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Abstract. The General Theory of Relativity, proposed by Albert Einstein theoretically predicted that very
large accelerating mass creates ripples in spacetime which is the strongest for merging binary black hole
system and the ripples can travel billions of light-years and these ripples are called Gravitational Waves.
By the time these waves reach Earth, they become very faint and can't be detected with regular methods.
For this, LIGO has created specialized detectors based on the laser interference principle to detect strains
caused by gravitational waves in e-19 scale. GW190521 is a gravitational wave event recorded on 21 May
2019 at 03:02:29 UTC and caused by the merger of two black holes of 85Me and 66 Me whose
progenitor was the largest ever recorded. Throughout literature, very few amounts of autonomous black
hole identification models have been made because of limited data availability. This experiment proposes
methods for autonomous identification of black holes by using an unsupervised machine learning
algorithm called Agglomerative Clustering with very little data to train which can adapt quickly to
gravitational wave events. The model could be easily deployed near laser interferometric observatories
for autonomous black hole identification with minimal effort.
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1. Introduction

The "General Theory of Relativity" proposed by Sir Albert Einstein in 1915 predicts the existence of
black holes as well gravitational waves [1]. The interferometer records of September 14th, 2015 were
very close with Einstein's theoretical predictions. This was a remarkable moment in science while this
invention opened a new age of gravitational wave astronomy. Black holes are one of the most
enigmatic astronomical substances found in the universe. Theory and simulation of black holes allow
us to improve our understanding of gravity. A black hole is a type of singularity which is a location in
spacetime where the gravity and density tend to be of infinite scale causing it to pull the spacetime
continuum surrounding it in such a manner that even light fails to escape [2-4]. The theory, predicts
that massive bodies like black holes or neutron stars capable of accelerating can create ripples within
spacetimes called gravitational waves. Specifically, gravitational forces compress the distances
between the bodies. A gravitational effect on a test mass ring is to alternately stretch it in one of the
directions and compress in the other.
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Einstein was one of the first to calculate the energy loss caused by the emission by gravitational
signals from a binary system. His famous quadrupole equation (1) gives us the formula for
gravitational strain from a gravitational wave where O, denotes the quadrupole tensions at the source.

1.1. Detection of Gravitational Waves by LIGO

Einstein observed that gravitational wave from realistic astrophysical sources is so weak that they
cannot be detected. There was also some doubt about the existence of a gravitational wave. With the
development of theories for understanding the behaviour of massive objects, for example, black holes
or neutron stars and other astrophysical observations like binary pulsar systems, it is clear that
gravitational waves do exist. This all changed when Laser Interferometer Gravitational-wave
Observatory (LIGO) which is a physical instrument that senses spacetime undulations detected
gravitational waves on September 14, 2015 which was possibly caused by two colliding black holes
estimated to be around 1.3 billion light-years far from earth. LIGO's discovery is one of the greatest
scientific achievements in human history. Although gravitational waves can be very destructive and
violent, they become quadrillion times weaker by the time they reach Earth. The amount of space-time
vibrating because of gravitational waves that were first detected by LIGO was 1000 times smaller than
an atom's nucleus. LIGO was created to detect strains on this scale [5-7].

1.2. GW190521 Event Recorded by LIGO

GW190521 is a gravitational wave that was recorded by LIGO and Virgo observatories on 21 May
2019 at 03:02:29 UTC was a landmark discovery because the mass of the progenitor black hole was
the highest ever recorded to date. The event was a result of the collision of two black holes having
mass 85 Mo and 66 Mo respectively and they were estimated to be around 17 billion light-years apart
from the earth. Astronomers observed a flash of light in June 2020 that could be linked to GW190521.
Zwicky Transient Facility reported the detection of a transient optical supply in the vicinity of the
GW190521 trigger. However, the merger was still uncertain due to the uncertainty in the sky position
spread across hundreds of square degrees and it was later confirmed with subsequent observations. If
the two events are related, the event is believed to be the first-ever detection of electromagnetic
sources concerning the merger between the two black holes. Lights are usually not emitted by black
hole mergers unless there are some Hawkin's Radiation detected. Scientists around the world suggest
that this phenomenon could be understood by the fact that the collision of two smaller black holes
produces a newly formed intermediate-mass black hole, disrupting the accretion disk material and
emitting a flare at around 200 km/s through its accretion disk. This explains that the flare is likely to
occur again after 1.6 years from the collision when the intermediate-mass black hole encounters the
accretion disk and accordingly the observations of the merger event was finally confirmed by LIGO
and Virgo observatories [8-10].

