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WHAT IS RELATIVITY ? 

Relativity is a fundamental concept in physics that describes how the laws of physics, measurements of space 

and time, and the perception of events depend on the motion of observers and the presence of gravitational fields. 

It challenges the notion of absolute time and space, introducing the idea that they are interwoven into a single 

fabric called space-time. 
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Relativity is divided into two main theories proposed by Albert Einstein: 

 

1. Special Relativity (1905) 

Special Relativity applies to objects moving at constant speeds (inertial frames of reference). It is based on two key 

principles: 

• The laws of physics are the same for all inertial observers. 

• The speed of light in a vacuum is constant (c) for all observers, regardless of their relative 

motion. 

 

 

Key Implications: 

 

• Time Dilation: Moving clocks run slower relative to stationary observers. 

• Length Contraction: Objects moving at high speeds appear shorter in the direction of motion. 

• Mass-Energy Equivalence: Mass and energy are interchangeable, expressed by E=mc2. 

• Relativity of Simultaneity: Events that are simultaneous for one observer may not be for another. 

 

2. General Relativity (1915) 

General Relativity extends Special Relativity to include accelerating frames and describes gravity as the curvature 

of space-time caused by mass and energy. 

Key Ideas: 

• Gravity as Curvature: Massive objects curve space-time, and this curvature dictates the motion of 

objects (e.g., planets orbiting the Sun). 

• Geodesics: Objects move along the straightest paths in curved space-time. 

• Gravitational Time Dilation: Time passes slower in stronger gravitational fields. 

• Gravitational Waves: Ripples in space-time are produced by massive accelerating objects. 

 

In Simple Terms: 

Relativity fundamentally states that: 

1. Space and time are not absolute but are relative to the motion of observers. 

2. Gravity is not a force in the traditional sense but a distortion of space-time caused by mass and energy. 
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Relativity explains a wide range of phenomena, from the behaviour of particles moving near the speed of light to 

the formation of black holes and the expansion of the universe. 

 

Special Theory of Relativity: A Detailed Explanation 

Albert Einstein introduced the Special Theory of Relativity in 1905, fundamentally changing our understanding of 

space, time, and motion. Unlike classical mechanics, where time and space are absolute and universal, Special 

Relativity shows that space and time are relative, depending on the observer's motion. 

 

Core Postulates of Special Relativity 

1. The Principle of Relativity: 

◦ The laws of physics are identical for all observers in inertial frames of reference (frames 

moving at constant velocity relative to each other). 
◦ This means no experiment can distinguish whether an observer is at rest or in uniform motion. 

2. The Constancy of the Speed of Light: 

◦ The speed of light in a vacuum, c, is constant (c=3×108 m/s) for all observers, regardless 

of their motion or the motion of the light source. 
◦ This is counterintuitive because, in classical mechanics, the speed of an object depends 

on the speed of the observer or the source. 

 

Key Concepts and Phenomena 

1. Relativity of Simultaneity 

 

• Explanation: Events that are simultaneous in one frame of reference may not be simultaneous in another 

frame moving relative to the first. 

• Example: Imagine a train moving at a constant velocity. Two lightning strikes hit both ends of the train 

simultaneously according to a stationary observer. However, a passenger on the train might see the strike 

at the front before the one at the rear because light from the strikes takes different times to reach them. 

This shows that simultaneity is relative and depends on the observer's motion. 

 

 

2. Time Dilation 

 

• Explanation: A moving clock runs slower compared to a stationary clock, as perceived by an outside 

observer. 

• Example: A spaceship traveling at 90% the speed of light will experience time more slowly than an 

observer on Earth. If a clock on the spaceship measures 1 second, more than 2 seconds may pass on Earth. 

• Real-World Evidence: This effect has been observed in experiments with atomic clocks placed on 

fast-moving jets or satellites. 

 

3. Length Contraction 

 

• Explanation: Objects moving at high speeds appear shorter along the direction of motion, as perceived 

by a stationary observer. 
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• Example: A spaceship traveling at relativistic speeds will appear shorter to an observer on Earth. If the 

spaceship's rest length is 100 meters, it might appear to be only 50 meters long at 87% the speed of light. 

 

4. Mass-Energy Equivalence 

 

• Explanation: Mass and energy are interchangeable. A small amount of mass can be converted into a large 

amount of energy, leading to the famous equation: E=mc2; (m: Mass, c: Speed of light). 

• Implications: This principle explains the energy release in nuclear reactions, where a small amount of 

mass is converted into energy. 

 

5. Lorentz Transformations 

 

• Explanation: These mathematical equations relate space and time coordinates of events in one inertial 

frame to another moving at a constant velocity relative to the first. 

Experimental Evidence for Special Relativity 

1. Muon Decay: 

◦ Muons, subatomic particles created in the upper atmosphere, decay very quickly. However, 

due to time dilation, muons traveling near the speed of light reach Earth's surface, contrary to 

classical predictions. 

 

2. Atomic Clocks: 

◦ Clocks flown on high-speed jets run slower than identical clocks left on the ground, confirming 

time dilation. 

