LIGO: Laser Interferometer Gravitational-Wave Observatory

Introduction and Background of LIGO

The Laser Interferometer Gravitational-Wave Observatory, commonly known as LIGO, is a large-scale
physics experiment designed to detect gravitational waves using extremely precise laser
measurements. Unlike traditional astronomical instruments that observe light from celestial objects,
LIGO measures tiny changes in distance caused by vibrations of spacetime itself. Its primary goal is to
observe cosmic events that cannot be studied using conventional telescopes.
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For many decades, astronomy relied almost
| entirely on electromagnetic radiation such as
visible light, radio waves, X-rays, and gamma rays.
These methods revolutionized our understanding
of the universe, allowing scientists to study stars,
galaxies, and cosmic explosions. However, some of
the most extreme events in the universe — such
as collisions between black holes — do not emit
any light at all. As a result, these events remained
completely invisible to traditional observational
techniques.

This limitation led scientists to ask an important question: Is there another way to observe the
universe beyond light? The answer was found in gravitational waves — ripples in the fabric of
spacetime predicted in 1916 by Albert Einstein as part of his theory of General Relativity. According to
Einstein, massive objects curve spacetime, and when such objects accelerate, they generate waves
that travel outward at the speed of light.

Although gravitational waves were theoretically well established, they were extraordinarily difficult to
detect. By the time these waves reach Earth, the distortions they cause in spacetime are incredibly
small — far smaller than the size of an atomic nucleus. Detecting them required measuring changes in
distance with unprecedented precision, a technological challenge that took nearly a century to
overcome.

LIGO was conceived to meet this challenge. It was
designed not as a telescope that looks into space,
but as a highly sensitive instrument capable of
detecting minuscule changes in length caused by
passing gravitational waves. To ensure reliability,
LIGO consists of two widely separated detectors
located in Hanford, Washington, and Livingston,
Louisiana. A genuine gravitational-wave signal must
be observed by both detectors nearly
simultaneously, confirming its astrophysical origin.




In September 2015, LIGO made the first direct detection of gravitational waves, confirming a key
prediction of General Relativity and marking the birth of gravitational-wave astronomy. This discovery
transformed our understanding of the universe by enabling scientists to study cosmic phenomena
through the vibrations of spacetime itself, rather than through light alone.

Gravitational Waves and Einstein’s Prediction

Gravitational waves are rippled in spacetime produced by the motion of massive objects. Their
existence arises from Einstein’s theory of General Relativity, which provides a deeper description of
gravity than classical mechanics.

In Newtonian physics, gravity is described as a force acting instantaneously between two masses. This
description successfully explains many physical phenomena such as falling objects, planetary motion,
and satellite orbits. However, Newton’s theory does not account for how changes in gravity propagate
through space, nor does it allow for gravitational radiation.

Einstein introduced a radically different perspective. In General Relativity, gravity is not a force but a
manifestation of spacetime curvature caused by mass and energy. Objects move along curved paths
because spacetime itself is curved, not because a force is pulling them. When massive objects are
stationary or moving slowly, the curvature remains stable and produces what we perceive as an
ordinary gravitational attraction. When massive objects accelerate, however, the curvature of
spacetime changes with time. In extreme astrophysical systems — such as pairs of black holes or
neutron stars orbiting each other — this changing curvature propagates outward in the form of
gravitational waves. These waves travel at the speed of light and carry energy away from the system.

Gravitational waves differ fundamentally from familiar forces. They do not pull objects together like
Newtonian gravity. Instead, they alter the geometry of spacetime itself. As a gravitational wave passes
through a region, it causes distances to stretch in one direction while simultaneously squeezing in a
perpendicular direction. This alternating deformation repeats as the wave moves forward. Objects
remain freely falling; it is the space between them that changes.

This perpendicular stretching and compression pattern is a direct consequence of the mathematical
structure of Einstein’s equations. Because mass is always positive, gravitational radiation cannot occur
in simpler forms such as monopole or dipole radiation. The lowest possible radiation mode is
qguadrupole, which necessarily produces distortions along two perpendicular axes. This property
explains why gravitational waves affect distances differently in perpendicular directions.

This behaviour is central to the design of LIGO. LIGO does not attempt to measure gravitational force.
Instead, it measures tiny changes in distance between mirrors placed kilometres apart. The
perpendicular arms of LIGO are aligned precisely to detect the characteristic stretching and squeezing
pattern produced by passing gravitational waves. By monitoring how the relative lengths of these arms
change, LIGO directly measures spacetime distortions rather than forces acting on objects.

