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ABSTRACT

Black holes are one of nature's greatest mysteries. For years, these celestial bodies have evaded scientists due to their
intense gravity and extreme density. A specific area of black hole research that is overlooked is how these cosmic
bodies affect the space-time continuum. Developing a complete understanding of space-time in and around black holes
is essential for future research relating to black holes and combining the two great theories of this generation: general
relativity and quantum mechanics. This paper aims to analyze how the space-time continuum is distorted by black
holes and explain the applications that space-time around black holes has to modern physics. It first develops an un-
derstanding of space-time linkage and curvature through Einstein’s theories of relativity and presents the geometry of
space-time as predicted by Minkowski’s equation. When inside a black hole, space and time essentially trade places
so that the flow of time causes matter to be drawn within a black hole. As one explores further toward the centre of a
black hole, curvature increases until it is predicted by general relativity to reach a gravitational singularity where den-
sity becomes infinite, and the laws of space-time break down. In the paper, the discrepancy between general relativity
and quantum mechanics is explored through Hawking Radiation and the theoretical singularity at a black hole's centre.
A combination of written explanations, math models, and diagrams are used to communicate how the space-time
continuum is affected by black holes.

Introduction

Ever since Albert Einstein developed his theory of general relativity, black holes have been the subject of much spec-
ulation and research as physicists and the general public attempt to understand these mysterious bodies' nature. Black
holes are an area of intense interest because they challenge Newtonian physics and, therefore, the conventional way of
thought, altering the way society perceives space, time, and matter. Black holes are astrophysically defined as regions
of space-time with intense curvature and mathematically defined as precise solutions to Einstein's field equations
(Bambi, 2020). While much research has been done on the formation and properties of black holes, there is less infor-
mation about how black holes affect the space-time continuum.

Space and time are relative, which combine to create a four-dimensional space-time, with three vectors for
space and one for time. General relativity explains that gravity is a curvature of space-time. Regions of space-time
with extreme gravity, such as black holes, also exhibit extreme curvature. There is a predicted breakdown of space-
time laws at the centre of a black hole, which is explained in section 5; however, looking at black holes from a quantum
mechanical perspective may solve this singularity (Borissova & Eichhorn, 2021).

Quantum mechanics describes small-scale matter, whereas general relativity explains massive objects (Peres,
2004). Discrepancies between quantum theory and general relativity are especially prevalent regarding black holes,
due in part to the contrasting nature in which black holes exist. One alteration in quantum theory to encompass black
holes may have significant implications for general relativity. This is because ignoring one and focusing on the other
can cause extreme changes in the laws of physics. Therefore, understanding space-time around and within black holes,
particularly the theoretical singularity, is a significant step toward merging the two theories. Combining the two theories
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has proven extremely difficult, with 16 major approaches to unifying quantum theory and general relativity proposed
(Dewitt & Giampiero, 2008).

This paper will review space-time and how black holes disrupt it. The paper first introduces in Section 2 the
concept of space-time and theories of space-time linkage. The paper then provides background information regarding
black hole formation in Section 3 and the two theories often used to explain black holes: quantum theory and general
relativity. It then goes on, in Sections 4 and 5, to explain how space-time around black holes is affected, focusing on
the Kerr metric and the extreme curvature within the black hole until it reaches the centre where a singularity is
predicted to lie. In Section 6, the paper concludes with the future applications in research of understanding space-time
relating to black holes and possible routes for this research. The aim of this paper is to provide insight into how space-
time is affected by black holes and provide a deeper understanding of space-time curvature in an effort to develop a
unified theory of quantum gravity.

Space-Time Linkage and Warping

Newtonian physics describes the mathematical concepts of space and time as being absolute. Isaac Newton states that
absolute, true, mathematical time flows without external relations. Newton also states that absolute, true, mathematical
space is immovable without any external links, and relative space is the measure of the absolute spaces with reference
to a system of bodies. Albert Einstein discovered that the Newtonian descriptions of space and time were not accurate
and developed his special theory of relativity (Einstein, 1905), which was built on two postulates:

1. The Principle of Relativity: Physical laws are not affected by uniform translatory motions: they remain un-
changed in reference frames with no acceleration.
2. The Principle of the Absoluteness of the Speed of Light: Any ray of light is stationary in a vacuum.