 

3. Particle Accelerators: 

◦ In accelerators, particles gain significant mass as their speeds approach the speed of light, 

consistent with relativistic predictions. 

 

4. Global Positioning System (GPS): 

◦ GPS satellites account for relativistic effects (both Special and General Relativity) to provide 

accurate location data. 

Implications and Applications 

1. Modern Technology: 

◦ Special Relativity underpins technologies like GPS, particle accelerators, and nuclear power. 

 

2. Astrophysics: 

◦ Understanding the behaviour of light and matter at high speeds is crucial for studying distant 

galaxies, black holes, and cosmic phenomena. 

 

3. Philosophical Shift: 

◦ Relativity redefined the concepts of absolute time and space, merging them into a single, 

dynamic entity called space-time. 
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Summary 

Special Relativity shows that space and time are relative to the observer's state of motion. Its revolutionary concepts 

of time dilation, length contraction, and mass-energy equivalence have transformed our understanding of the universe 

and laid the foundation for modern physics. It replaces Newtonian mechanics at high velocities, providing a deeper, 

more accurate description of reality. 

General Theory of Relativity: A Detailed Explanation 

Albert Einstein introduced the General Theory of Relativity in 1915, extending his earlier Special Theory of 

Relativity to include accelerating frames of reference and gravity. This theory revolutionised our understanding of 

gravity, describing it not as a force but as the curvature of space- time caused by mass and energy. 

 

Key Principles of General Relativity 

1. Equivalence Principle: 

◦ Core Idea: The effects of gravity are locally indistinguishable from the effects of 

acceleration. 
◦ Example: An observer in a closed room cannot tell if they are in a spaceship 

accelerating in space or stationary on Earth under the influence of gravity. 

 

2. Space-Time Curvature: 

◦ Massive objects like stars and planets cause a distortion in the fabric of space-time. Smaller 

objects (and even light) move along the "curves" in this space-time, which we perceive as the 

effect of gravity. 

Mathematical Framework 

The central equation of General Relativity is the Einstein Field Equation, which describes how matter and energy 

determine the curvature of space-time: 

Gµν +Λgµν =c48πG Tµν 

 

Where: 

• Gµν : Einstein tensor, representing the curvature of space-time. 

• gµν : Metric tensor, describing the geometry of space-time. 

• Λ: Cosmological constant, accounting for the energy density of empty space (dark energy). 

• Tµν : Energy-momentum tensor, representing matter and energy distribution. 

• G: Gravitational constant. 

• c: Speed of light. 

This equation links the distribution of matter and energy (Tµν ) to the curvature of space-time (Gµν ). 

 

Key Predictions and Phenomena 

1. Gravitational Time Dilation 

 
• Explanation: Time passes more slowly in stronger gravitational fields. 

• Example: Clocks on the surface of the Earth run slower than those on satellites in orbit because 
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satellites experience weaker gravitational fields. 
• Evidence: GPS satellites must account for gravitational time dilation to provide accurate location 

data. 

 

2. Gravitational Lensing 

 
• Explanation: Light bends when it passes near a massive object because space-time is curved. 

• Example: A massive galaxy can act as a lens, magnifying and distorting the light from a more distant galaxy 

behind it. 
• Evidence: Observed during a solar eclipse in 1919, when starlight passing near the Sun was bent, 

confirming Einstein’s predictions. 

 

3. Perihelion Precession of Mercury 

 
• Explanation: Mercury’s orbit shifts slightly with each revolution due to the curvature of space-time 

near the Sun. 
• Evidence: This anomaly could not be explained by Newtonian mechanics but is accurately predicted 

by General Relativity. 

 

4. Black Holes 

 
• Explanation: When a massive star collapses, it can form a region of space-time with such strong 

curvature that not even light can escape. These are called black holes. 
• Key Features: 

◦ Event Horizon: The boundary beyond which nothing can escape. 

◦ Singularity: A point of infinite density at the centre. 

• Evidence: The detection of gravitational waves from black hole mergers and images of black hole shadows 

(e.g., M87's black hole) confirm their existence. 

 

5. Gravitational Waves 

 
• Explanation: Ripples in space-time are generated by massive accelerating objects, such as merging 

black holes or neutron stars. 
• Evidence: Detected directly by LIGO in 2015, confirming a key prediction of General Relativity. 

 

6. Expansion of the Universe 

 
• Explanation: General Relativity allows for dynamic solutions where the universe can expand or contract. 

Edwin Hubble’s discovery of the expanding universe confirmed this. 
• Cosmological Constant (Λ): Represents dark energy, driving the accelerated expansion of the universe. 

Experimental Evidence 

1. Eddington’s Eclipse Experiment (1919): 

◦ Confirmed gravitational lensing by observing the apparent shift in the positions of stars near 

the Sun during a solar eclipse. 

 

2. GPS Systems: 

◦ GPS satellites account for both special and general relativistic effects to ensure accuracy. 

3. Gravitational Waves: 

◦ Detected in 2015 by LIGO, confirming the existence of space-time ripples caused by massive 

objects. 
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4. Mercury’s Orbit: 

◦ The precise calculation of Mercury’s perihelion shift matched observations, solving a long-

standing anomaly. 