Gravitational waves are extraordinarily weak by the time they reach Earth. Even the most violent
cosmic events produce relative length changes smaller than one part in a thousand trillion. For this
reason, gravitational waves remained undetected for nearly a century after Einstein’s prediction. Their
observation required unprecedented precision in both theoretical modeling and experimental
measurement.



The detection of gravitational waves confirmed a fundamental prediction of General Relativity and
demonstrated that gravity can transmit energy through spacetime itself. This discovery established
gravitational waves as a new observational tool and laid the theoretical foundation for experiments
such as LIGO to explore previously invisible regions of the universe.

LIGO - A GIGANTIC INTERFEROMETER

Working Principle of LIGO

LIGO works by detecting extremely small changes in distance caused by gravitational waves. These
waves do not act like ordinary forces that push or pull objects, as studied in classical mechanics.
Instead, gravitational waves change the geometry of spacetime itself. Since distances are defined
within spacetime, any stretching or squeezing of spacetime automatically changes the distance
between objects. LIGO is designed to measure these tiny distortions directly, allowing scientists to
observe cosmic events such as black hole mergers.

Each LIGO detector consists of two long arms arranged perpendicular to each other, forming an L-
shape. Each arm is 4 kilometres long. A highly stable laser beam is split into two identical beams using
a beam splitter. One beam travel down one arm, and the other beam travels down the perpendicular
arm. At the end of each arm, highly reflective mirrors send the beams back to the beam splitter, where
they recombine. When both arms have exactly the same length, the returning beams interfere in such
a way that almost no light reaches the photodetector.

When a gravitational wave passes through Earth, it causes spacetime to stretch in one direction and
compress in the perpendicular direction. Because the two LIGO arms are arranged at right angles, one
arm becomes slightly longer while the other becomes slightly shorter. As the gravitational wave
oscillates, this stretching and squeezing alternates between the two arms. This opposite change in arm
lengths is a unique feature of gravitational waves and is the fundamental reason why LIGO uses
perpendicular arms.

LIGO measures a quantity called strain, which represents the fractional change in length. Strain is
defined as:

h = change in length divided by original length, (h=AL/ L)



Here, L is the original length of an arm and AL is the small change in length caused by the gravitational
wave. Typical gravitational waves detected by LIGO produce a strain of about 10 power minus 21. This
means the change in length is smaller than one ten-thousandth the width of a proton, demonstrating
the extraordinary sensitivity of the detector.
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Graph of gravitational wave strain versus time

The stretching and squeezing of spacetime caused by gravitational waves always occur in
perpendicular directions. If one arm length increases, the other decreases by a similar amount. This
behaviour arises from the quadrupolar nature of gravitational waves. Environmental disturbances such
as ground vibrations or thermal noise do not produce this specific perpendicular pattern, which helps
LIGO distinguish true gravitational wave signals from noise.

The change in arm lengths causes the laser beams traveling through them to accumulate different
phases. When the beams recombine, this phase difference changes the interference pattern observed
at the photodetector. The phase difference is related to the change in arm length by the relation:

Phase difference = (2 x pi x change in length) divided by laser wavelength
Phase difference = (2n x AL) / A

Here, A is the wavelength of the laser light. This phase change results in a measurable signal, which is
recorded and analysed to extract information about the source of the gravitational wave.

Although gravitational waves arise from the same theory of gravity that explains gravitational force in
mechanics, they represent a different physical phenomenon. Classical gravity describes static or slowly
changing forces between masses, whereas gravitational waves are dynamic ripples in spacetime that
propagate at the speed of light. By directly measuring these ripples, LIGO provides strong experimental
confirmation of Einstein’s general theory of relativity and enables a completely new way of observing
the universe.

Noise Sources and Sensitivity of LIGO

LIGO is designed to measure extremely small changes in distance caused by gravitational waves, but
in practice, many other effects can also change the arm lengths. These unwanted disturbances are
collectively called noise. Noise is not a mistake or a fault in the experiment; rather, it is an unavoidable



part of making ultra-precise measurements on Earth. The main challenge for LIGO is not detecting
gravitational waves themselves, but distinguishing these real signals from various sources of noise.

One of the most significant sources of noise affecting LIGO is seismic noise. The Earth is constantly in
motion due to natural and human activities such as earthquakes, ocean waves, wind, traffic, and even
distant human movement. These motions cause the ground to vibrate, and without careful isolation,
these vibrations would directly move the mirrors and mask any gravitational-wave signal. Although
LIGO’s mirrors are suspended using advanced isolation systems, seismic motion still limits the
detector’s sensitivity, especially at low frequencies.