The relativity of space and time differs greatly from Newtonian absolute space and time only at speeds close to light.
Some results of space and time relativity are length contraction and time dilation. Length contraction explains that a
moving object is shortened in the direction of its motion, and time dilation demonstrates that a moving clock runs more
slowly than a stationary clock (Wittman, 2018).

Special relativity assumes the existence of reference frames where Newton's first law holds: objects free of external
forces will remain at rest or in uniform motion. These frames are called inertial reference frames. Lorentz transfor-
mations relate the coordinates in one reference frame to another. In these transformations, two reference frames are
assumed where one person (measuring space and time using symbols x', y',Z',t') is moving relative to another (measur-
ing space and time using the symbols X, y, z, t) at a constant speed v along the x-axis.

t'=y(t—-vx)x' =ylx—vt),y —yz' =z (1)
where y is defined asy = 1/vV1 — v?

The Lorentz transformations formally express the concepts of relativity. They explain how space and time are
not absolute and demonstrate how the speed of light is constant with respect to two objects moving relative to one
another.

In 1908, Hermann Minkowski developed a four-dimensional geometric interpretation of Einstein's special
relativity theory (Hehl, 2008). This four-dimensional "space-time" is absolute, meaning it is the same from all reference
frames (Thorne, 1995). Minkowski's four dimensions consist of the three dimensions of Euclidean space, given by the
variables X, y, and z; and one dimension for time, given by the variable t (Caroll, 1997). In Minkowski space-time, the
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four axes are defined as the vectors (X, y, z, ct), where c is the constant of light. The Minkowski metric can be used to
find the space-time interval between nearby points using the equation:

ds? = —c?dt* + dx* + dt? )
where s represents distance.

Through a math model of the space-time continuum, Minkowski demonstrated that space and time are inter-
connected and exist in a four-dimensional space-time fabric.

To explain how gravity is a curvature of space-time, Einstein used Minkowski's absolute space-time to create
his general theory of relativity. Newton's law of universal gravitation views gravity as a force of attraction between two
particles. While this description of gravity is sufficient for small masses and those travelling at low speeds, it is limited
and does not accurately describe how gravity acts around massive objects such as black holes or at speeds close to
light. At this point, one must look at gravity from a general relativity perspective. The theory of general relativity
predicts that gravity is not a force but a manifestation of space-time's curvature (Einstein,1916). A massive object
distorts the geometry of space-time around it, and this distortion controls the movement of physical objects (Einstein,
1916). General relativity consists of Einstein's field equations, which relate space-time geometry to the distribution of
matter within it. Black holes are an exact solution to these equations and are explained quantitatively using metrics
such as the Schwarzschild and Kerr solutions, which are described in Sections 3 and 4, respectively. Understanding the
structure of space-time and the curvature manifested through gravity is essential for the study of black holes.

Black Holes

Black holes are extreme curvatures of space-time that significantly affect modern understanding of physical laws. Black
holes were first described using the Schwarzschild metric only a few months after the publication of Einstein's Field
Equations (Visser, 2007). The Schwarzschild metric describes the space-time geometry surrounding idealized, non-
rotating, spherically symmetrical objects (Schwarzschild, 1916). One representation of the Schwarzschild metric is:

dr?

2m
r

2
ds? =—(1——m)dt2+

" +r2d6? + r?*(d6? + sin® 0d¢?) (3)

1-—
where 7 is the radius, m is the mass, 8 and ¢ are angular coordinates in space-time.

