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Abstract. Black hole mergers are fascinating astronomical phenomena that occur when two
black holes gradually merge as they rotate and approach each other. This phenomenon is caused
by explosive gravitational waves that propagate through space until they are detected. Black hole
mergers are an extremely powerful origination as well as signature for GWs that can help us
better understand the nature of the universe. Using the technology of VLBI, humans can
construct the EHT and get access to the image of black holes. The EHT can resolve objects about
4000 times better than the Hubble Space Telescope thanks to this degree of precision, which
enables people to perform more precise research on the exploration of the universe. At present,
many research institutions around the world are involved, and a huge observation network has
been established. Looking ahead, this paper finds that although humans have taken the first-ever
photos of the apparent boundaries of black holes, there are still limitations to black hole detection.
In future research, researchers will delve into black holes’ formation and evolution to reveal
more about their mysteries. In addition, scientists should explore the interaction of black holes
with other celestial bodies, which will help us to better understand galaxy creation and
development and provide novel perspectives for the development of cosmology.
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1. Introduction

In 1916, the concept of the black hole (so-called “frozen star” at that period) existence was first proposed
by theoretical physicist Albert Einstein along with general relativity and Einstein equations’ solutions
for general relativity near a single spherical mass proposed by Schwarzschild. Followed by decades of
questioning that a black hole is merely a theoretical object [1]. The first black hole that humans
discovered, Cygnus X-1, is located in the Swan. One of the brightest X-ray sources is discovered by
astronomers at Cygnus X-1 in a 1964’s short rocket flight [2]. Then, in 1974, Stephen Hawking
introduces the theory of Hawking radiation, which indicates that black holes will slowly evaporate until
they explode. In 2008, the Event Horizon Telescope releases an early result to the world. In 2019, the
first picture of a black hole by the EHT is of the one within Galaxy M87 [3]. Researching black holes is
a significant topic in several different aspects. For one thing, it can convey information about related
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galaxies. For another thing, black holes can test for fundamental theories explaining how the Universe
works on the macro and the micro scales [4].

Mergers of binary black holes are a common form of black hole merger consisting of two black holes
that orbit around each other. Over time, these black holes get closer and closer until they eventually
merge into a larger black hole. At present, the black hole merge and its detection is a topic with large
potential and research value. Using the technology of VLBI, humans can construct the EHT and get
access to the image of black holes. The EHT can resolve objects about 4000 times better than the Hubble
Space Telescope thanks to this degree of precision, which enables people to perform more precise
research on the exploration of the universe. At present, many research institutions around the world are
involved, and a huge observation network has been established.

Black hole mergers and their detections at present is a topic of great potential. This article aims to
provide general information on black hole mergers and the state-of-art of detections to its reader. It is a
summary of present knowledge and the result of this phenomenon. In this article, the topic of Black
Hole Mergers and the State-of-art of Detections will be explained and analysed in several aspects. The
article starts by focusing on the definitions and classifications of black holes, and then shifts to the
process of merging black holes and the gravitational waves generated. In the last section, the articles
focus on current technology of detection and the limitations and future outlooks with it.

2. Definition and types of black hole
Black holes are cosmic objects that have such a strong gravitational pull that nothing. A typical sketch
of the process is presented in Figure 1 [5]. The singularity is surrounded by a boundary called the event
horizon, which marks the point of no return for anything that crosses it.
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Figure 1. Life cycle of stars.
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Figure 2. “Un-seriously” Schwarzschild (left) & Kerr (right).

Black holes Black holes (BHs) are prevalent throughout the universe, occurring in various sizes. In
our galactic vicinity and several nearby galaxies, there are numerous known stellar-sized BHs that have
masses ranging from 3-30 times that of the Sun. These BHs are the remnants of core collapse that occurs
during type-II supernovae (SNs), and they originate from the massive progenitors of at least 20 or
potentially even 30 times the Sun's mass. These objects are typically found in binary systems that are
also potent X-ray sources, which is likely the outcome of the BH's accretion process [6]. Supermassive
black holes (BHs) that are active and situated in galactic centers have been acknowledged since the early
identification of Quasars in the 1960s. These BHs possess masses exceeding a million times that of the
sun and sizes ranging from millions to billions of kilometers in diameter [6].

Mathematical formulae are used to describe the properties of black holes and the behaviour of matter
in their vicinity. The Schwarzschild solution is used to describe non-rotating black holes, while the Kerr
solution is used to describe rotating black hole, presenting in Figure 2.