Another important source of noise is
thermal noise. All physical objects at
non-zero temperature experience
microscopic vibrations due to the
random motion of atoms. In LIGO, this
affects the mirrors, the suspension
fibres, and the mirror coatings. Even
though the mirrors are placed in an
ultra-high  vacuum, the internal
£ \ i thermal motion of materials cannot be
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At higher frequencies, quantum noise becomes dominant. This noise arises from the quantum nature
of light itself. The laser beam used in LIGO consists of individual photons, which arrive at the detector
in a random manner. This randomness leads to fluctuations in the measured light intensity, known as
shot noise. At the same time, photons exert tiny forces when they strike the mirrors, producing
radiation pressure noise. These two effects together form quantum noise, which cannot be removed
entirely and represents a fundamental limit imposed by quantum physics.

The sensitivity of LIGO describes the smallest strain it can reliably measure. Sensitivity depends on
how effectively all sources of noise are reduced across different frequencies. Gravitational-wave signals
occur over a range of frequencies, and different noise sources dominate different parts of this range.
As a result, LIGO’s sensitivity is often represented by a curve showing strain versus frequency.
Improvements in sensitivity directly translate into the ability to detect weaker and more distant
astrophysical events.

An important feature of LIGO’s design is that many noise sources affect both arms in a similar way,
while gravitational waves affect the arms differently. Environmental noise tends to move the entire
detector together, producing common changes in both arms. In contrast, a gravitational wave stretches
one arm while compressing the perpendicular arm. By comparing the relative changes in the two arms,
LIGO can suppress common noise and enhance genuine gravitational-wave signals.

The continuous improvement of LIGO’s sensitivity over time has been the key reason for its scientific
success. Early versions of LIGO were not sensitive enough to detect gravitational waves, but advances
in vibration isolation, mirror technology, laser stability, and quantum noise reduction have dramatically
improved performance. As sensitivity increases, LIGO can observe more events, detect weaker signals,
and probe deeper into the universe.



Data Collection, Signal Detection, and Verification

LIGO continuously records data that represent tiny changes in the lengths of its arms over time. This
data stream is dominated by noise, and genuine gravitational-wave signals are rare and short-lived.
Therefore, detecting a gravitational wave is not a matter of simply observing a disturbance, but of
carefully verifying that the observed signal is not caused by instrumental effects or environmental
noise.

B When a potential signal appears in the data,
Data Collection from LIGO Stations the first verification step is to check whether it

of a Binary Neutron Star is seen in more than one detector. LIGO
operates two detectors separated by

‘ T thousands of kilometres. A real gravitational
! wave must be observed in both detectors
within a time window of less than about ten
milliseconds, consistent with the speed of
light. Local disturbances such as ground
..... .. vibrations or instrumental glitches cannot
produce correlated signals at both locations
with the correct time delay and waveform
shape.
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A second critical verification step involves environmental monitoring. Each LIGO site is equipped with
thousands of sensors that record seismic motion, acoustic noise, magnetic fields, temperature
changes, and electrical disturbances. For every candidate event, scientists examine the data from these
sensors to ensure that no environmental disturbance occurred at the same time. If any sensor shows
unusual activity correlated with the signal, the event is classified as noise and rejected.

LIGO also performs deliberate tests to understand how noise appears in the data. In some controlled
experiments, small disturbances are intentionally introduced into the system to study their signatures.
These tests help scientists identify characteristic patterns produced by instrumental artefacts and
distinguish them from true gravitational-wave signals. Over time, this process builds confidence in
separating genuine astrophysical events from false alarms.

Another essential verification method is waveform consistency. Gravitational waves produced by
merging black holes or neutron stars have precise shapes predicted by Einstein’s general theory of
relativity. The detected signal is compared against thousands of theoretically calculated waveforms. A
true signal must closely match these predictions over its entire duration. Noise typically lacks this
coherent and physically consistent structure.

Statistical analysis provides the final level of verification. Scientists calculate how often a similar signal
could arise purely from random noise by analyzing long stretches of data and by artificially shifting the
timing between detectors. Only signals with an extremely low probability of being accidental
coincidences are accepted as real detections. For confirmed events, the likelihood of the signal being
caused by noise is extraordinarily small.

Through this multi-step verification process, LIGO ensures that every reported detection is robust and
scientifically reliable. This rigorous approach explains why LIGO discoveries are trusted by the global
scientific community and why announcements are made only after months of careful analysis. The
process transforms tiny distortions in spacetime into confirmed observations of some of the most
energetic events in the universe.



Major Discoveries and Scientific Impact of LIGO

The first direct detection of
gravitational waves by LIGO in
September 2015 marked a historic
breakthrough in physics and
astronomy. This event, produced by
the merger of two black holes,
provided the first experimental
confirmation of a major prediction
of Einstein’s general theory of
relativity made a century earlier.
More importantly, it demonstrated
that gravitational waves could be
detected directly, opening an
entirely new way of observing the
universe.