The Schwarzschild solution predicts the formation of a physical parameter at r = 2m (Heinicke & Hehl,
2015). This means that if an object collapses to a certain radius, there is a breakdown of Schwarzschild geometry. This
parameter is called the Schwarzschild radius and is given using the equation:

_ M @)

s =

c2
where G is the gravitational constant and c is the speed of light.

This parameter creates the event horizon of any non-rotating black hole. The event horizon was described by
David Finkelstein in 1958 as a semi-permeable membrane, a membrane that can only be crossed in one direction
(Finkelstein, 1958). This horizon is a defining property of black holes and is essentially the black hole's surface. The
event horizon is a theoretical boundary where the escape velocity of a particle exceeds the speed of light.
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Three types of black holes have been identified: supermassive black holes, intermediate-mass black holes,
and stellar-mass black holes. Supermassive black holes are found at the centre of galaxies and have masses from mil-
lions to billions of solar masses. These massive black holes have origins that may not come from the collapse of a
massive star. The formation and evolution of supermassive black holes are not yet understood (Volonteri, 2012). Inter-
mediate mass black holes are the rarest form of black holes, with only recent evidence pointing towards their existence,
and have a mass of between 100-1° solar masses (Greene et al., 2020). Stellar-mass black holes are the most common
types of black holes and will be the primary focus of this section. These black holes are formed through gravitational
collapse: the contraction of an astronomical object due to the influence of its gravity. One must first understand poten-
tial options for the end of a star's cycle to understand the formation of stellar mass black holes.

According to the Chandrasekhar limit, a star with less than 1.4 solar masses can balance the object's gravity
using the degeneracy pressure of electron gas inside the star: this star becomes a white dwarf (Chandrasekhar, 1934).
A star with over 1.4 solar masses does not form a white dwarf since the electron degeneracy pressure can no longer
withstand gravity. The star continues to collapse until the central region of the star crushes together every proton and
electron into a neutron, creating some of the densest objects in the observable universe: neutron stars (Lattimer &
Prakesh, 2004). The degeneracy pressure of neutrons in the neutron star balances gravity, preventing further collapse
(Baade & Zwicky, 1934). If a neutron star is too massive, about 3-10 solar masses, then it can no longer resist gravity
by internal pressure, and the object must implode to form a stellar-mass black hole (Oppenheimer & Snyder, 1939).
Once a star collapses down to the Schwarzschild radius, gravitational collapse becomes inevitable and irreversible.

Neutron
Star

Figure 1. Space-time distortion by different massive objects. As an object’s mass increases, distortion becomes more
evident. Adapted from NASA.

According to the No-Hair Theorem, Black holes have only three measurable physical properties: mass, angu-
lar momentum, and electric charge. In classical general relativity, the solutions of Einstein's field equations only explain
the curvature of space-time and do not explain the quantum effects of black holes. Our present description of black
holes based on general relativity indicates a breakdown of quantum mechanics (Giddings, 2019). Stephen Hawking
discovered one significant example outlining the breakdown of quantum laws in relation to black holes in 1974. Hawk-
ing demonstrated that black holes emit radiation by applying the laws of quantum mechanics to black holes. Hawking's
calculations showed that the radiation left behind would be in a thermal quantum state and would only give information
regarding the mass, angular momentum, and electric charge of the black hole, no matter the initial state of matter. This
would mean the black hole eventually evaporates, with the initial properties of the black hole permanently lost (Hawk-
ing, 1975). A fundamental aspect of quantum mechanics is that information can never be lost, so black holes emitting
radiation is a significant issue in quantum theory. To resolve this crucial problem in physics, called the information
paradox, the laws of general relativity must be merged with the laws of quantum mechanics to create a law of quantum
gravity.
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Space-Time Outside the Event Horizon

To describe the geometry of space-time around a black hole, the Schwarzschild and Kerr (Kerr, 1963; Kerr, 2007)
solutions will be discussed. This section will focus on the Kerr metric since the Schwarzschild solution does not ac-
count for angular momentum. The Schwarzschild and Kerr metrics mathematically describe the three significant as-
pects of space-time warpage around black holes: the bending of space, the distortion of time, and the spinning of space.

