversely, if only one image of a double-
image system is observed, the system would not be included in the galaxy-galaxy lensing
catalogue, as it may be interpreted as a weak lensing system or a special configuration of
an unlensed galaxy. In this case, delensing is not possible.

The integrand of the first term in Eq. (13), corresponding to systems that are in-catalogue,

has a form similar to Eq. (10) and can be expanded as

p (ZS7 21, elu MS7 m; ’ GG7 Q]J HOJ S, l? MSIE)

p (25, 21, 6, My, i, | GG, €Y, Ho, M)
= s U] zs, 21,0, My, 2, Hy,
p(s, 1] GG,Qy, Hy) p(s, 0]z, 2,0 i, Ho, Msi)

p(MS|ZS7Zl’9l7m/7H07MSIE)p (ZS7ZZ;9l7m/ | GG, QJ7H0>
= S S l s5 ,Q,MS,H y
p(s,l| GG,Qy, Hy) p(s,1| 252,00 0)

(14)

where p(Mj|...) denotes the conditional probability distribution based on the observed im-

ages and the SIE assumption. In the incomplete catalogue case, delensing cannot be assumed
fully accurate, and the prior on the intrinsic absolute magnitude of the source galaxy can no
longer be represented as a delta function, unlike in the complete catalogue case discussed
in Section A.2.1. Nevertheless, the distribution of magnification factors for each source-
galaxy image can be inferred through lens reconstruction, using the available information.
This information may vary depending on the possibilities in Table A.1, allowing the intrinsic

absolute magnitude to be recovered to some extent.
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Integrating Eq. (14) over M, and m/, yields

1 1
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(15)
where M 5(79) denotes the n™ sample among the N, samples drawn from the conditional
distribution p(M;|..., 77 ;.), which is generally more informative than a uniform distribu-
tion over possible absolute magnitudes of source galaxies. Furthermore, for the source red-
shift, even if only a single lensed image is observed, z, can still be determined. Therefore,
Eq. (15) retains the same form as Eq. (11) with the conditional sampling over M repla-
cing the delta function. Again, if luminosity weighting is not applied, retrieval of the true

intrinsic luminosity is not required, and the LoS prior reduces to a simpler form.

Next, the integrand of the second term in Eq. (13), corresponding to systems that are

out-of-catalogue, can be expanded in a manner similar to Eq. (2.11) of [220] as follows,

p (ZS7Zla0l7 Msam; | m) Q]a HOa SylaMSIE)

1
- aa S7l 257Z797MS7Q‘7H7M
p(s,l ’ GG? QjaHU)p( | b s 240 SIE)

Xp (ZS,ZZ,QZ, Msam; | @7 Q]7 H07MSIE) (16)
1
= — 7l 59 ,G,MS,H
D (S’l | GG’ QJ7H0)p<S ‘ Zsy <L Ul 0)

p (@ ’ Zsy Zl>9la Ms>m;7Qj7H07MSIE>p(Zsa zl7ela Ms7m; ’ Qj7H07MSIE)
p (GG | quHO;MSIE) 7

X

where the term p (@ | ) in the numerator indicates the probability that a galaxy-galaxy
lensing system with the specified properties is not included in the catalogue. In the out-
of-catalogue case, the observability of the lens galaxy is less relevant, and only the source-
galaxy redshift is required when constructing the LoS redshift prior. Since the criterion for
identifying a system as lensed is the detection of at least two lensed images of the source

galaxy, the probability p (@ | ) can be expressed as follows,

p (@ | Zsy <l elv Msvm;a Qj) H07MSIE) =0 Z © (m;J{; - mth(Q])) —-2]. (17)
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Here, O(z) denotes the Heaviside step function, defined as O(z) = 1 forz > 0 and O(z) =
0 otherwise. For the adopted SIE lens model, the total number of images in a lensing system,

Nimg, is either 2 or 4.

Eq. (16) can then be rewritten as

O ([ o (ml = ma(@y)| - 2)
P (S,l | m, Qj, H())p (m | Qj,Hg)

b (Zsazhela M37m; ’ @, Qja HO) SalaMSIE) =

X p(zs, 21, 01, Mg, m’ | Hy, Mse) p(s,1 | 2s, 21,61, Mg, Hp).

