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ABSTRACT

As an irreversible natural process, mergers between two black holes will increase the
entropy of the universe. By imposing thermodynamical constraints derived from
general relativity and quasi-circular hypothesis, we showcase BRAHMA — a novel
framework to infer the properties and astrophysical implications of binary black
hole mergers in LIGO-Virgo-KAGRA (LVK). We apply the framework as an IMR
(inspiral-merger-ringdown) consistency test to 10 heaviest binary black hole merger
events reported by LVK Collaboration and perform a systematic investigation on the
consistency between phenomenological waveform and ringdown models (analysis
data available on Zenodo). In doing so, we obtain astrophysical insights into the
origins of black holes for GW190521 and GW 191109, two of the heaviest confirmed
merger events. We also show the high consistency of the NRSur7dq4 waveform and
Kerrpy; ringdown model, providing insights into the timing of the ringdown stage.
For events without QNM measurements due to low SNR of ringdown, we use the
post-merger conditions inferred from phenomenological waveforms to compute the
Igpu (Merger Entropy Index: measures the efficiency of entropy transfer during
BBH merger) distribution across all GW events. Zggy shows high differentiability
in formation channels, which can be used as a tool to classify compact binary
populations. Therefore, we employ /gy to identify compact objects in the lower
mass gap (2.5 -~ 5My), including the newest discovery GW230529 in the 4th

observing run.


https://zenodo.org/records/10882795?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIwMzZmOTc5LWUyMGUtNDFkNy1iYzUxLTJkODFhOTIxMzJiMCIsImRhdGEiOnt9LCJyYW5kb20iOiJkYTVkNGY0M2MxODM1ZGU2NmY3YzJhMzc2MmI0YTU4YiJ9.03YL1W5xoCiITQWXqPmo3mptc6_QVWT_wNv4S641Nt4tQi0afrOPHMoXO4GhxKfaezgJo3_krX5ZQdpaG-vTJw

TABLE OF CONTENTS

[Acknowledgements| . . . . . . .. .. ... iii
BBSIac . . . . v v o e iv
(lable of Contents| . . . . . ... ... ... ... o o v
List of [llustrations| . . . . . . . . ... ... ... ... vi
Listof Tables . . . . . . . oot viii
[Chapter [: Introduction & Background . . . . . .. ... ... ... ..... 1
[L1 Gravitational Wavel . . . . . . ... ... ... .. .. 1
................................. 2
(1.3 RingdownModels| . . . ... ... ... ... ... ... ... 4
(1.4 Astrophysical MassGap| . . . ... ... ... .. ... ....... 5
[Chapter II: Methodology| . . . . . . ... ... ... ... .. ........ 8
(Chapter I1I: " BRAHMA With Ringdown™ — Seeking New Astrophysical In- |
[ sightswith Jgg|. . . . . . . . . . . . 14
[3.1 Impacton PISNeMassGap| . . . . . ... ... ... ... ..... 14
[3.2 New Astrophysical Insights with GW191109} . . . . . ... ... .. 16
(3.3 Impactof Filtering Cut|. . . . . . ... ... ... ... ....... 18
[3.4 Impact of QNM for Ringdown|. . . . . . .. ... ... ... ... 19
[3.5 Impact of IMR Wavetorm Models| . . . . .. ... ... ... .... 22
(Chapter IV: “BRAHMA Without Ringdown™ — Differentiating Compact Bi1- |
[ nary Populations with Jggy| . . . . . . . .. .. ... ... ... 23
#.1 Astrophysical Distribution of Jggy| . . . . . . . . . ... ... .. 23
4.2 Diiterentiate IMBH/Heavy-Mass Black Holes from Stellar-Mass Black |
[ Holesl . . .« o 26
Differenti from Black Holes in r-Mass Binaries| 29
[Chapter V: Conclusion| . . . . . . . ... ... ... ... ... .. ... 34
Bibliography| . . . . . . . .. ... 36



vi

LIST OF ILLUSTRATIONS
Number Page
1.1  GW wavelet generated by PyCBC| . . . . . .. ... ... ... ... 1
1.2 LIGO noise curve and the BBH merger signal| . . . . . ... ... .. 5
2.1 Schematic diagram of BRAHMA framework with different waveform

and ringdown models. After inputting the original wavelet measured

|
|
by LVK and an appropriate filter cut p, the framework generates a |
new GW wavelet confirmed by BRAHMA. The detailed schematic |

diagram of the BRAHMA framework can be found in (Hu et al.,[2021)).] 9

The left graph shows the m ;.. posterior distribution with selected |

mass gap of [60, 130] My. The right graph shows the probability |

P(60My < m < 130My) (bright bars) and P(40 My < m < 130M,) |

(fainter bars) for posteriors measured by LVK, posteriors with the |

theoretical limit, and posteriors with the uniform priorf . . . . . . . . 14

3.2

Similar to Fig. 3.1} the left plot shows the m; .. posterior distribution. |

The right plot shows the probability P(60My < m < 130M,)(brighter |

bars) and P(40M, <m < 130My) (fainter bars)|. . . . . . .. .. .. 15

3.3

KDE plot of GW191109 with IMRPhenomXPHM waveform and |

Kerryyp ringdown model in g- y.g parameter space] . . . . ... ... 16

3.4

1-D KDE histogram plots of the inclination angle of GW190519. The |

left plot has a filtering cut p = 75, and the right plot has a filtering |

cutp =95 . . . L 18

3.5

Effect of ringdown models shown on GW 190706, displaying the KDE |

plot 1n the g- yeg parameter space with Kerr,,g (left plot) and Kerr),; |

(right plot) ringdown models|. . . . . .. ... ... ... ...... 21

4.1

Astrophysical distribution of Jggy values. Grey lines show the indi-

vidual Jgpy posteriors of GW events detected by LVK. The dotted

tion, while the solid black line shows the true astrophysical population

|
|
black line shows their combined posterior without any bias correc- |
|
|

with selection effects corrected by sampling 10,000 points from the

GWTC-3 population.|. . . . ... ... ... .. ... ........ 24

4.2

CDF of Iggy for observed and true populations of LIGO BBH] . . . . 25




4.3

Cumulative distribution functions of Jggy for confirmed BBHs with

based on the primary mass m g, with 60M, as a threshold, and the

I
the astrophysical priors as reference. The left plot classifies BBHs |
|
|

right plot classifies BBHs based on the secondary mass m» i with

40Msasathreshold] . . . . . . ... ... ... ... 26

74

JIgpy distribution classified with the secondary compact object my .. |

Three events (GW190814 & GW 190924 & GW?200210) constitute |

the posterior for the secondary object in the lower mass gap (< SMy).| 29

4.5

Iy posteriors of confirmed NS-BH merger events with GW events |

with unknown secondary objects (solid lines). GW 191219 & GW200195, |

the two NS-BH merger events, are plotted 1in dotted lines. The bold |

red line shows the Jggy posterior of stellar-mass black holes.|. . . . . 31
4.6 Igpy posteriors of GW230529 with IMRPhenomXHM waveform |
with reference of Jgpy distributions of compact object populations|. . 32
4.7 The Jggy posteriors of GW 190426 & GW?230529(. . . . . .. .. .. 33




LIST OF TABLES

Number

viil

2.1  All events studied 1n this project with different waveform models and

I

| ringdownmodels.| . . ... ... .. 0 o o000 11
[ 3.1 Statistical test between Kerrpyg and Kerry,; ringdown models for all |
| waveform models across BBH merger events. The fraction shows the |
| percentage of consistency between the original posterior measured |
| by LVK and the posterior with the theoretical limit, and we compute |
| the logarithm of theratio,| . . . . . . .. ... ... ... ... .. 20
[ 4.1 O values from KS-Test for the primary black holes.|. . . . . . . . .. 27
[ 4.2 9P values from KS-Test for the secondary black holes.| . . . ... .. 27



Chapter 1

INTRODUCTION & BACKGROUND

1.1 Gravitational Wave

Gravitational waves (GW) are “ripples” in spacetime predicted by Albert Einstein’s
general relativity in 1916 (B. P. Abbott et al., 2016b). GW events are caused by
mergers between compact objects, including black holes and neutron stars. We can
classify such events into three categories — binary black hole (BBH) mergers (B. P.
Abbott et al., 2016b)), neutron star-black hole (NS-BH) mergers (R. Abbott et al.,
20214a)), and binary neutron star (BNS) coalescence (B. P. Abbott et al., 2019). GW
signals reflect the three stages of the merger/coalescence events — inspiral, merger,
and ringdown (Pan et al.,2014). The full gravitational wavelet is shown in Fig. [I.1]
During the inspiral stage (blue sector), two compact objects orbit around each other,
producing a sinusoidal signal. The signal peaks when two compact objects collide
and merge (orange sector). After the merger, the remnant object will be highly
unstable and distorted, so it will radiate GWs when transferring to the equilibrium
state. In this process, the post-merger object will ring like a “bell” (green sector).
The noise of the “bell” in compact object coalescence will be oscillation in the

spacetime, which is reflected in GWs.