Advanced LIGO and Virgo now have a new vision of understanding the Universe by detecting
gravitational waves (GWs). The LIGO and Virgo Scientific Collaboration (LVC), have reported that
GWs have been successfully detected from 10 binary black hole mergers (BH) and a binary star
moving in a spiral. O3 was the third and final observing run. It was started on April 1, 2019, however,
this was suspended on March 27, 2019. Numerous alerts about possible GW detections were received
by the astronomical society, with three confirmed discoveries. The discovery of GW150914 and the
subsequent events have revealed that a large population of binary BHs have a combined total mass
between 19 Mo to 84 Mo. Their component masses range from 8-50 Mo. The signals consistent for
heavier BHs have been reported in it was concluded that less than 1% of primary BH masses are
greater than 45 Mo in parametrized population modelling. Stars with a range of helium centre mass
between 32-64 Mo and 65 Me will be affected by pulsational pairing instability. Stars with helium
central mass between 64-135 Me would also be vulnerable to pair-instability. Stars with helium
content in the range 64-135 Mo would not leave any compact remnants, while stars with 135 Mo
helium mass are believed to immediately collapsing to intermediate mass (IMBHs). LVC O1 to O2
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observations indicate that there is no heavy BH formation via pair-instability supernovae (PISN). For
GW190521, there is a high chance that the mass for the heavier binary component will be within the
PISN Mass Gap. BHs having mass below the PISN gap are likely to form in the dense stellar systems
or active galactic nuclear nuclei disks. They might be formed through a sequence of hierarchical
collision of smaller BHs or the direct collapse of a stellar fusion of an evolved and main sequence
companion. The search for quasicircular binary colliders revealed GW190521, but no evidence is
found to support such a departure from the signal model [11-13].

1.3. Machine Learning and its applications in black hole studies

Unsupervised learning is a popular subset of machine learning which is used to detect abnormalities or
irregularities from a dataset without the difference being priorly trained to the model. Agglomerative
Clustering is a type of unsupervised learning which is a form of hierarchical clustering which groups
the dataset in a bottom-up approach. The algorithm initially tends to detect all the points to be a
separate cluster and then the cluster subsets are merged one after another based on their properties to
form n large cluster where » is the desired number of clusters to be formed. [14-16]

1.4. Motivation for the experiment

After an extensive literature review, we have found some gaps in studies to implement machine
learning algorithms for the study of astronomical events such as black holes. Several works have been
made by studying the accretion disk and images of shadow of black holes with limited resolution
telescope with high frequencies with convolution neural network to extract many features of a black
hole. Gravitational waves have been analysed with Bayesian neural networks for multiple parameter
estimations. Machine learning has also been widely used to filter noises from LIGO data helping it to
extract the important features. Efforts have also been made to classify machine learning in a
supervised fashion however due to the limited amount of GW events ever recorded, it makes it
difficult to reliably predict black holes with this approach [17-20]. There are no significant studies
performed to cluster the irregular LIGO data which corresponds to a black hole reliably without prior
training. Therefore to overcome this gap, the article describes methods to use Agglomerative
Clustering to detect abnormalities in LIGO recordings and cluster the black holes whenever detected
without prior training.
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Figure 1. The binary black hole system causes ripples in spacetime called gravitational waves which
travels through space and when reaching the earth, LIGO records the strain caused by the event which
has been analysed with Agglomerative Clustering algorithm for automated detection for such events

The work at a glance is represented by figure 1. The merger of the black holes created the ripples in
spacetime which travels a long distance reaching earth which is tracked by LIGO. This data is then
processed to make it suitable for unsupervised learning and then finally used the Agglomerative
Clustering method to detect the black holes without prior training.