The Kerr metric describes space-time around an uncharged rotating body (Marsh, 2014). The Kerr metric is
defined as:

2

dr 2mr
ds?=—dt’+o (— + d02> + (r? + a?®) sin? 0dp? + T(asins Odg — dt)(asin? 8dg — dt)?

5 (&)

where § =12 —2mr + a? and 0 = r? + a® cos? 0

The Kerr metric introduces a new parameter, a, representing angular momentum. If a is set to 0, then the
Kerr metric can be simplified to a version of the Schwarzschild metric (Heiniche & Hehl, 2015). Since the Kerr metric
includes angular momentum, it allows a better understanding of how space-time acts around black holes and the struc-
ture of a black hole. An important consequence of the Kerr metric is the creation of an ergosphere. The ergosphere is
the area around a black hole's event horizon where the warping of space-time is strongest. Outside the ergosphere,
some of the effects of black holes on space-time are still present; however, they have less impact. The area with negli-
gible gravitational influence is called the quiet region. Black holes with a higher angular momentum and charge become
more of a prolate spheroid, thereby increasing the ergosphere's area (Gao et al., 2023) This means increased angular
momentum and charge increase space-time distortion outside the event horizon.

Near any object with a mass, gravity distorts space-time, causing space itself to bend. Because of the black
hole's large mass, the bending of space is more extreme. Around a black hole, light is also deflected (Hsiao et al.,
2020). The deflecting of light by objects with extreme gravitational influences is called gravitational lensing (Narayan
& Bartlemann, 1997). The visible bending of light around black holes demonstrates the extreme curvature of space-
time around the object. Black holes also exhibit gravitational time dilation. This phenomenon can be understood by
imagining an object falling into a black hole: as the object approaches the black hole, the strong gravitational influences
cause time to slow and eventually stop at the horizon. Objects in the presence of a massive rotating body exhibit frame-
dragging; also called the Lense-Thirring effect. Frame dragging is an effect on space-time that is predicted by Einstein's
theory of general relativity. It states that the field around a rotating object is non-static. The effects of frame dragging
are less extreme near a weak field regime; however, around a black hole, frame dragging becomes so strong that all
objects near the black hole rotate in the same direction as the black hole (Ricarte et al., 2022).

These extensive gravitational effects of black holes allow physicists to understand the properties of black
holes and test the fundamentals of general relativity. By focusing scientific research on how gravity is affected by black
holes and large-scale collision events, great progress can be made in the field of astrophysics, as it is described through
multiple theories.
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Figure 2. Two-dimensional depiction of space-time outside a black hole's event horizon as predicted by the Kerr metric.

Space-time Inside the Event Horizon

Because of a lack of observational evidence, space-time inside the horizon is much more complicated than space-time
outside the horizon. The region between the event horizon and the black hole's centre has increased gravitational
distortion, and the further towards the centre one ventures, the more gravity, and thus space-time, is distorted. Inside
a black hole, time gradually becomes a space-like coordinate, whereas space becomes a time-like coordinate (Schutz,
2022; Hartle, 2021). This interesting consequence of general relativity occurs because the flow of time carries matter
towards the centre of the black hole, causing in-falling matter to follow a time-like world line. A time-like worldline is
a special curve in space-time where all space-time points can be rearranged to represent chronological events at the
same place but at different times. Near the black hole's centre, it is conjectured that space-time should become ex-
tremely chaotic (Belinskij et al., 1970).

The greatest mystery regarding black holes is what lies at a black hole's centre. The Schwarzschild and Kerr
metrics predict a gravitational singularity at a black hole's centre (Borissova & Eichhorn, 2021). Singularities in physics
are areas where the classic laws of space and time break down, as do all the known laws of physics because they were
formed on a classic space-time background (Hawking, 1976). The singularity of black holes predicted by the solutions
to Einstein's field equations was not seriously considered until Roger Penrose published his singularity theorem in
1965. Penrose's singularity theory explained that once a surface where no light can escape is formed, a singularity is
inevitable (Penrose, 1965).