u\/\/w——

Figure 1.1: GW wavelet generated by PyCBC

Laser Interferometer Gravitational-Wave Observatory (LIGO) is a Michelson inter-

ferometer that measures GWs. The two 4km arms of the detector are orthogonal
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to each other, forming a L-shape. Lasers travel through the arms and are reflected
by the test masses (mirrors) in the end of each arm. GWs will alter the arm length
and change the phase difference of the two light beams, which enable us to detect
the signal. With the enhancements of the detector, LIGO eventually measured the
first GW signal in 2015 (B. P. Abbott et al., [2016b), which opened the new field
of gravitational-wave astronomy. GW data is organized in the Gravitational-Wave
Transient Catalogs (GWTC). For this study, we will mainly use results from GWTC-
2 from the first half (L. S. Collaboration and V. Collaboration, 2021]) and GWTC-3
from the second half of the third LIGO observation run (L. S. Collaboration, V.
Collaboration, and K. Collaboration, [2023)).

Depending on different fitting techniques, the wavelet can deviate slightly, cor-
responding to different waveform models. In LIGO, there are three waveform
families: EOBNR, Phenom, and NR surrogate. The EOBNR family represents
Effctive-One-Body Numerical Relativity, which combines the Effective-One-Body
(EOB) formalism and Numerical Relativity (NR) simulations. The analytical fit
is based on post-Newtonian and BH perturbation theory, with NR to calibrate the
waveform. The Phenom family represents phenomenological fits from a frequency-
domain description that combines the inspiral information from EOB formalism and
merger information from numerical relativity (R. Abbott et al.,[2020a). On the other
hand, NR surrogate completely depends on the NR waveform (Varma, Field, et al.,
2019). These three families can have different treatments to parameters including

higher multipoles, which account for the difference in observation.

1.2 Entropy

In the nineteenth century, Rudolf Clausius first established the concept of entropy in
thermodynamics. After years of continued research, Ludwig Boltzmann refined the
idea of entropy as the measure of disorder (Popovic,|[2017). Clausius also discovered
the second law of thermodynamics (“‘entropy law”) — irreversible processes such as
the merger between two black holes (B. P. Abbott et al., 2016a)) would increase the
entropy of the system, which is the universe (Bekenstein, 1973). After Einstein
predicted the existence of black holes together with his relativity theorem, scientists
started to investigate the thermodynamics of black holes in the twentieth century.
Unexpectedly, they noticed some incompatibilities between the conventional laws of

thermodynamics and black hole mechanics (Bardeen, Carter, and Hawking, [1973)).

The “No-hair theorem” is the key to black hole mechanics (Isi et al., 2019)), suggest-
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ing that black holes are characterized by three parameters - mass, charge, and spin
(angular momentum). All other information, including entropy, would vanish, so
observers outside the event horizon could never observe other parameters of black
holes. This theorem disagrees with the conventional second law of thermodynam-
ics. Consider the case when an object with comparative entropy dropped into a
black hole, the entropy of that object would “disappear” inside the event horizon.
Consequently, combining this object and the black hole would result in a decrease
in the total entropy of the system, which disobeyed the “entropy law.” This meant
that when an object with comparative entropy dropped into a black hole, the entropy
of that object would “disappear." Consequently, combining two objects (the object
with entropy and the black hole) would result in a decrease in the total entropy of the
system, which disobeyed the second law of thermodynamics. Such conflicts urge
scientists to adjust the law of thermodynamics by incorporating Hawking radiation
(Hawking, 1971). The corrected second law of thermodynamics for black holes
suggested that the entropy of a black hole could never decrease, so BBH mergers
will always increase the entropy of the universe (Bardeen, Carter, and Hawking,
1973).

According to the first law of black hole mechanics, the entropy of a black hole is
correlated to the surface area of its event horizon, which is given by the Bekenstein-
Hawking Formula (Bekenstein, [1973)):

SpH = —

2
45

where A is the surface area of the event horizon, and /, is the Planck length.
When two black holes merge, the surface area increases, thus increasing the entropy
according to the formula. Meanwhile, two black holes can never be separated after
the merger, so BBH merger is an irreversible process, which was another indication

of entropy increase.

In this study, we connect entropy with gravitational waves by rewriting the Bekenstein-
Hawking Formula in terms of mass and spin for Kerr black holes (Bekenstein, |1973),
which are two parameters that characterize black holes according to the no-hair the-
orem. Mass and spin are also directly measured by LIGO, so we can calculate the
entropy of black holes from GW data (Hu et al.,|[2021).

Ac? 2rG

= h—mz(l +4/1 = x?)
c

S = =
AGHh?
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Here, m is the mass of the black hole, and y is the spin of the black hole (some paper
denotes spin as a). With information from GWs, we could calculate the entropy
of the two pre-merger black holes (m1 2, |x12],S12) and the remnant post-merger
black hole (my, | x|, S¢).

1.3 Ringdown Models

The ringdown stage shows a superposition of exponentially damped sinusoidal signal
called quasinormal modes (QNM) (Berti, Cardoso, and Starinets, 2009). Ringdown
modes are characterized by their unique frequencies and damping times:

a):27rf+%

where f is the oscillation frequency in spacetime and 7 is the damping time. The
QNM frequency contains both a real part and an imaginary part. In QNMs, this
frequency w is indexed with three parameters: polar € (£ > 2), azimuthal m (—€ <
m < {), and overtone n (n > 0) (Finch and Moore, 2021). For Kerr black holes
detected by LIGO, the ringdown modes are denoted as Kerrg,,,,. LIGO uses pyRing
analysis (Carullo, Del Pozzo, and Veitch, 2023) to fit the ringdown stage, which
is a time-domain approach (Isi et al., 2019; R. Abbott et al., 2021b). There are
three templates Kerryyo (fundamental modes), Kerrps(fundamental modes + first
overtone), and Kerrgy (higher moments with ¢ < 4) (R. Abbott et al., 2021c). The
dominant QNM of LIGO is expected to be Kerryyg (Abhirup Ghosh, Brito, and
Buonanno, [2021)) because GW strain is dominated by ¢ = |m| = 2. Meanwhile, the
overtone can decay very fast, so the dominant overtone in the ringdown stage is the

fundamental n = 0, especially later in the wavelet (Finch and Moore, 2021).

The remnant black hole after the merger also follows the no-hair theorem (Isi et al.,
2019), which means that the final black hole is characterized by the final mass ()
and final spin (x ). The frequency and damping time completely depend on m ; and
X f»> enabling us to infer the post-merger parameters from QNMs.

However, not all GW events detected by LIGO have QNM measurements that gives
robust post-merger parameters, which we consider as an independent ringdown
analysis in the later sections. The ringdown phase has a low signal-to-noise ratio
(SNR) after the peak merger stage (Isi et al., 2019). For example in Fig. [1.2] the
ringdown stage (when characteristic strain dramatically drops) is mostly under the

LIGO noise curve, making it difficult to obtain a QNM measurement. In this case,
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Figure 1.2: LIGO noise curve and the BBH merger signal

we can still use the post-merger conditions inferred from the phenomenological
waveform (Ma et al.,[2022).

1.4 Astrophysical Mass Gap

Both from observational data such as X-ray binaries (XRB) and stellar evolution
theories, there exist some astrophysical mass gaps where there is a dearth of black
holes. GW detection from LIGO challenges the existence of these mass gaps, which

we will investigate in this project.

Pair-Instability Supernovae Mass Gap

Stellar evolution and nucleosynthesis theory predicts a mass gap between [50,
130]Mg, where black holes should not be born in this range (Woosley and Heger,
2021). No black hole is expected to be inside this gap because of the pair-instability
supernovae (PISNe), which disrupts the presupernova star and leaves no compact
remnant (Farmer et al.,, [2019). The precise bounds of the PISNe mass gap are
still uncertain (Fishbach and Holz, [2020) due to different nuclear reaction rates,
evolution in detached binaries, rotation speed, and hyper-Eddington accretion for
massive stars (Woosley and Heger, [2021). The lower bound is especially uncertain
and varies in different papers (Marchant and Moriya, 2020; Woosley and Heger,
2021).

