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The advent of relativity theory, initiated by Albert Einstein in the early 1900s,
ushered in the era of modern physics by reshaping fundamental concepts of space, time, and
gravity. This framework emerged in response to the shortcomings of Newtonian mechanics,
particularly its failure to account for the invariance of the speed of light and anomalies in
Mercury’s orbital path. The paper, through a method of literature review, analyzes and
summarizes the historical development and core concepts of both special and general
relativity. It explores key background events, major breakthroughs, and their lasting
influence on modern science. The paper concludes that the two main contributions of
relativity are the famous equations: the mass-equivalence equation in special relativity and
the Einstein field equations in general relativity, both of which continue to shape physics
today.

Relativity, Lorentz Transformation, Mass-energy Equivalence, Spacetime
Curvature

The theory of relativity was prompted by a conflict between -classical mechanics and
electromagnetic mechanics. Maxwell’s equations illustrated that light propagates at a constant speed
in a vacuum, which was against the theory of the Ether in classical mechanics. Subsequently, the
Michelson-Morley experiment proved the theory of the Ether false. The failure of the theory of ether
stimulated the derivation of the Lorentz transformation, which laid the foundation for relativity.

In recent studies, Wolfgang Pauli focused on analyzing how mathematical tools can lead to the
derivation of equations in both special and general relativity, while Robert M. Wald focused on
specifically general relativity, introducing the derivation of Einstein field equations and the
influence of general relativity on cosmology and modern physics.

This paper conducts a literature review of both historical and recent sources to provide an
overview of the development of relativity. The paper summarizes key time points of the
development of relativity, providing a clear timeline for the readers. In addition, the paper introduces
main contributions of relativity, illustrating the significant impact of relativity on modern physics.

There was a long process of preparation before the theory of relativity was proposed. Around the
mid-1800s, James Clerk Maxwell introduced a set of equations that bear his name. Expressed in
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differential form, these equations are represented as follows:
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with E the electric field, B the magnetic field, p the current charge density and J the current
density. g9 is the vacuum permittivity and po the vacuum permeability.

According to Maxwell’s equations, variations in electromagnetic fields—such as those found in
light—travel through a vacuum at a fixed speed, denoted by c¢ (299,792,458 m/s) in a vacuum.
However, classical mechanics assumed that light propagates through an interstellar medium called
the ether, just like sound needs to travel through a medium. If ether did exist, Earth’s motion through
it should have produced measurable variations in the speed of light.

Conducted in 1887, the Michelson-Morley experiment aimed to identify directional differences in
light speed by comparing its propagation along perpendicular paths. The findings, however, revealed
no measurable variation, failing to confirm the presence of the hypothesized “ether” [1]. This null
result provided compelling evidence against the ether theory and spurred the development of
alternative models in theoretical physics.

In 1904, Lorentz proved that Maxwell’s equations are invariant under the coordinate
transformation:
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which provided the field intensities in the primed system are suitably chosen in his paper [2]. He
concluded the existence of a contraction to all bodies, assuming that translational motion could
deform the electrons and that all masses and forces, and purely electromagnetic masses and forces,
have the same dependence on the velocity. An imperfection of his theory was that k must equal to
1. The imperfection was filled by Poincaré. The concept of the Lorentz transformation, which played
a significant role in relativity, was first proposed in his paper.

In 1905, Albert Einstein introduced the postulates of special relativity in his paper "On the
Electrodynamics of Moving Bodies," without referencing earlier works by Lorentz (1904) or
Poincaré (1905). The special theory of relativity applies specifically to systems moving at constant
velocity relative to one another—in other words, within inertial reference frames [3]. In such frames,
no mechanical experiment can reveal which one is "truly" at rest or in motion.

With the introduction of Einstein’s relativity principle, the concept of a luminiferous ether lost its
credibility. Since it is fundamentally impossible to detect motion relative to the ether, its existence
became scientifically irrelevant. Einstein argued that ether should no longer be regarded as a
physical medium, but rather as a set of physical properties associated with empty space [4]. The
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rejection of the ether hypothesis, along with the notion that space is devoid of matter—essentially a
vacuum—Ied to the conclusion that the speed of light remains constant, regardless of the motion of
its source.