(18)
Since the systems under consideration are galaxy-galaxy lensing systems, the lens prop-
erties are explicitly included. The term p (zs, 2, 0;, Mg, m’, | Hy, Mg) corresponds to the
prior distributions of redshifts, lens parameters, and magnitudes, which are independent of
the sky pixel €25, as the properties of galaxies do not depend on their tangential location.
We adopt minimally informative models to predict galaxy properties since not all relev-
ant galaxy observables are directly accessible. Unlike the unlensed-catalogue case, the ob-
served quantities correspond to the lensed source-galaxy properties and the lens properties.
We assume that the redshifts of source galaxies follow a uniform distribution in comoving
volume. Accordingly, the redshift distribution of lens galaxies is determined jointly by the

source redshift distribution and the lensing optical depth.

For the lens parameters, we adopt the distributions described in Section 9.1.1. Note that
both the lensing optical depth and the lens parameters are evaluated under the assump-
tion of SIE profiles, and accordingly, the prior term explicitly depends on Mg. Lastly, we
adopt a Schechter function for the intrinsic absolute magnitudes of source galaxies. Given
the source and lens redshifts, the source absolute magnitude, and the lens parameters, the

lensed apparent magnitudes of source galaxies can then be computed.

Therefore, the prior can be written as

p(zsazlaelaMsam; | HOaMSIE) = 5(m;_m;(zsaZlyelvMsaHOyMSIE))p(ZS7Zl7917MS | HO)
(19)

Combining Eq. (18) with Eq. (19) and performing the integration over M, and m/, yields

//p (ZS7Zlael>Msam; | ma Qj7H0737l>MSIE) dMsdm;

Mmax H
MS(ZS(7Zl(anl9mth(Qj)7HOaMSIE) p<257 2l 0[7 Ms ‘ HO)p(SJ l | Zsy Rl ela MS7 HO)dMS (20)
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The nested Heaviside step function in Eq. (17) has been converted into an integration limit
over M, which depends on the properties of the source and lens galaxies and is determined

by the apparent-magnitude threshold of pixel j.

By combining Egs. (15) and (20), the full expression for the LoS redshift in the incomplete

galaxy-galaxy lensing catalogue case (Eq. (13)) can be rewritten as

p('zm 21, 9[ ’ Qj7 H07 S, l7 MSIE)

_ p(GG | ijH()vS)laMSIE)
p(S [ | GG7 QjaHO)

N Lgal N, samp

NLgaI( Zp (Zsazlael | Zs k;zlk79l k) Nsamp Zp (3 l ’ 257217917M5k7H0)

p (GG ’ Qj>HO757 laMSIE)
P (S,l | @, Qj,Ho) P (@ | Qj,H(])

Mmax(HO)
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(21)
By applying Bayes’ theorem to p(g|€2;, Ho, s) terms in each in-catalogue and out-of-catalogue

term, Eq. (21) can be simplified as,
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where p(GG | Q;, Hy, Mse) denotes the probability that a galaxy-galaxy lensing system
located on the ;™ pixel is in-catalogue. It is important to note that this expression does
not depend on s, so we must consider not only the host galaxies but also all other galaxies

within the given redshift cut that satisfy the magnitude threshold. The explicit definition of
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this probability can be written as:

p(GG | Qj7H07MSIE)
_ / JEp (GG | E, 0, Hy, M) p (2 | Q. Ho, M)

N; img

= /dE@ 2— Z@ (m'sk — mth(Qj)) p(E |y, Hy, M)
k=1

M;nin
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(23)

where we denoted the full integration domain as d= = dM; dm/, dz, dz; df; for brevity,
and the integration upper limit as M™» = M(zq, 21, 0, mun($2;), Hy, Ms). The term
p(zs, 21,0, | Hy) denotes the joint prior on the source and lens redshifts and lens para-
meters introduced in the out-of-catalogue case, while the term p (M, | Hy) is modelled
as a Schechter function describing the intrinsic absolute-magnitude distribution of source

galaxies.
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