2. Data & Methods

Revolving binary black holes creates ripples in spacetime which propagates through long distances
across space. The ripples cause temporary compression and expansion in any object that comes into its
path. This causes a series of strains that can be detected with properties of interference of light. Laser
interferometers are built by a source of light that gets split, travels through two light carrying channels
perpendicular to each other which gets reflected and interfere at the end and the resultant wave is
detected by the detector. But when there's an incoming gravitational wave, the space around these
channels compresses or expands altering the length of the channels making the light travel from source
to destination in the different time periods and ultimately deviating the interference from 0 to some
detectable intensity which is ultimately detected by a specialized detector at the conjunction of the
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light channels. However, in practice, ideal 0 is very less likely to be found because of noises and
therefore it is necessary to filter the data from noises to isolate gravitational waves which are discussed
later in the text. [21-23]

2.1. GW190521 event and its recorded data

Laser Interferometer Gravitational-wave Observatory (LIGO) reading
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Figure 2. The strain graph for the gravitational wave event GW190521 which were detected by LIGO
Hanford, LIGO Livingston and Virgo detectors

The observation of GW190521 event which was initially known as S190521g was a resultant wave
cause due to the merger between two black holes of 85 and 66 solar masses approximately 17 billion
light-years apart detected on 21 May 2019 at 03:02:29 UTC by LIGO and Virgo detectors. The merger
resulted in an intermediate-mass black hole which was equivalent to 142 times the mass of the sun and
the black holes causing this merger are estimated to be the largest progenitor masses ever observed.
The data of this event was first published publicly by LIGO and Virgo for research on 2nd September
2020 which have been further investigated in this experiment [24]. The dataset used for the experiment
consists of a strain graph of 4KHz for 32 seconds between which the event has been recorded in three
detectors namely LIGO Hanford (H1), LIGO Livingston (L1) and Virgo (V1). The experiment has
been conducted on approximately 128000x3 data points. The changes in the intensity of the
interference from different locations can be calibrated to fine-tune the location of the black hole.
Figure 2 shows the representation of the data recorded by the three different detectors. The x-axis here
represents the time sequence in milliseconds and the y-axis represents the strain reading. The time
slice shown in the graph does not correspond to the part of any gravitational waves but represents the
general reading which shows the presence of noise in the detector. When there's a gravitational wave
received at the detector, the strain increases significantly from the regular noise range which in this
experiment have been clustered for autonomous detection of binary black holes. [25-29]
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2.2. Agglomerative Clustering for Binary Black hole Detection

Agglomerative Clustering technique is useful for isolating » number of clusters of data having
contrasting features. It is preferred for the experiment over other popular unsupervised machine
learning algorithms like K-Means Clustering, Gaussian Mixture Model and Affinity Propagation this
is because of the speed of execution. K-Means clustering is a very effective algorithm as it works by
calculating the centroid for the two clusters but it does so by comparing distances from each point to
estimate the centroid making it a very time-consuming model. The Gaussian Mixture model is fast,
however, it has been found to often have lower accuracy in forming the cluster. Affinity propagation is
a technique that doesn't need to explicitly define the exact number of clusters to form and it parses
through each point and measures its properties to estimate the cluster. This has the property to
discover strains that correspond to a black hole even without prior training. Although this is quite
accurate and can adapt to large variations, this has a limitation in speed due to its exponential time
complexity it takes too long to train a large dataset that has not been considered for the experiment.
The agglomerative clustering model developed in the experiment consists of two clusters that have
been trained explicitly on the data of binary black holes to identify data corresponding to such events.
To measure the distances between the points, euclidean distances have been used which works as
differences of points in cartesian coordinates. While forming the clusters, the ward linkage method has
been used to minimize the variance between the distances of observation sets while merging
subclusters to a major cluster. [30-32]