Intermediate-mass Black Hole (IMBH) refers to black holes with masses between
[100, 10,000]Ms (Greene, Strader, and Ho, 2020). These black holes are too
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massive to form directly from stellar collapse or supernova, while not heavy enough
to be supermassive black holes (SMBH) in the center of the galaxy. Therefore,
the origin of these black holes remains unknown. In 2019, LIGO detected the first
IMBH candidate GW190521 (R. Abbott et al., 2020b) with m; = 95.3*3%7 Mo,
my = 69.0"32 Mo, my = 163.9*33-2 Mo, (L. S. Collaboration and V. Collaboration,
2021). The less massive IMBHs and BBHs in GW 190521 all sit inside the PISNe
mass gap, which should not be stable to maintain such mass (Woosley and Heger,
2021). Therefore, alternative theories of origins need to be established to explain
the existence of black holes in the PISNe mass gap, including hierarchical merger

and dynamical assembly (Safarzadeh, Farr, and Ramirez-Ruiz, |[2020).

Lower Mass Gap

In addition to the PISNe mass gap, there is a lower-range mass gap within [2.5,
5IMs (R. Abbott et al., [2020c). The gap represents a dearth of observed compact
objects, which comes from observational data of pulsar mass measurements and
XRBs (Zevin et al., 2020). Inside this gap, the compact object population is
unknown, which will be either the lightest black hole or the heaviest neutron star.
Previous studies have explained this mass gap from the inefficiency of core-collapse
supernovae and the internal structure of neutron stars (S4 et al., 2022). Although
selection effects from observatories can induce some mass gaps, they cannot produce
real observed mass gaps, which makes it a true characteristic of BH mass distribution
(Ozel et al., [2010).

However, LIGO detected a few GW events with compact objects in the lower mass
gap such as GW190814 (R. Abbott et al., 2020c), which provides evidence against
the existence of this mass gap (S4 et al., 2022). The common way to identify a
compact object is to find its electromagnetic (EM) counterparts. NS-BH merger
events are expected to have EM counterparts similar to BNS coalescence, while
with imprints from the primary black hole. The disruption of NS and the formation
of an accretion disk can cause gamma-ray bursts and kilonovae with ejections of
neutron-rich matter. The color and luminosity of the EM signal reflect the black
hole companion to help scientists identify a NS-BH merger event (Dichiara et al.,
2021). In comparison, BBH mergers are expected to have no EM counterparts.
However, seeking EM counterparts can be rare and coincidental (only one from
GW170817 was found). Alternatively, we can use the NS equation of state (EoS) to
compute the probability of the compact object as NS (R. Abbott et al., 2020c)). The

dimensionless deformation parameter « is used to determine the compact object: «
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= 1 for Kerr BHs (Thorne, [1980) and « = [2, 14] for NS (R. Abbott et al., 2020c).

However, parameters in GW are characterized by posteriors, which can induce a
large uncertainty on the « value. The large error bar can make the « value to span
both the Kerr BH and the NS ranges, making it hard to judge the compact object

populations.



Chapter 2

METHODOLOGY

In an earlier study (Hu et al., 202 1)), we introduced a new variable called the Merger
Entropy Index (Zggn), which characterizes the efficiency of entropy transfer during
the binary black hole (BBH) merger:

ﬂ'ASBBH

TipH = —
BBH = 95, + 5,

where ASgpr = Sy — (51 +52) measured the entropy change during the merger. As
detailed in that study, this parameter is bounded by a Theoretical Limit imposed

from general relativity such that
0<Iggy <1

The parameter for a Uniform Distribution of Circular (Uniform Prior) BBH

merger is bounded by
0 < Iggy < 0.5

Both constraints relied on the assumption that the second law of thermodynamics

(increase of entropy in BBH mergers) holds.

To apply Zggu to GW data, we follow the previously developed framework BRAHMA
(BinaRy blAck Holes Merger entropy Analysis) (Hu et al.,2021)). This framework
assumes all BBH mergers obey General Relativity and requires two datasets from
the IMR analysis (S12) and an independent measurement of the ringdown stage
(S r). The posterior distribution has a size of 1 X m for pre-merger and a size of 1 x
n for post-merger, which enables the framework to construct a m X n matrix to fill
in the Jggy values. Subsequently, the framework examines whether each data point
satisfies the theoretical limit and the uniform prior. If the fraction of passed data
exceeds the threshold p value, the framework keeps the row. Otherwise, the row will
be discarded. Eventually, the framework outputs a filtered dataset (green wavelet in
[2.1) of intrinsic parameters (A) and extrinsic parameters (®) with size of 1 X (m-i).

The detailed schematic graph is available in (Hu et al., 2021). In principle, this
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Figure 2.1: Schematic diagram of BRAHMA framework with different waveform
and ringdown models. After inputting the original wavelet measured by LVK and
an appropriate filter cut p, the framework generates a new GW wavelet confirmed
by BRAHMA. The detailed schematic diagram of the BRAHMA framework can be
found in (Hu et al., 2021).

approach is similar to the IMR consistency test (Abhirup Ghosh, Archisman Ghosh,
et al., 2016)), which computes the consistency between the wavelet and QNM and

gains new insights from the difference.

IMR analysis characterizes the whole wavelet (blue wavelet in Fig. [2.T)), while the
independent ringdown measurement characterizes the ringdown stage only (orange
portion in Fig. 2.1). As an IMR consistency test, we can input different waveform
and ringdown models into the framework. The existing models and the schematic
flow are shown in[2.1] We test 10 of the heaviest BBH merger events from LIGO-O3
(GWTC-2 & GWTC-3) with both the IMR analysis and the independent ringdown
measures (L. S. Collaboration and V. Collaboration, [2021; L. S. Collaboration, V.
Collaboration, and K. Collaboration,|[2023)), which allow us to seek new astrophysical

insights. For each event, we use different waveforms and ringdown models (2.T)).
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The IMR ringdown model is inferred from the wavelet (IMR analysis), which will
be completely consistent. Therefore, we do not include this ringdown model since it
cannot obtain any new insight from the difference. In addition, the Kerryys ringdown
model cut off the parameters for most events, so we do not study them as well. The
NRSur7dg4 waveform model is only available for certain events from GWTC-2.
For events from GWTC-3, there is a Mixed waveform model, which integrates
the Phenom and EOBNR families. Since this waveform model does not contain
any new information apart from the combination of the other two models, we do
not use this waveform in our analysis. Unless otherwise specified, the study uses
the Kerr;;o ringdown model and the SEOBNRv4PHM waveform (R. Abbott et al.,
2020a). With different models, we also systematically investigate the consistency
between phenomenological waveforms and ringdown models, as well as the effect

of the filtering cut.

However, the original method of constructing matrices requires high computational
capability, especially for events from GWTC-3. Such a large matrix occupies
massive memories, resulting in broken kernels on locals. For most events, the
original framework works only on HPC clusters. Therefore, we reduced the memory
complexity and created an improved version of BRAHMA. Computing /gy as an
automatic variable, we could immediately evaluate and discard the specific value.
Instead of using a matrix, we reversed the data structure as a list, which required less
memory allocation. This improved version can now successfully run on locals for
all GW events. Therefore, we plan to further develop the framework as a pipeline

for future LIGO observing runs.

We have produced BRAHMA-corrected IMR posterior samples for public usages
with the 10 heavier BBH merger events we tested (listed in Table 2.1). A new
HDFS5 (Hierarchical Data Format) file was created for each event. Within each .h5
file, there are two categories — LVK and Entropy. Accessing with the index key
of LVK, the original posterior samples were directly measured by the gravitational
wave detectors. If accessing with the index key of Entropy, the datasets will be
BRAHMA corrected. In the Entropy category, the user can further choose whether
they want to access the data imposed with the theoretical limit or uniform prior by
using the keys Theoretical or Uniform respectively. Then, the user can get data
with all the available phenomenological waveforms using the same name as listed
in Table[2.1] Users can retrieve the desired data by accessing the index keys (names

of the fields) in the GWTC. All the intrinsic parameters A and extrinsic parameters
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Table 2.1: All events studied in this project with different waveform models and
ringdown models.