. Since this first discovery, LIGO has transformed from a single ground-breaking experiment into a
powerful astronomical observatory. With improved sensitivity and continuous upgrades, LIGO now
detects gravitational-wave events on a regular basis. Most of these events involve the mergers of black
holes, allowing scientists to study populations of black holes that were previously invisible using
traditional telescopes. These observations have revealed black holes with unexpected masses and
merger patterns, challenging earlier assumptions about how black holes form and evolve.

One of LIGO’s most significant scientific achievements was the detection of gravitational waves from
the collision of two neutron stars in 2017. Unlike black holes, neutron stars emit light as well as
gravitational waves. This event was observed simultaneously by LIGO and electromagnetic telescopes
around the world, marking the first successful example of multi-messenger astronomy. The
observation confirmed that heavy elements such as gold and platinum are produced in neutron star
mergers, providing answers to long-standing questions in astrophysics and nuclear physics.

LIGO’s discoveries have also enabled precise tests of fundamental physics. By studying the detailed
shape of gravitational-wave signals, scientists have tested general relativity under extreme conditions
of strong gravity that cannot be reproduced on Earth. Recent observations have provided strong
evidence supporting Stephen Hawking’s black hole area theorem, which states that the total surface
area of black holes cannot decrease during mergers. These tests strengthen confidence in general
relativity while also guiding future research in quantum gravity.

Beyond individual discoveries, LIGO has changed the way scientists study the universe. Traditional
astronomy relies primarily on light, but gravitational waves carry information directly from the motion
of massive objects and can pass through matter without being absorbed. This allows LIGO to observe
events that are completely dark to conventional telescopes, such as black hole mergers. As a result,
gravitational-wave astronomy provides a complementary and independent view of the cosmos.

The scientific impact of LIGO extends beyond astrophysics. The technologies developed for LIGO,
including ultra-stable lasers, precision interferometry, vibration isolation, and quantum noise
reduction, have influenced other fields such as quantum sensing, precision metrology, and
experimental physics. LIGO has also demonstrated the importance of large-scale international



collaboration, combining theoretical physics, engineering, data science, and astronomy into a single
scientific effort.

Overall, LIGO’s major discoveries have reshaped our understanding of gravity, black holes, neutron
stars, and the dynamic universe. What began as an ambitious experiment has become a foundational
tool for modern astrophysics, establishing gravitational-wave astronomy as a permanent and essential
branch of science.

Global LIGO Network and Future Scope

LIGO does not operate in isolation. To
accurately detect and study gravitational
: waves, it functions as part of a global network
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United States, major partner detectors
include Virgo in Italy and KAGRA in Japan.
Together, these observatories form the LIGO-
Virgo—KAGRA (LVK) collaboration, which
enables more reliable detections and more
precise scientific measurements.
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The global network plays a crucial role in confirming gravitational-wave signals. When multiple
detectors across the world observe the same signal, scientists can be confident that the signal is
astrophysical and not caused by local noise or instrumental effects. The time delays between
detections at different locations also allow researchers to determine the direction in the sky from
which the gravitational wave originated. This ability to localize sources is essential for coordinating
follow-up observations with telescopes and other observatories.

Having multiple detectors also improves the quality of the scientific information extracted from
gravitational-wave signals. Each detector has a slightly different orientation and sensitivity, and
combining their data allows scientists to measure properties such as the masses, spins, and distances
of merging objects more accurately. This collaborative approach has significantly enhanced the
scientific output of gravitational-wave astronomy compared to what a single detector could achieve
alone.

Looking toward the future, the global gravitational-wave network is expected to expand further. One
major planned addition is LIGO India, which will place a new detector on a different continent. This
will greatly improve source localization and increase the overall sensitivity of the network. With more
detectors operating simultaneously, the number of detected events is expected to rise substantially.

In the longer term, scientists are developing concepts for next-generation gravitational-wave
observatories. Projects such as the Cosmic Explorer in the United States and the Einstein Telescope in
Europe aim to build much larger and more sensitive detectors. These future observatories will be
capable of detecting gravitational waves from the earliest epochs of the universe, potentially observing
the first generations of black holes and stars.



The continued development of the global gravitational-wave network represents a shift toward a new
era of astronomy. Gravitational waves provide information that cannot be obtained through light or
particles alone. As detectors become more sensitive and more widely distributed around the world,
gravitational-wave astronomy will play an increasingly central role in our understanding of the
universe.
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