3. Results & Discussion

The ripples in spacetime caused by binary black hole collision or revolution around each other travel
large distances and similarly such ripples called gravitational waves reached earth known as
GW190521 and recorded by the observatories. The observatories should have an ideal O strain as
recorded by the interference detector but in practice, there are some noises recorded by the detectors.
The noises spread across a regular range of strain which varies according to the detector. The LIGO
Hanford H1 normal strain ranges from around -2x1e-19 to 2x1e-19 range where the maximum strain
ranges within proximity of 0. The LIGO Livingston (L1) observatory strain data normally stays within
a range of roughly around -7x1e-19 to -7x1le-19 which mostly accumulate toward 0 ranging from
roughly around -2.5x1e-19 to 2.5x1e-19. Likewise, the Virgo (V1) detector range lies around -3x1e-19
to 3x1e-19. The majority of the V1 data accumulates around 0 ranging from around -1.5x1e-19 to
1.5x1e-19. These are the general range of observatory readings and figure 3 represents the graph of the
strain of one detector with respect to the strain of other detectors. During a gravitational wave event,
the strain increases which are detected by the observatories. During the GW 190521 event, it could be
noticed that the recording from all three locations have significant deviations from their general strain
ranges which ensures the presence of gravitational waves and further investigations reveals the nature
of the source. It can be noticed that the H1 strain peaked up to -3x1e-19 and 3xle-19 making a clear
distinction of binary black hole event. The V1 strain during the event peaked up to -6x1e-19 to 6x1le-
19 which is another clear distinction of the event. Similarly, L1 strain had peaked up to -7.5x1e-19 to
7.5x1e-19 during the event. This gives a statistical reference to form the cluster to isolate binary black
holes gravitational waves from regular noises.
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Multidimensional Strain Graph for Gravitational Waves caused by Binary Blackholes
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Figure 3. The Strain vs Strain graph for different locations during GW190521 event indicating black
holes being the peak of strain

To detect the deviations from regular strain readings of the detectors, agglomerative clustering plays
an important role here. However, the strain data, in general, oscillates from negative to positive range
and also the portions from the readings which explicitly corresponds to a binary black hole are much
closer to the regular readings of the detector which are likely to degrade the detection performance of
the agglomerative clustering algorithm. Therefore to solve both the issues, the strain data have been
squared which amplified the event and shifting all the strain data in a positive phase making it easier
for the algorithm to detect the pattern. After that the model has been trained to specifically detect the
ranges which correspond to a gravitational wave event, particularly for GW190521, however, the
detection mechanism can be used for any other gravitational wave event. The agglomerative clustering
algorithm has successfully detected the peaks in the strain graph which explicitly corresponds to a
gravitational wave caused by a binary black hole. The algorithm has clustered the H1 strain to be a
GW event for squared strains above 0.42x1e-37 and all recordings below that range are marked as
regular detector data. Similarly, for the L1 strain, the squared strain roughly above 2.8x1e-37
corresponds to a GW event. The squared V1 strain approximately above 2x1le-37 confirms the
presence of a binary black hole event. Anything below that approximate range generally falls within
the regular detector reading range and need not necessarily be a black hole. However, in order to
detect a very faint gravitational wave that cannot be detected with this technique, the sensitivity of the
detector requires to be increased or a more accurate noise filtering process is required which can be
covered in future experiments.

Binary Blackhole Confirmation with Agglomerative Clustering from Gravitational Waves recorded by LIGO
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Figure 4. Detection of Black Holes with Agglomerative Clustering from processed LIGO data of
GW190521 event and their relationship between three different locations namely LIGO Hanford (H1),
LIGO Livingston (L1) and Virgo (V1)

IOP Publishing
Journal of Physics: Conference Series 2089 (2021) 012027  doi:10.1088/1742-6596/2089/1/012027



AMSE 2021 IOP Publishing
Journal of Physics: Conference Series 2089 (2021) 012027  doi:10.1088/1742-6596/2089/1/012027

4. Conclusion

Accelerating large masses causes the surrounding spacetime to create ripples in spacetime. When the
source is very large, the ripples travel through spacetime through very large distances called
Gravitational Waves. The waves this large to travel billions of light-years is usually caused by a binary
black hole system revolving around each other or their merger and neutron stars. These waves are
however very faint to be detected normally and therefore specialized detectors such as LIGO are used.
The paper discusses the event known as GW190521 which is a merger of two black holes whose
progenitor was the largest ever recorded.

The paper presents a method to process the data making it suitable for unsupervised learning
and using the algorithm called Agglomerative Clustering for autonomous identification of such
gravitational waves isolating from noises to indicate the collision of a binary black hole system. The
paper presents the relation of such events and their recordings for data collected from LIGO Hanford,
LIGO Livingston and LIGO Virgo and how the detection results differ for the same black hole event
detected with the algorithm for the three locations.

The model could be easily deployed without prior training explicitly with black hole data and
can be trained with only existing noise data and whenever the gravitational waves are encountered, the
algorithm would automatically detect the abnormality and confirm whether it is a black hole. The
model could further be developed to address the nature of the source of the gravitational waves.
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