Events Waveform Models  Ringdown Models

GW190519 IMRPhenomPv2 IMR
NRSur7dqg4 Kerrayg
SEOBNRv4PHM Kerray;
Kerrgm

GW190521 IMRPhenomPv3HM IMR
NRSur7dqg4 Kerrayg
SEOBNRv4PHM Kerrayg
Kerrgm

GW190602 IMRPhenomPv2 IMR
NRSur7dqg4 Kerrayg
SEOBNRv4PHM Kerrayg
Kerrgm

GW190706 IMRPhenomPv2 IMR
NRSur7dqg4 Kerrayg
SEOBNRv4PHM Kerrayg
Kerrgm

GW190910 IMRPhenomPv2 IMR
SEOBNRv4PHM Kerraog

Kerryy
Kerrgm
GWI191109 IMRPhenomXPHM Kerryog
SEOBNRv4PHM Kerryyg
GWI191222 IMRPhenomXPHM Kerryyg
SEOBNRv4PHM Kerraog
GW200129 IMRPhenomXPHM Kerrsog
SEOBNRv4PHM Kerryy;
GW200224 IMRPhenomXPHM Kerraog
SEOBNRv4PHM Kerry;
GW200311 IMRPhenomXPHM Kerraog

SEOBNRv4PHM Kerryg
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© in the Entropy category need to be accessed with the keys parameter_filtered.
The default filtering cut p is 75, which is shown to be optimal in later sections, and

the default ringdown model is Kerry;g. We have put the datasets on Zenodo.

For example, if the user wants to access the BRAHMA corrected inclination angle
with the theoretical limit and SEOBNRv4PHM waveform:

results = h5py.File(‘GW191222_Entropy.h5’, ‘r’)
iota_BRAHMA = results[‘Entropy’][‘Theoretical’]
[“SEOBNRv4PHM’ J[‘iota_filtered’]

For other GW events from GWTC-2 & GWTC-3 without an independent ringdown
analysis, the ringdown phase can be interpreted by perturbation theory on the Kerr
spacetime background (Flanagan and Hughes, [1998). Both the QNM and IMR
post-merger measurements show agreement with Hawking area theorem (Correia
and Capano, 2023). Therefore, we can obtain the intrinsic parameters including
mass and spin of the remnant black holes solely with the IMR analysis, enabling
us to compute the /ggy value for all GW events. Then, we can compute the /ggy

distributions for all GW events and obtain a combined posterior for Jgpy.

Gravitational wave detectors can cause selection effects. GW sources are more
likely to come from certain sky localization or certain times during the duty cycle.
The sensitivity regions for the two LIGO detectors are above North America and the
Indian Ocean. As the Earth rotates, the region will swipe the entire sky localization.
Meanwhile, the detectors have the preference to collect data at night (H.-Y. Chen
et al., 2017). These factors can all cause bias when constructing the distribution of
Iy for compact object populations. To correct for selection effects, we have to
perform population analyses. Therefore, we adopt the Power Law + Peak model for
gravitational wave populations (Talbot and Thrane, 2018), which demonstrates the
highest Bayes factor in characterizing the GWTC-3 dataset (L. S. Collaboration, V.
Collaboration, and K. Collaboration, |2023)). The model assumes that spin and mass
are independent and uncorrelated. Therefore, the hyperposterior gives different
distributions to describe m1, ¢ (mass & mass ratio), y1, x2 (spin magnitude), and
z (redshift). By implementing the reverse CDF (cumulative distribution function)
sampling and rejection sampling, we draw 10,000 individual merger samples from
the distributions derived from gravitational wave observations. Such a large number
of samples ensures the accuracy of population estimations and recovers the true

astrophysical population. These mergers are BBH mergers with masses between


https://zenodo.org/records/10882795?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIwMzZmOTc5LWUyMGUtNDFkNy1iYzUxLTJkODFhOTIxMzJiMCIsImRhdGEiOnt9LCJyYW5kb20iOiJkYTVkNGY0M2MxODM1ZGU2NmY3YzJhMzc2MmI0YTU4YiJ9.03YL1W5xoCiITQWXqPmo3mptc6_QVWT_wNv4S641Nt4tQi0afrOPHMoXO4GhxKfaezgJo3_krX5ZQdpaG-vTJw
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[2.5, 100] M in the source frame and spin between [0, 1]. The population modeling

gives us measurements of the pre-merger parameters.

Numerical relativity solves Einstein’s equations of general relativity, which char-
acterize the gravitational wavelet with high accuracy. Therefore, we utilize the
NRSur7dq4Remnant fit from the SurfinBH (Surrogate final Black Hole) package
derived from numerical relativity (Varma, Gerosa, et al., [2019). This package es-
timates the properties of the remnant black holes. Inferred from the pre-merger

parameters, the package approximates the final mass, spin, and recoil kick velocity.

With the pre-merger entropy calculated from Power Law + Peak and the post-merger
entropy calculated from the SurfinBH package, we can compute Iggy distributions
for BBH mergers. Igpp generally does not work for BNS coalescence or NS-BH
merger due to a lack of measurements for post-merger, so we exclude confirmed

events apart from BBH mergers when computing the overall posterior.



14
Chapter 3

“BRAHMA WITH RINGDOWN” — SEEKING NEW
ASTROPHYSICAL INSIGHTS WITH Zgpy

3.1 Impact on PISNe Mass Gap

The PISNe mass gap has an uncertain range, especially for the lower bound
(Marchant and Moriya, 2020; Woosley and Heger, 2021). Therefore, we adopt
two intervals in our study: [60, 130]M¢ and [40, 130]M. Although black holes
theoretically should not have mass inside this gap, LIGO still detects several BBH
merger events inside this gap (shown in Fig. [3.1) (O’Brien et al., 2021). We apply
our BRAHMA framework to these events to test whether thermodynamics supports
the existence of black holes inside the PISNe mass gap. From the left plot, we can
observe that the m posterior with the theoretical limit derived from general relativity
imposed (green region) generally decreases compared to the original posterior (red
region). However, the decrease is minor and most data still remains inside the PISNe
gap. The right figure shows a quantitative version of the m; posterior distribution.
The probability indicates the fraction of data inside the PISNe mass gaps. This plot

also adds the posterior with the uniform prior imposed (red bars), which is similar
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Figure 3.1: The left graph shows the m . posterior distribution with selected
heaviest GW events. The two blue dotted lines denoted the PISNe mass gap of [60,
130] M. The right graph shows the probability P(60M; < m < 130M,) (bright
bars) and P(40 My < m < 130M,,) (fainter bars) for posteriors measured by LVK,
posteriors with the theoretical limit, and posteriors with the uniform prior
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to the posterior with the theoretical limit. Two intervals for PISNe mass gaps are
used: [60, 130]M, (brighter bars) and [40, 130]M, (fainter bars). Quantitatively,
the probability only changes slightly after imposing thermodynamical constraints,
except GW190706 — P(60Ms < m < 130M;) decreases approximately from 75%
to 60% when applying the constraints. However, more than half of the data still
remains in the PISNe mass gap. If we look for P(40M, < m < 130My), GW 190706
does not show significant change after adding constraints. Therefore, this event will
not be an outlier to our conclusion. We independently use entropy to prove the
existence of black holes inside the PISNe mass gap. This result demonstrates that
thermodynamics supports the feasibility of black holes inside the PISNe gap, which
provides us with insights into the origins of these heavier stellar mass black holes.
If the PISNe model is correct, we will need to find alternative theories to explain

the formation channels.
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Figure 3.2: Similar to Fig. [3.1] the left plot shows the m .. posterior distribution.
The right plot shows the probability P(60My < m < 130M,)(brighter bars) and
P(40Ms < m < 130M,) (fainter bars)

GW190519 GW190521 GW190602 GW190706 GW191222
Events

Similarly, we compute the m, posterior distribution in the source frame (Fig. [3.2)).
Secondary black holes are always lighter than the primary black holes, so most data
is outside the PISNe mass gap apart from GW190521 (R. Abbott et al., 2020b).
Looking at the right plot, we can see thermodynamical constraints do not affect the
fraction of data inside the PISNe mass gap regardless of which intervals are used.
Previously, the BRAHMA framework sought new astrophysical insights regarding
this event. The bimodality behavior is no longer present in the q-y.g parameter
space after imposing thermodynamical constraints, which also gives insights into
the lower bounds and P(z < AGN) (Hu et al., [2021). Such bimodality behavior
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occurs in the my posterior distribution plot in Fig. [3.2] with a small peak of 35M
and a large peak of 66 M. The BRAHMA framework removed the small peak
after adding the theoretical limit, suggesting that this high probability measure of
my = 35M does not obey general relativity. This phenomenon is responsible for
the new astrophysical insights found in the g- y.g parameter space shown in the paper
(Hu et al.,[2021). This small peak is also outside both intervals of [60, 130]M and
[40, 130]M¢, so removing the peak slightly increases the probability of m; inside
the PISNe mass gap, which gives another robust indication that black holes can exist
in the PISNe mass gap according to thermodynamics. The small peak of 35M
is consistent with the Power Law + Peak model (Talbot and Thrane, 2018]), which
suggests such a peak more likely comes from artifacts and the selection effects of
LIGO detectors.