The Penrose-Hawking singularity theorem proved purely through general relativity that a singularity is ex-
pected at the centre of every black hole (Hawking, 1970). The null version of the theorem generalizes previous results
of the black hole singularity. It implies that space-time singularities are expected if there is a trapped surface where all
matter follows the null energy condition, meaning it has a positive energy density. The theory can be simplified to state
that a space-time singularity is formed in any trapped surface from which light cannot escape.
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Figure 3. Space-time diagram depicting the gravitational collapse of a spherically symmetrical star to form a black
hole. Adapted from Roger Penrose’s diagram.

While the creation of a singularity is considered inevitable if one views black holes from a relativistic stand-
point, it is suggested that the creation of a singularity in general relativity could be changed if the quantum effects are
considered (Gambini & Pullin, 2008). A black hole's centre cannot be explained solely through general relativity or
quantum gravity, and to understand how space-time acts inside a black hole, specifically what lies at the centre, a
unified theory of quantum gravity must be created.

Conclusion

Space-time is a complex, interconnected continuum that is curved by massive objects such as black holes. Black holes
are some of nature's greatest mysteries and will be a rich area of scientific research for years. These celestial bodies are
important areas of research that have provided lots of insight regarding how space works and the extremities of space-
time. Increasing an understanding of how black holes affect their surroundings is important for the field of theoretical
physics as it can provide continued insight regarding gravitational effects at large and quantum scales.

Further research into black holes and how they affect space-time is required to blend the two great modern
theories: quantum mechanics and general relativity. Future research should focus on understanding how black holes
affect space-time from a quantum viewpoint and whether the results are consistent with relativistic descriptions. Once
we can mathematically and geometrically describe the structure of space-time concerning black holes, specifically
explaining a black hole's centre, a unification of General Relativity, Quantum Mechanics, and Newtonian Physics can
be achieved, creating a Grand Unified Theory.

References

Baade, W., & Zwicky. F. (1934). Remarks on Super-Novae and Cosmic Rays. Phys. Rev., 46(1), 76-77.
https://doi.org/10.1103/PhysRev.46.76.2

Bambi, C. (2020). Astrophysical Black Holes: A Review. Multifrequency Behaviour of High Energy Cosmic Sources,
page 28. https://doi.org/10.22323%2F1.362.0028

ISSN: 2167-1907 www.JSR.org/hs 7


https://doi.org/10.1103/PhysRev.46.76.2
https://doi.org/10.22323%2F1.362.0028

HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 12 Issue 4 (2023)

Belinskij, V. A., Khalatnikov I. M., and. Lifshits E. M. (1970). Oscillatory approach to a singular point in the
relativistic cosmology. Advances in Physics, 19, 525-573. https://doi.org/10.1080/00018737000101171

Borissova, J. N., & Eichhorn, A. (2021). Towards black-hole singularity-resolution in the Lorentzian gravitational
path integral. Universe, 7(3), 48. https://doi.org/10.3390/universe7030048

Caroll, S. M. (1997). Lecture Notes on General Relativity. arXiv e-prints, pages gr—qc/9712019.
https://doi.org/10.48550/arXiv.gr-qc/9712019

Chandresekhar, S. (1934). Stellar configurations with degenerate cores. The Observatory, 57, 373-3717.
https://ui.adsabs.harvard.edu/abs/19340bs....57..373C

Dewitt, B. S., & Giampiero, E. (2008). An introduction to quantum gravity. International Journal of Geometric
Methods in Modern Physics, 5(1), 101-156. https://doi.org/10.1142%2Fs0219887808002679

Einstein, A. (1905). Zur Elektrodynamik bewegter K ~orper. Annalen der Physik, 322(10). 891-921.
https://doi.org/10.1002/andp.19053221004

