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Abstract:
Before the first formal and direct detection of gravitational 
waves happened in 2015 by LIGO, Einstein had already 
predicted its presence in 1916 through his theory of general 
relativity. These gravitational waves are produced in 
cosmic events such as colliding and merging black holes, 
which means that their detection and investigation can be 
used to study the characteristics and properties of Black 
Hole Mergers. Studying black hole mergers can enable us 
to gain a deeper understanding of the universe’s cosmic 
history and structure. This paper provides a brief summary 
on the insights of Black Hole mergers from Gravitational 
Wave Observations, while also exploring some of the 
observational technique used, such as the technique of 
interferometry and Pulsar Timing arrays.

Keywords: Black Hole Merger; Gravitational Wave; 
Stellar Evolution; LIGO.

1. Introduction
Black holes are massive bodies in space that have a 
gravitational pull so strong that not even light can es-
cape from them; they are formed when stars collapse.
When two black holes get close, they start to orbit 
each other; as they get closer and closer, they lose 
energy and start to emit gravitational waves. These 
merging events are observed by detectors like LIGO 
and Virgo, and that they can provide information 
about gravitational waves, and stellar and binary 
evolutions, as well as black hole properties. Black 
hole mergers are significant, as they provide insights 
of spin and dynamics of black holes, and help to 
understand galactic formation and evolution, which 
helps to create a better understanding of the universe. 
Gravitational waves are ripples in space time that are 

produced during an event of acceleration of massive 
bodies of objects; the very first detection of them was 
GW150914, which was observed in 2015. Gravita-
tional waves are detected from both merging black 
holes and neutron stars detections; specifically, they 
have been detected from around 70 black hole merg-
ing events; they are significant, because they can al-
low detections and studies of cosmic events that can 
not be conducted through a conventional telescope; 
they also dig up information about the early stages of 
the universe, and that it enables testing of Einstein’s 
theory of general relativity under intense gravity. The 
paper explores insights of black hole mergers gained 
by observing gravitational waves from merging black 
holes, while scrutinizing its theoretical structure and 
observational techniques. The paper also explores in-
sights into gravitational waves and their significance. 
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Then, the paper discusses the key findings from the obser-
vations and points out potential prospects [1-5].

2. Theoretical Framework

2.1 Black Hole Mergers
Black Hole Mergers are events in which two black holes 
in a system collide-black holes can collide into a system 
by interactions in surroundings that are stellar-dense. 
During the coalesce, enormous amounts of energy are 
released in the form of gravitational waves. These waves 
can be detected by gravitational wave observatories, grav-
itational waves from merging black holes are higher in 
rate than gravitational waves from neutron star mergers. 
In detail, the mechanism of merging black holes can be 
divided into stages. The first stage is the formation in star 
clusters; in stellar-dense surroundings, due to mass segre-
gation, black holes sink into the cluster core; black holes 
typically form from stars of masses over 20 solar masses. 
The next stage can be seen as the binary system forma-
tion, black holes form binaries by interactions with stars 
in the cluster core; it mainly consists of black holes pair-
ing up with another black hole. The stage following up is 
the stage of dynamical hardening, where the black holes 
become more closer and packed because of super-elastic 
encounters that happen with other stars in the cluster; this 
increases its binding energy. The next stage is ejection, 
where the binaries from the cluster are ejected because of 
significant energy; after ejection, the binaries are under 
suitable conditions for emitting gravitational waves. At 
the end, gravitational radiation is produced, as the body 
releases gravitational waves, the orbit reduces, leading to 
a complete merge of black holes within couple billions of 
year of time [6, 7].
High frequency gravitational waves ( 1 10,000− Hz ) are 
emitted by the stellar collapsing to a black hole. Low fre-
quency gravitational waves ( 10 1−4 − Hz ) relates with mas-
sive black holes and binary stars of short period, and they 
provide insights into the study of black holes and galactic 
binaries. Very low frequency gravitational waves 
( 10 10− −7 9− Hz ) relates with processes from the early uni-
verse, which reveal information about early-universe phe-
nomena. Extremely low frequency gravitational waves 
( 10 10− −15 18− ) are also expected to be associated with ear-
ly universal processes, and they provide insights into large 
scale cosmic structures.
Gravitational waves from the high frequency band can be 
detected by interferometric methods; Gravitational waves 
from lower frequency bands can be detected using Pul-
sar Timing Arrays. In terms of Black Hole mergers, they 

typically produce gravitational waves of high frequency 
because merging black holes are very compacted, with 
motion occurring near their gravitational radii, rapid orbit-
al movement in its final stage; thus, creating gravitational 
waves of shorter wavelength, higher frequency [8].