3.2 New Astrophysical Insights with GW191109

Igpy is particularly good at differentiating between different formation channels.
Previously, we found some new astrophysical insights with GW 190521, the heaviest
confirmed BBH merger (Hu et al., 2021). After applying the BRAHMA framework
associated and imposing thermodynamical constraints on the other 9 heaviest events,
GW191109 also showed some new astrophysical insights (Fig. [3.3).
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Figure 3.3: KDE plot of GW 191109 with IMRPhenomXPHM waveform and Kerrsy
ringdown model in g- y.g parameter space

The effective spin of the BBH merger measures the alignment between the spins
and the angular momentum (B. P. Abbott et al., 2016b)), which is characterized by
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the individual spin and mass of two pre-merger black holes:

(mix1+max2) - Ly (x1+qx2) - Ly
mip+myp B 1+q

Xeff =

where Ly is the unit vector along the orbital angular momentum. The effective spin
is constrained in the range [-1, 1]. However, most binaries from field formations
detected by LVK have positive yeg. GW191109 shows an unusual negative y.g
of -0.29 (Zhang et al., |2023). The lower bound even reaches -0.7 (black contour
shown in Fig. [3.3). When applying the thermodynamical constraints, y.q increases,
especially for the uniform prior (green contour). The theoretical limit (red contour)
derived from general relativity also slightly increases y.g for the lower bound.
Therefore, if such negative y.g is measured and derived correctly, GW191109
may not satisfy the quasi-circular hypothesis of LIGO, and we cannot rule out the
possibility that the pre-merger black holes obtain an eccentric non-circular orbit
(Romero-Shaw, Lasky, and Thrane, 2022)). In this case, the primary black hole with
65M, which is in the PISNe mass gap, tends to form by dynamical assembly. The
negative y.g value and the heavy source mass successfully fit into the symmetric
expected distribution of dynamical assembly (Safarzadeh, Farr, and Ramirez-Ruiz,
2020).

However, GW 191109 suffers from glitches and data quality issues, which may cause
false measurements of the spin (R. Abbott et al.,|[2021c; Wang et al., [2022), so we
cannot rule out the possibility of imposing the event to fit into the quasi-circular
hypotheses. In this case, the median y.g increases to around 0.2, which becomes
consistent with the BBH populations. Then, the heavy black holes tend to form
as a field binary in an isolated system. The primary black hole inside the PISNe
mass gap may be a second-generation black hole that merges again within Hubble
time gy (Safarzadeh, Farr, and Ramirez-Ruiz, 2020). Such a formation channel
largely associates with the established hierarchical merger hypothesis (Antonelli
et al., 2023|).

Regardless of formation channels, the posterior of the theoretical limit (red contour)
in the -y parameter space relatively agrees with the original posterior measured
by LVK, showing GW191109 still obeys relativity despite the unusual effective
spin. This qualitative approach can be developed further by computing the degree
of consistency between the original posterior and the posterior imposed by the

theoretical limit, which can give additional selection criteria for GR testing in LIGO
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(appeared in R. Abbott et al.,|2021c|). This plot also gives us perspectives on using
Igy and the BRAHMA framework to test general relativity for BBH mergers from

thermodynamic aspects.

3.3 Impact of Filtering Cut

The dataset with filtered parameters A and ® should contain at least 10% of the
original data measured by LVK to be valid and reliable. Based on this threshold,
we test and determine that the optimal filtering cut p should be around 75%. If
only considering the theoretical limit derived from general relativity, p can reach
80%. The framework combines IMR analysis and ringdown analysis. The filtering
cut is an indication of the consistency between the phenomenological waveform
and the ringdown model. Using /gy as an indicator, the consistency between the
phenomenological waveform and the ringdown model is thus 75%. The framework
relies on the assumption that the ringdown measurement (QNMs) gives a more
robust model of the post-merger condition, which gives astrophysical implications,
including eccentric orbits and dynamic captures. We need to seek the inconsistency
between the pre-merger measurement and the post-merger measurement to extract
these astrophysical insights. Therefore, choosing an appropriate filtering cut p

becomes especially important.
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Figure 3.4: 1-D KDE histogram plots of the inclination angle of GW190519. The
left plot has a filtering cut p = 75, and the right plot has a filtering cut p = 95.

An inappropriate p value can result in faulty astrophysical insights. For GW190519
with the NRSur7dq4 waveform and Kerr;,; ringdown model, the bimodality be-
havior exists in the inclination angle parameter space. With high filtering cuts, two
peaks merge to one broad peak after imposing thermodynamical constraints (the
right plot of Fig. [3.4). The higher the filtering cut, the sharper the peak is. However,
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this removal of bimodality does not appear for the lower filtering cut (the left plot
of Fig. [3.4). Such astrophysical insights depend on filtering cuts, which are not
robust and should not be considered as an astrophysical insight provided by entropy.
In contrast, the astrophysical insight (bimodality behavior removal) of GW190521
exists with every filtering cut p. Even with a filtering cut of 60%, the small peak at
around 35M,, disappears after applying the thermodynamical constraints. In fact,
GW190521 is a special event: the filtering cut p makes trivial effects on the param-
eters. From the detection perspective, the BBH merger of GW190521 is observed
closely, resulting in higher consistency between the posterior measured by LVK
and the posterior with thermodynamical constraints. Higher modes are available in
GW190521, which gains more agreement (R. Abbott etal.,2020b). This consistency
is remarkable for the theoretical limit, over 95% of GW data satisfies the constraints
with any filtering cut between [60%), 99%], showing the BBH merger strongly obeys
general relativity. Over 25% of data remains after imposing a uniform prior for
every waveform and ringdown model, so the merger very likely follows a circular

orbit in the inspiral stage, which is compatible with the quasi-circular hypothesis.

Different filtering cuts result in different extents of consistency, which leads to
different conclusions. At the standard filtering cut of 75%, GW190706 shows
higher consistency with the Kerrgy ringdown model than the Kerryyg ringdown
model, which is opposite to the conclusion drawn from the Bayes factor in the TGR
paper (R. Abbott et al., 2021c). However, when switching to a higher filtering
cut of around 90%, which is the same as LIGO’s confidence interval on model
parameters, Kerrypg gives higher agreement than the Kerrgy ringdown model as
expected. Careful selections of the filtering cut p are required to test different

models.

3.4 Impact of QNM for Ringdown

If using the optimal filtering cut of 75%, which enables every dataset filtered by
BRAHMA to become valid, the Kerr,,; ringdown model has the highest consistency
with the original GW posterior across all BBH merger events we studied. The IMR
ringdown model is consistent with the phenomenological waveform, which does
not give meaningful results in the BRAHMA framework and the IMR consistency
test. The Kerrgy ringdown model completely cuts off the parameter for several
events we studied at p = 75%, so these two ringdown models are not considered the
optimal model for our analysis. We compute a statistical test on the remaining two

ringdown models Kerryyo & Kerrop; (Table [3.1)). The logarithm of the agreement
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Table 3.1: Statistical test between Kerryyg and Kerrpy; ringdown models for all
waveform models across BBH merger events. The fraction shows the percentage of
consistency between the original posterior measured by LVK and the posterior with
the theoretical limit, and we compute the logarithm of the ratio.