The Schwarzschild solution describes the curvature of space and time for a non-rotating situation as
the following formula:

ds? = - (1-2%)ae? + (1-22) " dr? 4 r2dQ? (1)

It can be used to calculate the size of the event horizon and the strength of the gravitational pull [5].

The Kerr solution, on the other hand, can be described as:

ds? = fdt? — {h(dz? + dp?) + "Z‘%Z} 2)

Here, ds is an infinitesimal distance between two points in spacetime; dt and d¢ are infinitesimal
time and angle intervals respectively; dr and dQ are infinitesimal radial and polar angle intervals
respectively; a is the angular momentum per unit mass of the black hole; M is the mass of the black hole.
However, using mathematical formulas to study black holes is not without its challenges. The extreme
conditions near a black hole, such as the strong gravitational pull and intense radiation, make it difficult
to gather accurate data and test theoretical models [7].
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Figure 3. The shapes of black holes based on simulations.

3. Black hole merger and gravitational wave

Binary black hole mergers are a common form of black hole merger consisting of two black holes that
orbit around each other. Over time, these black holes get closer and closer until they eventually merge
into a larger black hole. The two black holes draw closer and emit gravitational waves as they spiral
toward each other. As they draw nearer, their orbit quickens, and they emit stronger radiation. The
gravitational waves they emit are characterized by a distinct "chirp" signal, which is detectable by
gravitational wave observatories such as LIGO. Finally, during the ringdown stage, the newly created
black hole stabilizes into its final state and gives off a sequence of damped gravitational waves [8-11].

This process can be further illustrated by this article [11]. The article discusses the interior of a binary
black hole merger and how it can be studied using numerical simulations as presented in Figure 3. The
authors use a new method to track the apparent horizon of the black holes during the merger process.
They show that this method can be used to study the properties of black holes and their merger. In
simpler terms, the article explains how scientists can study black holes that merge using computer
simulations. They have developed a new way to track the black holes during this process which helps
them understand more about how black holes behave and interact with each other. This process releases
a large amount of energy and produces strong gravitational waves. When two black holes merge, they
produce gravitational waves that ripple through space-time. These waves are detected by gravitational
wave observatories such as LIGO.

The correlation between the magnitude of black hole mergers and the intensity of the gravitational
waves they generate is that the more massive the black holes that participate in the merger, the more
powerful the gravitational waves they emit. This is due to the fact that when two black holes merge,
they generate energy in the form of gravitational waves, and the amount of energy released is directly
proportional to the mass of the black holes involved in the merger. The discovery of this trend was made
by a team of scientists who detected gravitational waves from a binary black hole merger using LIGO
[10]. This relationship between black hole mergers and gravitational waves is an area of active research.
Previous scholars used data from the LIGO to detect gravitational waves emitted by the merger of two
black holes [8]. In conclusion, these studies demonstrate the importance of understanding the
relationship between black hole mergers and gravitational waves to better understand our universe.

4. Blackhole observation: EHT

In 2019, Astronomers announced the first direct view of a black hole at a press briefing on April 10 in
front of a large audience. Using observations made with the Event Horizon Telescope of the galaxy
MS87's nucleus, researchers have obtained the first diagram of the black holes [12]. The black hole in the
photograph is 6.5 billion times more massive than the Sun, and it is seen as a brilliant ring produced as
light is bent by strong gravity [12]. In reality, the EHT is a global cooperation, not a single telescope
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[13]. The goal of the project is to enable imaging of nearby supermassive black holes [13]. It didn't start
operating in its entirety until April 2017 [13]. Black holes were posited to exist and to be among the
most extreme events in the universe about a century ago [13]. Since then, astronomers have attempted
to directly examine a black hole’s surroundings, but doing so demands a telescope with an extremely
high angular resolution that must match the black hole's size (called the event horizon in technical terms)
[13]. Hence, researchers started a cross-over collaboration.

To build a massive telescope, they planned to connect all of the radio telescopes on Earth.[13] The
key to the success of radio telescopes is a technology called VLBI, which connects the world's radio
telescopes into a large network. Whenever an item is observed by every telescope in the world at once,
an image captured by a massive telescope is produced. Therefore, each telescope must be highly
synchronized. According to the research, the radio telescope has a range of just a few hundredths of
millimetres and employs an atomic clock that is synced to the GPS time standard.[12] The EHT can
resolve objects about 4000 times better than the Hubble Space Telescope thanks to this degree of
precision [12]. At present, many research institutions around the world are involved, and a huge
observation network has been established, with the Shanghai Astronomical Observatory and the
Xinjiang Astronomical Observatory in China being among the participants [13]. The Shanghai
Observatory's 65-meter radio telescope is one of the world's most comprehensive radio telescopes [13].
Black holes are inherently mysterious and exist in advanced theories. This means that humankind's quest
for black holes is one step further [13, 14].