3. Observation techniques

3.1 Detection Methods
LIGO, the Laser Interferometer Gravitational-Wave Ob-
servatory, detects gravitational waves from the cosmos, 
particularly in events such as black hole mergers and 
neutron star collisions. There are two major sites in the 
United States, one in Washington and one in Louisiana. 
The observatory can detect interference (distance chang-
es) smaller than a proton’s diameter, and that it made the 
first direct detection of gravitational waves in 2015: from 
a binary black hole merger [2, 4].
Virgo is located in Italy, and it uses a similar interferomet-
ric technique as LIGO does. It works collaboratively with 
LIGO to improve the detection ability of LIGO, as well 
as increasing the localization of sources of gravitational 
waves.
IPTA (International Pulsar Timing Arrays), which consists 
of NANOGrav (Northen American Nanohertz Observa-
tory for Gravitational Waves), EPTA(European Pulsar 
Timing Arrays), and PPTA (Parkes Pulsar Timing Arrays) 
that share a common data set, detects gravitational waves 
of low frequency using pulsars, and it aims to investigate 
Gravitational waves from supermassive black hole merg-
ers or colliding neutron stars [7].

3.2 Techniques for capturing gravitational 
Wave signals
One detection technique is interferometry, which uses 
highly sensitive interferometers to detect gravitational 
waves. An example of it is LIGO. To be specific, it uses a 
Michelson interferometer with two long arms that forms 
an L-shape; the laser beam splits up into two beams, 
which continues to travel down each of the arms, and are 
reflected off the mirrors at the end of the arms – the laser 
beam bounces back and forth between the mirrors that 
increases the sensitivity to change of distances because 
it increases the path length. In order to detect a gravita-
tional wave, the gravitational wave must pass through 
the detector; as the wave goes through the detector, it 
causes slight shifts of the distance between the mirrors in 
the arms by the stretching and squeezing of spacetime. 
Without any interference, the laser beams have destructive 
interference, which means that the photodetector would 
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receive the minimal amount of light intensity. With slight 
shifts, it causes a phase change, leading to a change in the 
interference, and that produces a translatable signal at the 
photodetector. The system can also embed a coincidence 
detection system that detects signals simultaneously to 
confirm that it is a gravitational wave, which enhances de-
tection accuracy [8, 9]. There are several ways to analyze 
the signals received; matched filtering is used to process 
signals; it compares data to a database of wave templates, 
so that significant signals are identified from the overall 
signal [10, 11]. The line-and-transient robust statistical 
analysis is also used in the process of recognizing signals. 
[12]
Another detection technique is the Pulsar Timing Arrays. 
They work by measuring the times of arrival of signal 
from different pulsars that are distributed across space; 
pulsars are highly magnetized rotating neutron stars that 
emit beams of electromagnetic radiation; the rotational 
stability of the neutron stars allows accurate estimations 
of arrival times of signals; and the arrival time of the 
signals are timed regularly by radio telescopes. A gravita-
tional wave that passes by will cause a small fluctuation 
of the arrival times of signals, the wave stretches and 
compresses, which cause a change in the duration of light 
traveling to Earth from a pulsar. By monitoring a series 
of pulsars, time variation that fits the pattern from grav-
itational waves is detected and recorded. Pulsar Timing 
array systems embeds noise reduction methods that filters 
out irrelevant signals. This type of detection technique is 
sensitive to gravitational waves of low frequency – in the 
range of nanohertz.

4. Key Findings

4.1 Characteristics of Merged Black Holes: 
Mass, Spin, and other properties
The masses of the remnant of the black hole can increase 
by gaining more energy from the smaller body at the con-
dition of the last stable orbit state. The spin of the merged 
black holes tends to only hold rapid rotation when the 
larger black hole spins quickly already or when the mass 
ratio of the binary reaches equivalence; the orientation of 
the spin might change if the mass ratio is too large, which 
aligns to the plunge angle. In terms of small mass ratios, 
by considering smaller bodies as text particles, they can be 
estimated. The remnant’s spin relates to the inclination of 
the merger and its original spin. The angle of inclination 
is significant, because as it changes with the merger, the 
spin’s orientation and angular momentum would change, 
affecting the property of the remnant. Minor mergers can 
repeat and eventually lead to stochastic spin evolution; at 

the same time, the initial spin might approximately remain 
the same while the growth of mass. As a whole, black 
holes that spin rapidly might mean that the role of mergers 
of their growth are limited.
Through LIGO, the black holes detected were larger in 
mass than the expected masses of known stellar-mass 
black holes and found out that merging binary black hole 
systems could exist without exceeding the age of the uni-
verse. It also made confirmation of existence of gravita-
tional waves through the observation black hole mergers 
[9, 10].