Event Waveform Kerrapp Kerrpp;  logo( Eg—gif;)
GW190519 IMRPhenomPv2 0.21 0.51 -0.4
NRSur7dq4 0.29 0.62 -0.3
SEOBNRv4PHM 0.18 0.45 -0.4
GW190521 IMRPhenomPv3HM  0.99 0.99 0
NRSur7dq4 1 1 0
SEOBNRv4PHM 0.96 0.96 0
GW 190602 IMRPhenomPv2 0.83 091 0
NRSur7dqg4 0.87 0.94 0
SEOBNRv4PHM 0.85 0.93 0
GW 190706 IMRPhenomPv2 0.03 0.65 -1.3
NRSur7dqg4 0.06 0.72 -1.1
SEOBNRv4PHM 0.03 0.59 -1.3
GW190911 IMRPhenomPv2 0.99 1 0
SEOBNRv4PHM 1 1 0
GW191222 IMRPhenomXPHM 0.25 0.85 -0.5
SEOBNRv4PHM 0.21 0.82 -0.6
GW200129 IMRPhenomXPHM 0.87 1 -0.1
SEOBNRv4PHM 0.79 1 -0.1
GW200224 IMRPhenomXPHM 0.81 1 -0.1
SEOBNRv4PHM 0.69 1 -0.2
GW200311 IMRPhenomXPHM 0.83 0.98 -0.1

SEOBNRv4PHM 0.95 0.97 0
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Figure 3.5: Effect of ringdown models shown on GW 190706, displaying the KDE
plot in the g-y.f parameter space with Kerryyg (left plot) and Kerryy; (right plot)
ringdown models

ratio is calculated. A positive value indicated that Kerryyg agreed more than Kerry;y,
and a negative value showed that Kerr,,; had higher agreement. We can clearly see
that Kerrpp; agrees more for all events. The effect of different ringdown models
is visualized in Fig. @] for GW190706, which differentiates the ringdown models
most according to the statistics shown in Table [3.1] In the g-yes parameter space,
the Kerrpy; ringdown model (right plot) shows significantly higher consistency with
SEOBNRv4PHM waveform than the Kerryyg ringdown model (left plot).

The high consistency of Kerryy; is different from our expectation that Kerr,;o should
be the dominant ringdown model in LIGO (Abhirup Ghosh, Brito, and Buonanno,
2021). Kerrpy; incorporates the first overtone (+m) in addition to the fundamental
modes (R. Abbott et al.,[2021c)). Recent NR simulations suggest that the ringdown
stage can happen slightly earlier than we would expect. The oscillation of spacetime
(ringdown) can start early in the merger stage, which can only be characterized when
n > 1 (Forteza and Mourier, 2021). Our result of highest consistency with Kerryy;
supports the early ringdown start time and overlap between merger and ringdown
stages from NR simulations. In addition, the BRAHMA framework shows low
consistency between phenomenological waveform and the Kerrgy ringdown model,
especially when the mass ratio approaches 1, showing the absence of higher-order

modes in GW events.
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3.5 Impact of IMR Waveform Models

Waveform models from the IMR analysis do not have a large effect on the posterior
as the ringdown models. If the parameters for a BBH merger are completely cut
off with the IMRPhenomPv2 waveform model, generally it will cut off parame-
ters for NRSur7dg4 and SEOBNRv4PHM waveforms as well. However, different
waveform models will have different percentages of consistency with the original
event. NRSur7dg4 agrees the most when it is available from the LVK datasets. For
GW190521, the difference between waveform models was marginal (less than 1%),
yet NRSur7dg4 remains the most agreed model. For the 6 events from GWTC-3,
NRSur7dg4 does not exist due to the restricted number of inspiral orbits (L. S.
Collaboration, V. Collaboration, and K. Collaboration, 2023)). In this case, IMR-
PhenomXPHM either agrees more than SEOBNRv4PHM, or the difference between
these two models was less than 1%. The only exception was GW200311 with the
Kerr;;o ringdown model, in which 83% of the data remains for the IMRPhenomX-
PHM waveform model and 98% of the data remained for the SEOBNRv4PHM
waveform model. There is no significant difference between IMRPhenomXPHM

and SEOBNRv4PHM waveforms for us to draw a valid conclusion.

NRSur7dg4 is generated from numerical relativity simulations, which does not de-
pend on the IMR phenomenological fit or EOB formalism (Islam et al., 2023).
From our BRAHMA framework, waveforms from numerical relativity simulations
display the highest consistency as expected. Since the waveform is fit as a solution
to Einstein’s General Relativity, most data should satisfy our established theoreti-
cal limit, which is derived from general relativity. For GW190521, the difference
between waveforms can be marginal due to higher-frequency subdominant modes
(Capano et al., 2023). The characteristic of NRSur7dq4 may account for higher
consistency, which indicates the importance of numerical relativity in gravitational
wave study. How well we can solve Einstein’s general relativity equation from the
numerical relativity simulation determines the sensitivity and range of the gravita-
tional wave detectors, which is fundamental. However, solving such equations can
be computationally expensive, so not all events have such a fitted waveform. The
phenomenological fit will have a higher consistency with the original event than
the effective one-body formalism from our study. However, since our sample size
with the NRSur7dq4 waveform is small (only 4 events), we cannot give a very solid
conclusion until more numerical relativity simulation data are available for future

detection.
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Chapter 4

“BRAHMA WITHOUT RINGDOWN” — DIFFERENTIATING
COMPACT BINARY POPULATIONS WITH JZggy

4.1 Astrophysical Distribution of /gy

For events without an independent ringdown measurement due to low SNR, we
obtain the post-merger parameters from the phenomenological waveform as intro-
duced in Chapter[2] We exclude all confirmed BNS coalescence (B. P. Abbott et al.,
2019) and NS-BH merger events (R. Abbott et al.,[2021a). For other observations,
we model the Zggy posterior (grey curves in Fig. [.I). Because Zgpy generally
only works for BBH merger events, other types of compact object coalescence can
make outlier distributions. NS-BH merger events like GW191219 and GW200105
(L. S. Collaboration, V. Collaboration, and K. Collaboration, 2023)) will display a
sharp spike at Jggy ~ 0.1. However, there are some events where the secondary
object remains unknown, which can be potential NS-BH merger events or other
compact object coalescence (In Section {.3] we will elaborate more details about
these events). These events will have different 7ggy distributions, so there are sev-
eral posteriors in the lower Jgpy value range. These posteriors also account for the
small fluctuations in the observed population of LIGO. For larger values of /gy,
the notable distribution on the rightmost of Fig. .T|comes from GW 191109, which
has a highly negative y.s = -0.29 (Zhang et al.,2023). In Section [3.3] when we use
an independent ringdown measurement to characterize the post-merger stages, the
Iy of GW191109 exceeds 0.5, showing incompatibility with the quasi-circular
hypothesis. However, when using the IMR analysis only, the J/ggy values should
always be < 0.5 because the waveform is imposed to comply with the uniform prior.
There will be no inconsistency between the inspiral and ringdown stages without
the ringdown model, yet the Jgpy posterior is still large compared with other events

due to the highly negative y.g.

To correct selection effects, we did a population analysis with reverse CDF sampling
and numerical relativity fits, as detailed in Chapter 2] The black line in Fig. §.1]
shows the astrophysical prior with selection effects corrected. We can notice that
the observed population of LIGO spans a larger range of /ggy values than the

true population. The lower range comes from compact object coalescence with
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Figure 4.1: Astrophysical distribution of /gy values. Grey lines show the individual
Iy posteriors of GW events detected by LVK. The dotted black line shows their
combined posterior without any bias correction, while the solid black line shows the
true astrophysical population with selection effects corrected by sampling 10,000
points from the GWTC-3 population.

an unknown secondary object in the lower mass gap, and the higher range comes
from heavier stellar-mass black holes or IMBHs. The sample size for the combined
astrophysical prior is 84, which is the total number of BBH mergers detected until
03. To correct the selection effects, we sample 10,000 data points from GWTC-3
populations. The astrophysical prior with selection effects corrected resembles a
Gaussian distribution due to the central limit theorem, with a median at Jggy ~ 0.2,
which overlaps with many GW posteriors shown in grey. With more GW events
detected by LVK in the future, we will expect the dotted line to become a Gaussian
distribution like the solid line, while extending a larger range of Zggy between [0,
0.7].

We also compute the cumulative distribution of both the observed and true astro-
physical populations of LIGO. The prior with selection effect corrected is the same

as Fig. .2]in our earlier study (Hu et al.,2021). The observed population resembles



25

—— Observed population in LIGO (Selection Effect)
True Astrophysical Population

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
IggH

Figure 4.2: CDF of Igpy for observed and true populations of LIGO BBH

the uniform prior presented in our previous study. Uniform prior characterizes the
uniform distribution of circular BBH mergers. The searching and parameter estima-
tion algorithms of LVK could only model waveforms as circular binaries (Setyawati
and Ohme, 2021). IMR analysis has data based on the quasi-circular hypothesis, so
computing /gpy values from IMR analysis only will always satisfy the uniform prior.
As in Fig. the combined astrophysical prior spans a larger range of /gpy [0,
0.5]. Therefore, the combined astrophysical prior will have a similar distribution as
the uniform prior. The true astrophysical population with selection effects corrected
(orange distribution in Fig. has a sharp increase at /ggy ~ 0.2: a small change
of Igpp can result in a large difference in the CDF. Such an increase suggests that
Iy has a strong capacity for differentiating. /gy values can largely vary with
the mass, especially between stellar-mass black holes and supermassive black holes,
which corresponds to different origins and formation channels (Hu et al., [2021).
Based on this property, we will explore the potential use of the Merger Entropy

Index to differentiate different compact binary populations.