The principle of relativity and the constancy of the velocity of light were two basic postulates
proposed by Einstein. The two postulates led to the derivation of Lorentz transformation formulae
which connect the coordinates (x,y,z,t) in one reference system K to the coordinates
(x’, y,z, t’) in another reference system K, which is moving uniformly relate to K with velocity
v in the positive x -direction. The transformation should be linear because a uniform rectilinear
motion one reference system must also be uniform and rectilinear in another reference system.
Furthermore, the assumption that the assumption that finite coordinates in K remain finite in K’
supports the validity of Euclidean geometry and the uniformity of space and time. The argument
relies on the two postulates, leading to the equation

X4+y24+22-c%2=0 (6)
which must also hold in the transformed system
x?4+y24+22-c%2=0 (7
Since the transformation is linear, it must take the form
x2 4 y72 +z2 %2 = K(:x’2 + y72 +2z2%— c72t’2) (8)

where Kk 1is a constant that depends on the relative velocity v . On the basis of coordinate
transformation, k = 1, we can deduce Lorentz transformation formulae that
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Lorentz transformations explain the relationship between space and time measurements made by
two observers in uniform relative motion.

Among the key implications of special relativity are effects such as time dilation and Lorentz
contraction. The latter, also referred to as length contraction, describes the observation that an object
in motion appears shorter along the direction of motion when measured from a stationary frame,
compared to its length when at rest. The contracted length L is given by the formula

L=L, \/ 1——82 , where L is the object’s proper length. Another consequence of special relativity
is time dilation. It's a phenomenon that time dilates for an observer moving relative to another. In
other words, time moves more slowly for an observer who is in motion relative to another observer.
Analogously, the dilated time t is given by the formula t =1t/4/1 — B2, where Tt is the proper
time. At first, time dilation was just a prediction since no experiment could verify its authenticity.
Later in 1971, the Hafele-Keating experiment found that the clocks in motion run slower than the

stationary clocks at the United States Naval Observatory, which proved the prediction of time
dilation.
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A major breakthrough of the special theory of relativity is the concept of mass-energy
equivalence, which defines the relationship between mass and energy in an object’s rest frame. This
idea is encapsulated in Einstein’s renowned equation E = mc? . It demonstrates that mass can be
viewed as a form of energy, meaning that mass and energy are interchangeable and can be
represented in either energy or mass units [5].From the formula E = mc? we can derive that
%1 = (?12 ) (‘(11—% ) . The equation implies that even a small amount of mass can correspond to a huge

amount of energy. On the contrary, the equation can also be expressed as %],;3 = (c2) (%1 ) , stating

that the energy can also contribute to the mass of the system, explaining phenomena in fields such as
particle physics and cosmology. In conclusion, the above series of equations illustrates that mass and
energy are equivalent and interchangeable, and their units differ by a factor of c? , which is a huge
number in daily units, causing a huge proportionate change. An important implication of mass-
energy equivalence is its unification of two fundamental conservation laws in classical physics: the
conservation of mass and the conservation of energy. Within the framework of relativity, these are
merged into a single law—the conservation of mass-energy. The traditional conservation laws can be
seen as limiting cases, valid only when the energy exchanged with the system is minimal compared
to its rest mass, making any resulting change in rest mass too small to detect experimentally. This
context also gives meaning to the term “special” in special relativity. Einstein regarded his
derivation of the mass-energy equivalence formula as the most profound outcome of the special
theory of relativity.

While special relativity applies only to inertial frames, Einstein expanded this framework in 1915 by
developing the general theory of relativity, a comprehensive theory of space, time, and gravitation.
In his landmark 1916 paper, he introduced the equivalence principle, which asserts that, in a local
region, the effects of a uniform gravitational field are indistinguishable from those experienced in an
accelerating reference frame. General relativity builds upon and extends special relativity by
incorporating non-inertial (accelerated) frames and gravitational phenomena. It reinterprets gravity
not as a conventional force, but as the warping of spacetime geometry due to the presence of mass
and energy, mathematically described by the metric tensor g, . The metric tensor g, defines the

invariant expression for the square of the linear element:
ds? = guvdx,dx, (11)

Within the framework of general relativity, Einstein’s field equations establish a connection
between the curvature of spacetime and the distribution of matter and energy it contains [6]. These
equations are formulated using tensor notation as follows:’

Gy + Ag,y = KT, (K _ 8%?) (12)

In this equation, G, denotes the Einstein tensor, which captures the curvature of spacetime; g,

is the metric tensor that characterizes the geometric structure of spacetime; T, represents the

pv
stress-energy tensor, which accounts for the distribution of matter and energy; A is the
cosmological constant; and k stands for the Einstein gravitational constant. The equation formally
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links the local curvature of spacetime (through the Einstein tensor) to the local energy, momentum,
and stress (described by the stress-energy tensor).