5. Limitations & future outlooks of EHT

However, there are also plenty of limitations that focused on the black hole. Since the original
publication of Hawking's 1975 paper, the black hole information problem has been challenging [15].
AdS/CFT solved the paradox by discovering AdS/CFT [15]. Recent events, however, show that there is
still much that we do not comprehend, as demonstrated by the firewall puzzle [15]. In contrast,
discussions about firewalls have resulted from attempts to use quantum entanglement to recover
information [16]. Amid all this confusion, due to certain 'undesired properties' of these kinds of objects,
the possibility still needs further exploration [16]. In this case, Remnant is still a candidate final state
for Hawking evaporation to occur.

6. Conclusion

To sum up, Black hole mergers are fascinating astronomical phenomena that occur when two black
holes gradually merge as they rotate and approach each other. This phenomenon is caused by explosive
gravitational waves that propagate through space until they are detected. BHMs are an extremely
powerful source of GWs that can help us better understand the nature of the universe. Using the
technology of VLBI, humans can construct the EHT and get access to the image of black holes. The
EHT can resolve objects about 4000 times better than the Hubble Space Telescope thanks to this degree
of precision, which enables people to perform more precise research on the exploration of the universe.
At present, many research institutions around the world are involved, and a huge observation network
has been established. Looking ahead, this paper finds that although humans have taken the first-ever
photos of the apparent boundaries of black holes, there are still limitations to black hole detection. In
future research, we delve into the formation and evolution of black holes to reveal more about their
mysteries. In addition, scientists should explore the interaction of black holes with other celestial bodies,
which will help us to better understand galaxy creation and development and provide novel perspectives
for the development of cosmology.

References

[1]  Crothers S J 2006 Progress in Physics vol 2 p 54.

[2] Dobrijevic D, Tillman N and Biggs B 2022 Black holes: Everything you need to know. Science
& Astronomy. Available at: https://www.space.com/15421-black-holes-facts-formation-
discovery-sdemp.html [Accessed 9 Apr. 2023].

258



[3]
[4]

[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

Proceedings of the 2023 International Conference on Mathematical Physics and Computational Simulation
DOI: 10.54254/2753-8818/10/20230354

Thorne K 1995 Black Holes & Time Warps: Einstein's Outrageous Legacy (Commonwealth Fund
Book Program). WW Norton & Company.

Event Horizon telescope 2017 Why is it important to study black holes? What is there to be
learned from the EHT observations? [online] eventhorizontelescope.org. Available at:
https://eventhorizontelescope.org/faq/why-it-important-study-black-holes-what-there-be-
learned-eht-observations.

Heinicke C and Hehl F W 2015 International Journal of Modern Physics D vol 24(02) p 1530006.

Netzer H 2013 The Physics and Evolution of Active Galactic Nuclei. Cambridge: Cambridge
University Press.

Zwart S F P and McMillan S L 1999 The Astrophysical Journal vol 528(1) p L17.

Abbott B P, Abbott R, Abbott T D, et al. 2016 Physical Review Letters vol 116(6) p 061102.

Raidal M, Vaskonen V and Veerméde H 2017 Journal of Cosmology and Astroparticle Physics,
vol 09 p 037.

Schmidt P 2020 Journal of Frontiers in Astronomy and Space Sciences, vol 7 p 1.

Pook-Kolb D, Birnholtz O, Krishnan B, and Schnetter E 2019 arXiv preprint arXiv:1903.05626.

Ota L 2019 How Scientists Captured the First Image of a Black Hole. Available at:
https://www.jpl.nasa.gov/edu/news/2019/4/19/how-scientists-captured-the-first-image-of-a-
black-hole/

Wenhui C 2019 I heard that the EHT telescope has photographed a black hole so what is EHT.
Available at: https://wenhui.whb.cn/third/baidu/201904/10/254998.html

Green Fruit's Big Read 2019 What does photographing a black hole mean for humanity? The sci
-entist told the truth and was a little worried. Available at: https://www.163.com/dy/article/E
-CDVIJ78A05211ETV.html

Marolf D 2017 Reports on Progress in Physics vol 80(9) p 092001.

Chen P, Ong Y C and Yeom D H 2015 Physics reports vol 603 p 1-45.

259