From such Zggy distributions, we can introduce an astrophysical prior rather than
the theoretical limit and uniform prior we implemented. This astrophysical prior
is derived from the constraints on mass and spin for the observed BBH population
in GWTC-3 (L. S. Collaboration, V. Collaboration, and K. Collaboration, [2023).
The Iggy values for the population centers at 0.2 (shown in Fig. [@.1). With a 99%



26

confidence interval:
0 < JIgpy <0.3

As suggested, the astrophysical prior can vary between supermassive and stellar
mass BBH populations (Hu et al., 2021]), which can be an important indication of
population classification and formation channels. Therefore, we will use /ggy to

differentiate between compact populations in this study.

4.2 Differentiate IMBH/Heavy-Mass Black Holes from Stellar-Mass Black
Holes

We filtered only the confirmed BBH merger events from both GWTC-2 & GWTC-3

(L. S. Collaboration and V. Collaboration, 2021; L. S. Collaboration, V. Collabo-

ration, and K. Collaboration, 2023)). We classify them into two categories based

on their mass in the source frame — heavy-mass & stellar-mass black holes. Shown

in Fig. @ we classify with both the primary black hole m g and the secondary

black hole mj .
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Figure 4.3: Cumulative distribution functions of Zggy for confirmed BBHs with the
astrophysical priors as reference. The left plot classifies BBHs based on the primary
mass m1 g With 60M as a threshold, and the right plot classifies BBHs based on
the secondary mass my ¢ With 40M, as a threshold.

Because lower-mass black holes (5-40M) constitute the majority of the observed
populations from LIGO, the Zggy CDF for the observed population in LIGO with
selection effects is very close (nearly overlaps) to the Zggy CDF of stellar-mass black

holes (orange and green lines in Fig. {.3)). We conduct Kolmogorov—Smirnov (KS)
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Table 4.1: D values from KS-Test for the primary black holes.

CDF Observed /ggy True /ggy Stellar-Mass BH Heavy BH
Observed /ggH / 0.20 0.05 0.24
True IBBH 0.20 / 0.16 0.36
Stellar-Mass BH 0.05 0.16 / 0.26
Heavy BH 0.24 0.36 0.26 /

Table 4.2: P values from KS-Test for the secondary black holes.

CDF Observed Iggy True Iggy Stellar-Mass BH Heavy BH
Observed IgpH / 0.20 0.05 0.33
True JggH 0.20 / 0.17 0.45
Stellar-Mass BH 0.05 0.17 / 0.35
Heavy BH 0.33 0.45 0.35 /

tests on the CDFs shown in Fig. 4.3] and the results are shown in Table d.1| & Table
D is a measure of the maximum distance between CDFs. When comparing
two CDFs (datasets), the 9 value is calculated as:

Dn,m = SupxlFl,n(x) - FZ,ml

where F,(x) is the CDF for the first dataset n and F3,,(x) is the CDF for the
second dataset m. “sup,” helps to obtain the maxima from the set of the distance.
D for stellar-mass black holes & the observed population in LIGO is only 0.05,
which suggests a very trivial difference. In contrast, the heavy-mass black holes
deviate from both astrophysical priors and the Jggy CDF of stellar-mass black
holes. The difference between the Jggy CDF of heavier-mass black holes and the
true astrophysical population shows a large D value of 0.45 when classifying based
on the secondary black hole (4.2). Such a difference is significant: for the right
plot in Fig. [.3]that classifies with m2_src, nearly 100% of the data that forms the
astrophysical prior with selection effects corrected has Jggy smaller than 0.25. The
posterior of stellar-mass black holes also shows that over 90% Zgpy data is smaller
than 0.25. In comparison, heavy-mass black holes have relatively larger Jggy, with
only half of the J/gpy data smaller than 0.25. The increase of the probability is
also quite gentle for heavy-mass black holes. This differentiation supports that
heavier-mass black holes can correspond to some different origins and formation
channels. Although we use different threshold masses to classify heavy mass for

primary (60Mg) and secondary (40Mg) black holes, they should have a similar
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classification. The lower bound of the PISNe mass gap is uncertain between [40,
65]My(Marchant and Moriya, [2020; Woosley and Heger, 2021). No matter at
40Mg or 60M, the black holes should be unstable to be formed directly by stellar
collapse. Therefore, both our thresholds should lead to different formation channels

between the populations.

From Fig. [4.3] we can observe that classifying based on the secondary object
differentiates the heavy-mass black holes from stellar-mass black holes better. If
the secondary black hole is over 40Mg, which is inside the PISNe mass gap, the
primary black hole will also has mass inside the gap. Therefore, both black holes are
likely to have similar formation channels that enable the black holes to grow into a
heavier mass. The binaries (blue line) involved in the merger tend to have completely
different formation channels from the other stellar-mass black holes (orange line).
In contrast, we can encounter a binary system with asymmetric mass ratios, so the
primary black hole will be classified as heavy mass, while the secondary mass is not
high enough. In this case, the two black holes can come from different formation
channels, which can largely change the /ggy values. Jggy are computed with the
parameters from both black holes, so binaries with different origins can result in
mixed formation channels reflected by Zggy. Since the heavy-mass BH posterior can
contain information from the formation channel of the stellar-mass BH posterior,
the curves may not be able to differentiate well even if we use a high threshold
mass of 60Mg, to classify. For example, GW 190929 has a significantly asymmetric
mass ratio, with m1_src -~ 80.8My and m2_src «~ 24.1Mg (L. S. Collaboration
and V. Collaboration, 2021). The primary black hole has a large mass inside the
PISNe mass gap, which can form from hierarchical mergers or dynamical assembly.
However, the secondary black hole has a much smaller mass, which is within a
common mass range found in LIGO binaries (Kohler, 2020). The secondary black
hole is a typical stellar-mass black hole that may form directly from a massive star
(Mirabel, 2017). Using primary mass to classify it will put this BBH merger into
the heavy-mass category, while the Zggy also has information about the massive

star collapse or supernova from the secondary black hole.

Cataloging populations based on secondary compact objects can lead to a more
explicit and strict classification. Therefore, we continue using the secondary object
to demonstrate the ability of Zggy to classify NS and BH in the lower-mass range,
which we show in Section
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4.3 Differentiate Neutron Stars from Black Holes in Lower-Mass Binaries

We showcase Jgpy as a parameter that can be used to differentiate compact objects
in the lower mass gap (Bailyn et al.,|1998; Ozel et al., 2010; Farr et al., 2011). Asin
Fig. |.1] we can notice that there are several posteriors distributed in the lower-range
of Jgpn, which does not overlap with the true astrophysical population (solid black
line). These posteriors generally come from events with an unknown secondary
compact object. Because /gpy differentiates formation channels well, the variable
should be able to differentiate compact object populations, especially between NS

and BH, which have completely different origins.

GWTC-2 & GWTC-3

—— Mass Gap (<5Mp)
Heavy Mass BH (>40M,)
—— Stellar Mass BH (5My-40Mg)

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
IggH

Figure 4.4: Igpy distribution classified with the secondary compact object m grc.
Three events (GW190814 & GW 190924 & GW200210) constitute the posterior for
the secondary object in the lower mass gap (< SMy).

In Fig. 4.4 we categorize GW events from GWTC-2 & GWTC-3 (L. S. Collab-
oration and V. Collaboration, 2021; L. S. Collaboration, V. Collaboration, and K.
Collaboration, 2023) based on the secondary compact object my .. As explained
in the previous section, the heavy-mass black hole posterior (orange) shows a much
larger Igpy range, indicating a different formation channel. Three GW events con-
stitute the posterior of mass gaps (blue curve in Fig. d.4) - GW190814, GW 190924,
and GW200210. Note that GW 190924 has been confirmed as the least massive
BBH merger observed (Psaltis et al., 2021}; Alfradique et al., 2023). However, the

secondary mass is measured to be 5.0’:11"_‘$M@ (L. S. Collaboration and V. Collab-
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oration, 2021). The lower bound of the mass posterior extends to the lower mass
gap. We will use this least massive BBH as a reference to test the ability of /ggy
to differentiate NS and BH in the lower range. However, GW 190814 (2.59i%'.ggM@)

(L. S. Collaboration and V. Collaboration, [2021) and GW200210 (2.79*032Mo)
(L. S. Collaboration, V. Collaboration, and K. Collaboration, 2023) still have un-
known secondary objects, which can either be a hypermassive NS, the lightest BH,

or another type of compact object within the gap (Zhu et al., 2022).