5. Black Hole Imaging: 

◦ The Event Horizon Telescope captured the first image of a black hole (M87*), 

confirming the presence of an event horizon. 

General Relativity vs. Newtonian Gravity : 

Aspect Newtonian Gravity General Relativity 

Nature of Gravity A force acting at a distance between two 

masses. 

Curvature of space-time caused by mass 

and energy. 

Time and Space Absolute and independent. Interwoven into a dynamic space-time 

continuum 

Speed of Propagation Instantaneous Limited to the speed of light (c). 

Applicability Accurate for weak gravitational fields 

and low speeds. 

Accurate for strong gravitational fields 

and high speeds. 

Implications of General Relativity : 

1. Astrophysics: 

◦ Essential for understanding black holes, neutron stars, and cosmological phenomena. 

 

2. Cosmology: 

◦ Explains the expansion of the universe and underpins modern models like the Big Bang. 

 

3. Technology: 

◦ General Relativity is critical for GPS systems, satellite operations, and advanced 

navigation. 

 

4. Philosophy: 

◦ Replaces the classical concept of gravity as a force with a geometric view of the universe, 

where space and time are dynamic entities. 

 

Summary 

General Relativity describes gravity not as a force but as the curvature of space-time caused by mass and energy. It 

predicts phenomena like gravitational time dilation, light bending, black holes, and gravitational waves, all of which 

have been confirmed by observations and experiments. It is one of the cornerstones of modern physics, shaping our 

understanding of the universe on the largest scales. 
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Key Differences Between Special and General Relativity 

 

Feature Special Relativity General Relativity 

Frames of Reference Inertial (constant velocity) Non-inertial (accelerating) 

Gravity Not considered Described as space-time curvature 

Equations Lorentz Transformations, 

E =mc2 

Einstein's Field Equations 

 

The perspectives of Isaac Newton and Albert Einstein on space, time, and gravity differ fundamentally and mark 

a shift in our understanding of the universe. Here's a comparison: 

 

1. Space and Time 

Newton’s Perspective Einstein’s Perspective 

Absolute Space and Time: Space and time are 

independent, fixed, and immutable. Events occur 

within this unchanging framework 

Relative Space-Time: Space and time are 

interconnected into a four-dimensional 

continuum called space-time, and their 

measurements depend on the observer’s state of 

motion. 

 

Space and time are the same for all observers Space and time are relative; they vary for different 

observers depending on their motion and 

gravitational field. 

 

 

2. Gravity 

 

Newton’s Gravity Einstein’s Gravity 

Force at a Distance: Gravity is a force between two 

masses, acting instantaneously across space. Its 

strength is proportional to the product of the masses 

and inversely proportional to the square of the 

distance between them: 

F-Gm1m2/r2 

Curvature of Space-Time: Gravity is not a force but 

the result of mass and energy curving space-time. 

Objects follow the straightest paths (geodesics) in this 

curved space-time 

Instantaneous action, meaning changes in one body’s 

mass would affect the other body immediately. 

Gravitational effects propagate at the speed of light, not 

instantaneously.  

Works well for everyday phenomena (e.g. falling 

objects, planetary motion) 

Explains phenomena like black holes, gravitational 

time dilation, and the bending of light around massive 

objects (gravitational lensing). 

 

3. Nature of Motion 

 

Newton’s View Einstein’s View 

Objects move unless acted upon by a force (Newton's 

First Law). Forces cause changes in motion. 

Objects move along geodesics in curved space-time 

unless acted upon by another force. 

Uniform motion in straight lines is fundamental. Straight-line motion is redefined as motion in curved 

space-time. 

 

4. Key Equations 

 

Newton’s Equation for Gravity Einstein’s Field Equations 

F=Gm1m2/r2 Gμν +Λgμν =c48πGTμν 

G: Gravitational constant. m1, m2 : Masses of two 

objects. r: Distance between them. 

Gμν : Describes the curvature of space-time.  

Tμν : Describes energy-momentum of matter.  

Λ: Cosmological constant. 
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5. Experimental Predictions 

 

Newtonian Predictions Einsteinian Predictions 

Accurate for weak gravitational fields and low speeds 

(e.g., Earth’s gravity, planetary orbits). 

Extends to strong gravitational fields and high speeds 

(e.g., near black holes, close to the speed of light). 

Could not explain anomalies like Mercury's orbit Successfully explained Mercury’s orbit 

and predicted phenomena like 

gravitational lensing and time dilation 

No gravitational waves. Predicted gravitational waves (confirmed in 2015 by 

LIGO). 

 

 

6. Philosophical Differences 

Newton Einstein 

Believed in an absolute, unchanging universe where 

space and time were a static stage for events to occur. 

Saw the universe as dynamic, with space and time 

intertwined and influenced by matter and energy. 

 

 

Summary 

• Newton’s Model: Works well for most everyday applications, treating gravity as a force in absolute 

space and time. 
• Einstein’s Model: Replaces the idea of force with the geometry of space- time, offering a deeper 

understanding of the universe, especially under extreme conditions. 
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