One of the most significant exact solutions to Einstein’s field equations is the Schwarzschild
solution, which precisely describes the gravitational field outside a spherically symmetric mass. This
solution leads to several deviations from classical Newtonian mechanics, such as the slight anomaly
in planetary orbits within our solar system. It also predicts phenomena like the deflection of light by
gravity, gravitational redshift, and the time delay of signals passing near massive objects—all of
which have been verified through high-precision observations [7].

Mercury’s orbit around the Sun slowly shifts over time, causing the location of its closest approach
to the Sun, known as the perihelion, to advance. This gradual rotation of the orbital path is referred
to as precession (see Figure 1).

Figure 1. Artist's version of the precession of Mercury's orbit

Observations from Earth show that Mercury’s orbit precesses by 5600 arcseconds per century.
However, Newtonian mechanics predicts only 5557 arcseconds per century, leaving a discrepancy of
43 arcseconds that classical physics cannot account for. Einstein’s general theory of relativity
resolves this inconsistency by attributing the additional 43 arcseconds per century to the warping of
spacetime near the Sun. Furthermore, the theory also accurately explains a smaller 8.6 arcsecond per
century deviation in Venus’s perihelion precession, thus addressing another long-standing issue in
celestial mechanics.

Einstein predicted that light passing near a massive object such as the Sun would bend due to
spacetime curvature. Light passing near a mass M is bent by
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Ap = 25M (13)

where b is the closest approach distance. Einstein calculated that the deflection of light passing
close to the sun predicted by his theory would be 1.75 arcseconds, twice the Newtonian value, which
was later confirmed by Arthur Eddington’s solar eclipse observations in 1919.

4.3. Gravitational redshift

According to Einstein’s general relativity, electromagnetic waves experience an increase in
wavelength, known as gravitational redshift, when they move away from a gravitational field [8].
This phenomenon occurs because photons lose energy while escaping a gravitational potential, even
though their speed remains unchanged. Conversely, when photons move deeper into a gravitational
field, they gain energy, resulting in what is called gravitational blueshift. The gravitational redshift
effect has been experimentally confirmed, most notably by the Pound-Rebka experiment, which
precisely measured the redshift of photons as they ascended out of Earth’s gravitational field.

4.4. Gravitational time delay

Gravitational time delay, commonly referred to as the Shapiro delay, describes the additional time
taken by light as it passes near a massive body, a result of time dilation predicted by general
relativity [9]. Specifically, radar signals that travel close to a massive object require slightly more
time to return than they would in flat spacetime. This phenomenon was first confirmed by Irwin
Shapiro through measurements of radar echoes reflected from Venus and Mercury.

In conclusion, studying the curvature of spacetime and null geodesics within the Schwarzschild
geometry yields several key predictions: the advance of planetary perihelia, the deflection of light by
gravity, gravitational redshift, and the time delay of radar waves. Each of these effects has been
empirically validated through observations within our solar system, providing strong support for the
accuracy of general relativity.

5. Conclusion

This research contributes to the existing literature by marking key time points and theoretical
contributions in the development of relativity. This study has practical significance for the field of
physics education by providing a clear timeline of the development of relativity. The findings hold
educational value, especially for newcomers of physics seeking an accessible entry point into
complex physical theories. Nonetheless, this study lacks the derivation of equations and details at
each stage of development, which may affect the generalizability of the findings. In the future, the
author will investigate the basis of each equation and how the theory of relativity can relate to
current technology. Overall, this study provides a concise yet informative overview of relativity’s
evolution and underscores the importance of multi-source literature review in constructing a
comprehensive understanding of scientific progress.
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