Differing from the heavier mass and stellar mass black holes, the posterior for the
mass gap has two peaks, one at Jggy ~ 0.07 and one at Jggy ~ 0.2, which is similar
to the median of the true astrophysical population. The /gy range of the larger
peak overlaps with the distribution for the stellar-mass black holes by comparing
the right peak of the blue distribution and the green distribution in Fig. {.4 In
fact, this larger peak solely comes from GW190924, the lowest mass BBH (L. S.
Collaboration and V. Collaboration, 2021), while the smaller sharp peak on the left
side comes from GW190814 and GW200210. This left peak has little overlap with
the stellar-mass black hole posterior, suggesting that the two events may be NS-BH
merger events, which correspond to different formation channels. Zggy successfully

distinguish these two events out.

We then decompose the combined mass gap posterior into individual events in Fig.
Although Zggy should only work with BBH merger events, we still compute
the distributions of confirmed NS-BH merger events for comparison, including
GW191219 and GW200105 (Zhu et al., 2022). We use the SEOBNRv4PHM
waveform, which does not incorporate any tidal effects expected in BNS coalescence
or NS-BH merger events. Then, we can use the same treatment as BBH mergers
and calculate the Z/ggy posterior. Generally, NS-BH events have smaller /gy
values between 0 and 0.15. The posterior always has a sharp spike with a smaller
range of Jgpy values compared with BBH merger events. GW190814 has the
sharpest peak in these 4 events, spanning a very small range of /ggy, which is
very probable and typical for NS-BH merger events. In contrast, GW200210 has
a broader range. The upper bound of GW200210 becomes overlapped with the
stellar-mass black hole posterior. Although the two events have high similarity
(Gayathri et al., 2023), GW 190814 has a higher likelihood to have the secondary
object as NS than GW200210 based on the Jggy distributions. The secondary mass
for GW190814 is also measured and constrained more precisely than GW200210,
making large error bars for the later event (Gayathri et al., [2023). GW200210 has



31

—— GW190814
GW200210
-—- GW191219
-—- GW200105
= Stellar Mass BH (5M®-40Mo)

pe————————

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
TggH

Figure 4.5: Igpy posteriors of confirmed NS-BH merger events with GW events
with unknown secondary objects (solid lines). GW191219 & GW200195, the two
NS-BH merger events, are plotted in dotted lines. The bold red line shows the /ggy
posterior of stellar-mass black holes.

a large likelihood as the lightest black hole, which can change the black hole mass
distribution if confirmed (Ozel et al., [2010).

We have attempted to use Zgpy to classify compact object populations. Although not
systematically developed as a pipeline, our model shows some differentiability in the
origins and formation channels. Unlike the deformation parameter « as a constant,
IgpH appears as posteriors for comparison. With more GW events detected by
LIGO, we can establish a standard Zggy posterior for NS-BH binary populations

and BBH populations, enabling us to identify the compact objects in the lower mass

gap.

New Event from O4: GW230529

The first announced GW event from the 4th observing run of LIGO is GW230529,
which is a potential BNS coalescence or NS-BH merger event. The primary compact
objecthas amassof 3 .6t?"§ M, which sits in the lower mass gap with 99% confidence
interval (Bailyn et al., [1998; Ozel et al., 2010; Farr et al., 2011). The secondary
compact object will probably be a neutron star with a mass of 1.4f?'gM@ (L. S.
Collaboration, V. Collaboration, and K. Collaboration, 2024)). This event obtains

an unknown primary compact object, which we want to identify with 7ggy, similar
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to the graph in Section The Igpn posterior spans a much broader region than
other posteriors in Fig. 4.6 The posterior overlaps with the stellar-mass black hole
distribution. Interestingly, this event also displays a bimodality behavior, which is
very different from the ZJgpy posteriors from BBH or NS-BH merger shown in Fig.
4.5l

—— Mass Gap (<5Mp)

Heavy Mass BH (>40M)
—— Stellar Mass BH (5Mo-40Mo)
m— GW230529

-

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7
IggH

Figure 4.6: Iggy posteriors of GW230529 with IMRPhenomXHM waveform with
reference of Jgpy distributions of compact object populations

This GW event shows a large similarity with GW 190426, which is a NS-BH merger
event detected in the third observing run (L. S. Collaboration and V. Collaboration,
2021). GW 190426 also has a less massive primary object with mass of 5.73’3M@
and a secondary object with mass of I.ng'gM@, which fits into the mass range of
neutron stars (Landry and Read, 2021)). Both events have a symmetric mass ratio
compared with other NS-BH merger events (L. S. Collaboration, V. Collaboration,
and K. Collaboration, 2024). This similarity extends to the posteriors of /gy
too. As seen in Fig. both GW190426 and GW230529 show a bimodal Zggy
distribution. By conducting a KS test, the two posteriors have a O value of 0.26,
which does not imply a large difference. The two peaks span a broader range
in GW190426 than in GW230529, which can be caused by a more asymmetric
mass ratio. The similarity between the two posteriors shows a higher likelihood of

GW230529 as a symmetric NS-BH merger event, which supports the conclusion
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from the detection paper that the primary object is most likely a black hole (L. S.
Collaboration, V. Collaboration, and K. Collaboration, 2024). The mass of the
primary object is too heavy to fit into the current neutron star mass distribution.
The recent massive pulsar PSR J0514-4002E discovered in a globular cluster has
a mass of [2.09, 2.71]Ms, which is one of the most massive neutron stars found
(Z.-C. Chen and Liu, 2024). The primary object in GW230529 even exceeds this
maximum mass, which is also challenging to fit into NS EoS (Godzieba, Radice,
and Bernuzzi, 2021). However, the Jggg posterior is very different from other NS-
BH mergers like GW191219 and GW200105 shown in Fig. 4.5 The large-range
posterior also overlaps with the stellar-mass black hole posterior. We cannot rule
out the possibility of an exotic compact binary coalescence such as primordial black
holes (PBH) dark matter (Huang et al., 2024).

— GW190426
GW230529

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
IgBH

Figure 4.7: The Iggy posteriors of GW 190426 & GW?230529



34
Chapter 5

CONCLUSION

Based on the Hawking Area Theorem, we could calculate the entropy of black holes
from mass and spin, which were two parameters measured by LIGO. With this
theorem, we derived a variable /gy that measured the efficiency of entropy transfer
during BBH mergers. To apply Z/ggy on GW data, we coded and constructed a
framework that imposes thermodynamical constraints derived from general relativity
and quasi-circular hypothesis. When there was an independent measurement of
the ringdown phase (QNM), this framework operated as an IMR consistency test,
which gives us new astrophysical insights. By applying the framework to 10 of the
heaviest BBH mergers detected by LVK with both the IMR analysis and independent
ringdown measurement, we found new astrophysical insights into the formation
channels for GW190521 and GW191109, two of the heaviest confirmed binary
black hole merger events. Meanwhile, we independently used entropy to prove the

existence of black holes inside the PISNe mass gap.

We systematically investigated the consistency between the phenomenological wave-
form and the ringdown model. The optimal filtering cut p was 75% for both the
theoretical limit and uniform prior, which also disabled any faulty astrophysical
insights. With this filtering cut, we tested and discovered Kerry;; as the most
consistent ringdown model. This finding supported the claim that the ringdown
stage may start early in the merger stage. In contrast, Kerriy showed the lowest
consistency, suggesting the absence of these high-order modes in symmetric GW
events. Compared with QNMs, waveforms did not largely affect the consistency
between posteriors. NRSur7dg4 waveform displayed the highest consistency with
the ringdown models, indicating the importance of numerical relativity simulations

to waveform constructions.

For events without the QNM measurement due to the low SNR of ringdown, we
utilized the post-merger conditions fitted from the IMR waveform, which allowed us
to compute the Jggy for all GW events. We derived the astrophysical distribution of
IeH, which shows high differentiability. Therefore, we saw the potential of Jgpy
to differentiate formation channels and classify compact binary populations. Based

on the mass of the secondary black hole, we separated heavy-mass black holes from
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stellar-mass black holes, demonstrating that they correspond to different formation
channels. Similarly, we applied the Zggy value to the lower-mass gap to identify the
compact object. We showed some preliminary results to differentiate NS-BH from
BBH merger events. With Iggy posteriors, we demonstrated the high probability of
the newest LIGO discovery GW230529 as a NS-BH merger event.
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