Einstein. A. (1916). Die Grundlage der allgemeinen Relativit ~atstheorie. Annalen der Physik, 354(7), 769-822.
http://dx.doi.org/10.1002/andp.19163540702

Finkelstein, D. (1958). Phys. Rev., 110(4), 965-967. https://doi.org/10.1103/PhysRev.110.965

Gambini, R., & Pullin, J. (2008). Black Holes in Loop Quantum Gravity: The Complete Space-Time. Phys. Rev.
Lett, 101(16), 161301, https://doi.org/10.1103/PhysRevl ett.101.161301

Gao, L., Liu, Y., & Lyu, H. (2023). Black Hole Interiors in Holographic Topological Semimetals. Journal of High
Energy Physics, 2023(3), 34. https://doi.org/10.48550/arXiv.2301.01468

Giddings, S. B. (2019). Black Holes in the Quantum Universe. Philosophical Transactions of the Royal Society of
London Series A, 377(2161), 20190029. https://doi.org/10.48550/arXiv.1905.08807

Greene, J. E., Strader, J., & Ho, L. C (2020). Intermediate-Mass Black Holes. Annual Review of Astronomy and
Astrophysics, 58, 257-312. https://doi.org/10.48550/arXiv.1911.09678

Hartle, J. B. (2021). Collapse to a Black Hole. In Gravity: An Introduction to Einstein’s General Relativity (pp. 262—
264). essay, Cambridge University Press.

Hawking, S. W., & Penrose, R. (1970). The Singularities of Gravitational Collapse and Cosmology. Proceedings of
the Royal Society of London Series A, 314(1519), 529-548. https://doi.org/10.1098/rspa.1970.0021

Hawking, S. W. (1975). Particle Creation by Black Holes. Communications in Mathematical Physics, 43(3), 199—
220. https://doi.org/10.1007/BF02345020

Hawking, S. W. (1976). Breakdown of predictability in gravitational collapse. Phys. Rev. D, 14(10), 2460-2473.
https://doi.org/10.1103/PhysRevD.14.2460

Heinicke, C., & Hehl, F. W. (2015). International Journal of Modern Physics D, 24(2), 1530006-214.
https://doi.org/10.48550/arXiv.1503.02172

Hsiao, Y., Lee, D., & Lin, C. (2020). Equatorial light bending around Kerr-Newman black holes. , 101(6), 064070.
https://doi.org/10.48550/arXiv.1910.04372

Hehl, F. W. (2008). Maxwell’s equations in Minkowski’s world: their premetric generalization and the

electromagnetic energy-momentum tensor. Annalender Physik, 520(9-10), 691-704.
https://doi.org/10.1002%2Fandp.200852009-1007

Kerr, R. P. (1963). Gravitational Field of a Spinning Mass as an Example of Algebraically Special Metrics. Phys.
Rev. Lett., 11(5), 237-238. https://doi.org/10.1103/PhysRevLett.11.237

Kerr, R. P. (2007). Discovering the Kerr and Kerr-Schild metrics. arXiv e-prints, page arXiv:0706.1109.
https://doi.org/10.48550/arXiv.0706.1109

Lattimer, J. M., & Prakesh, M. (2004). The Physics of Neutron Stars. Science, 304(5670), 536-542.
https://doi.org/10.48550/arXiv.astro-ph/0405262

Marsh, G. E. (2014). Rigid Rotation and the Kerr Metric. arXiv e-prints, page arXiv:1404.5297.
https://doi.org/10.48550/arXiv.1404.5297