4.2 Implications for Astrophysics: Insights into 
stellar evolution and cosmic history
Gravitational waves can be used to study events such as 
formation of neutron stars or black holes from the collaps-
es of stars, in which it could trigger supernovae. Compact 
binary systems – its inspiral and coalescence, can tell 
about massive star’s dynamics and evolution.
From Pulsar Timing Arrays, the detection of Gravitation-
al Waves provides in formation of Supermassive Black 
Holes. The formation of these Supermassive Black Holes 
is categorized into different stages; in the first stage by 
dynamical friction, merging galaxies’ central black holes 
starts to get close to each other, and after sub-parsec sep-
arations, it starts to emit gravitational waves. Through the 
detection of these gravitational waves, information of the 
formation of Supermassive Black Holes can be known, as 
well as its evolution; the detection of these waves can also 
provide insights into the frequency of these mergers [11-
13].
These Supermassive Black Holes are likely started from 
primordial black holes (early universe black holes) or 
Population III stars (first-generation stars that are formed 
during early cosmic history, and they are present with low 
metallicity).

5. Discussion

5.1 Interpretations of findings: How observa-
tions have advanced our understanding
Observations from LIGO and Virgo have verified the 
existence of black hole mergers, and have proven that 
gravitational waves do exist, which confirms the predic-
tions from the Theory of general relativity. They also have 
successfully provided data on masses and spin properties 
of merging black holes, and that these data helped to en-
hance and form a brief model and understanding of their 
formation, as well as stellar evolutions.
Observational data from Pulsar Timing Arrays also 
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enhanced our understanding of Stochastic Gravitation-
al-Wave Background that are generated by supermassive 
Black Hole Binaries and Cosmic Strings, which could 
lead to a more advanced understanding of the early uni-
verse and also early cosmic events.
The detection of Gravitational Waves enhances our under-
standing of Supermassive Black Holes, these Black Holes 
can tell us about the phenomena of early cosmic events 
and history, as they likely originates from Primordial 
Black Holes and Population III Stars.

5.2 Challenges and limitations
Methods that composes of interferometry are generally 
affected by ground vibration and Gravity gradient noise, 
which skews the data being collected. Thermal noises and 
Shot noises (noises from quantization of photons) typical-
ly impact the sensitivity of the detector. Quantum limits 
are also present from the principle of uncertainty.
Pulsar timing array methods are most affected by timing 
precision; it is hard to gain precise measurements of arriv-
al time of pulses. They are also affected by the extent of 
noise reduction which affects the time array’s sensitivity. 
The Pulsar Quantity limits the capability of detection by 
the arrays [2, 7]. This technique is only sensitive to Gravi-
tational Waves of low frequency, and that the frequency of 
observation is also low. These arrays are also affected by 
interstellar medium effects which complicate time correc-
tion and extra noises. The amount of suitable Pulsars that 
can be used for detection is also a limiting factor, as there 
are too few pulsars to form arrays from. Time of detection 
of Pulsar Timing arrays is a long term one, and it is hard 
to maintain long term stability of the monitored Pulsars 
[13].

6. Prospects
As investigation into this field progresses, more unknown 
information will be revealed. Expected findings in this 
field include: the spin down of mergers in certain physical 
conditions, the bending of the jet when the orientation of 
a black hole’s spin change. Consistency of waveforms 
may suggest accurate predictions for black holes of equiv-
alent mass and no-spin from Einstein’s general theory of 
relativity. The investigations may also bring new under-
standing and findings of effects of initial conditions when 
conducting a simulation.
In the detection of Pulsar Timing Arrays, Continuous 
Gravitational Waves from Supermassive Black Hole Bi-
naries are expected to be found and that these detections 
of continuous gravitational waves can let us know more 
about the distances, masses, and other parameters of these 
binaries. Expected findings of this technique also include 

Gravitational Bursts; Gravitational Bursts are signals with 
a short duration but a high amplitude; and these Bursts 
can tell us more about cosmic phenomena and the mecha-
nism of the motion of black holes.

7. Summary

7.1 Implications for Astrophysics: Broader im-
pact on the understanding of black holes
As black holes mergers emit gravitational waves, they can 
allow for the testing of Einstein’s general theory of rela-
tivity under extreme conditions, because they can provide 
direct evidence to the source of gravitational waves. The 
investigations into black hole mergers can also boost the 
understanding of where black holes form and interact, 
which can boost the development of galactic dynamics 
and the understanding of the universe’s origin; through the 
study and investigation of gravitational waves, the mass 
and spin of the black hole mergers can be measured and 
that can be utilized to improve formation and evolution 
models of black holes.

7.2 Future Progression
In the future, more space-based observations can be con-
ducted, and more global collaboration can be engaged. 
Development of more advanced detectors needs to keep 
going so that the range and accuracy of the detectors 
would increase. More advanced noise cancellation tech-
niques and sampling methods should also advance so 
that detection can be more accurate, with better sampling 
methods, the chance of getting significant data can in-
crease, which makes detection more efficient.
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