ISSN: 2167-1907 www.JSR.org/hs 8


https://doi.org/10.1080/00018737000101171
https://doi.org/10.3390/universe7030048
https://doi.org/10.48550/arXiv.gr-qc/9712019
https://ui.adsabs.harvard.edu/abs/1934Obs....57..373C
https://doi.org/10.1142%2Fs0219887808002679
https://doi.org/10.1002/andp.19053221004
http://dx.doi.org/10.1002/andp.19163540702
https://doi.org/10.1103/PhysRev.110.965
https://doi.org/10.1103/PhysRevLett.101.161301
https://doi.org/10.48550/arXiv.2301.01468
https://doi.org/10.48550/arXiv.1905.08807
https://doi.org/10.48550/arXiv.1911.09678
https://doi.org/10.1098/rspa.1970.0021
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRevD.14.2460
https://doi.org/10.48550/arXiv.1503.02172
https://doi.org/10.48550/arXiv.1910.04372
https://doi.org/10.48550/arXiv.1910.04372
https://doi.org/10.1002%2Fandp.200852009-1007
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.48550/arXiv.0706.1109
https://doi.org/10.48550/arXiv.0706.1109
https://doi.org/10.48550/arXiv.astro-ph/0405262
https://doi.org/10.48550/arXiv.astro-ph/0405262
https://doi.org/10.48550/arXiv.1404.5297
https://doi.org/10.48550/arXiv.1404.5297

HIGH ECHOOLBIITION Volume 12 Issue 4 (2023)

@ Journal of Student Rescarch

Narayan, R., & Bartlemann, M. (1997). Lectures on gravitational lensing. arXiv e-prints, pages astro—ph/9606001
https://doi.org/10.48550/arXiv.astro-ph/9606001

Oppenheimer, J. R., & Snyder, H.(1939). On continued gravitational contraction. Phys. Rev., 56, 455-459.
https://doi.org/10.1103/PhysRev.56.455

Penrose, R. (1985). Gravitational Collapse and Space-Time Singularities. Phys. Rev. Lett., 14(3), 57-59.
https://doi.org/10.1103/PhysRevl ett.14.57

Peres, A., & Terno D. R. Quantum Information and Relativity Theory. (2004). Reviews of Modern Physics, 76(1),
93-123. https://doi.org/10.1103%2Frevmodphys.76.93

Ricarte, A., Palumbo, D. C. M., Narayan, R., Foelofs, F., and Enami, R. (2022). Observational Signatures of Frame
Dragging in Strong Gravity. The Astrophysical Journal Letters, 941(1), L12.
https://doi.org/10.48550/arXiv.2211.01810

Schutz, B. F. (2022). Inside r=2M. In A First Course in General Relativity (p. 300). essay, Cambridge University
Press.

Schwarzschild, K. (1916). Uber das Gravitationsfeld eines Massenpunktes nach der Einsteinschen Theorie.
Sitzungsberichte der Koniglich Preuflischen Akademie der Wissenschaften, pages 189-196.
https://doi.org/10.48550/arXiv.0709.2257

Thorne, K. S. (1995). Black holes and time warps: Einstein’s outrageous legacy. W.W. Norton.

Visser, Matt. (2008). The Kerr Space-Time: A Brief Introduction. arXiv e-prints, page arXiv:0706.0622.
https://doi.org/10.48550/arXiv.0706.0622

Volonteri, M. (2012). The Formation and Evolution of Massive Black Holes. Science, 337(6094), 544.
https://doi.org/10.48550/arXiv.1208.1106

Wittman, D. M. (2018). Time Dilation and Length Contraction. In The Elements of Relativity (pp. 74-84). essay,
Oxford University Press.

ISSN: 2167-1907 www.JSR.org/hs 9


https://doi.org/10.48550/arXiv.astro-ph/9606001
https://doi.org/10.48550/arXiv.astro-ph/9606001
https://doi.org/10.1103/PhysRev.56.455
https://doi.org/10.1103/PhysRevLett.14.57
https://doi.org/10.1103%2Frevmodphys.76.93
https://doi.org/10.48550/arXiv.2211.01810
https://doi.org/10.48550/arXiv.0709.2257
https://doi.org/10.48550/arXiv.0709.2257
https://doi.org/10.48550/arXiv.0706.0622
https://doi.org/10.48550/arXiv.1208.1106



