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Abstract

  
"The Greatest Optical Telescopes on Earth and Beyond" is a brief overview of the most 
impressive optical telescopes in existence, both on Earth and beyond. This abstract 
provides a glimpse into the contents of the article.
The article explores the most advanced optical telescopes currently in use on Earth, 
including the Keck Observatory in Hawaii, the Very Large Telescope (VLT) in Chile, and 
the Hubble Space Telescope in orbit around Earth. The technical capabilities of each 
telescope are discussed, highlighting their unique strengths and contributions to the 
field of astronomy.
In addition to Earth-based telescopes, the article also delves into the realm of space-
based telescopes, including the aforementioned Hubble, as well as the James Webb 
Space Telescope (JWST). The article explores the innovative technology used in the 
design and construction of these telescopes and their expected impact on the field of 
astronomy.
Overall, "The Greatest Optical Telescopes on Earth and Beyond" offers a glimpse into 
the incredible technology and engineering feats behind the world's most powerful 
telescopes, and the exciting discoveries they enable in the field of astronomy.
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1.0  Introduction
Telescopes have played a vital role in advancing our understanding of the universe. 
They allow us to see beyond our naked eyes, observe distant celestial objects, and 
gather information about their properties and behavior. Over the years, telescopes have 
been developed and improved, both on the ground and in space, to explore the 
universe in greater detail.
On Earth, there are several large telescopes located in different parts of the world. 
These include the Keck Observatory in Hawaii, the Gemini Observatory in Chile, the 
Subaru Telescope in Hawaii, and the Very Large Telescope (VLT) in Chile, among 
others. These telescopes use a range of technologies, including adaptive optics, and 
interferometry, to capture high-resolution images of the sky and gather data on the 
properties of celestial objects.
In space, there are also several telescopes that have revolutionized our understanding 
of the universe. These include the Hubble Space Telescope, which has captured some 
of the most iconic images of space, the Kepler Space Telescope and the James Webb 
Space Telescope (JWST).
Telescopes have allowed astronomers to make significant discoveries about the 
universe, from the discovery of new planets and moons in our solar system to the 
detection of black holes and the study of the early universe. As technology continues to 
improve, telescopes will continue to be essential tools in advancing our knowledge of 
the cosmos.

2.0  Use of Chat.GPT
While Chat.GPT can be a valuable resource for certain types of communication and 
collaboration, it may not always be the ultimate resource for information.  Other 
resources, such as reputable websites, databases, and experts in the field, may be 
more appropriate for obtaining accurate and comprehensive information.
Despite these caveats, I have used chat extensively; most of the text in this paper was 
created by Chat.GPT.
Chat.GPT is an API (Application Programming Interface) that provides developers with 
access to a large language model trained by GPT. This language model is based on the 
GPT (Generative Pre-trained Transformer) architecture and is currently one of the 
largest and most advanced language models available.
When a user sends a request to the Chat.GPT API, the API receives the request and 
sends it to the language model for processing. The language model then generates a 
response based on the input it received and sends it back to the API, which   s it to the 
user.
The language model is trained on a massive corpus of text data, including papers, 
articles, and websites, which enables it to understand a wide range of topics and 
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generate responses that are contextually appropriate and grammatically correct. The 
model is also able to learn from user interactions, so it can improve over time and 
provide more accurate and helpful responses.

3.0  Invention of Telescopes
The invention of the telescope is often credited to the Dutch lens maker Hans 
Lippershey, who is believed to have made the first telescope in 1608. However, there 
were other lens makers around the same time who also developed early telescopes, 
including Jacob Metius and Sacharias Janssen.
The earliest telescopes were simple devices consisting of a convex objective lens and 
an eyepiece. They were used primarily for terrestrial observations, such as surveying 
and military reconnaissance. However, astronomers quickly realized that the telescope 
could also be used for studying the heavens.
One of the first astronomers to use a telescope for astronomical observations was 
Galileo Galilei, who made many important discoveries using a telescope he constructed 
in 1609. Galileo observed the moons of Jupiter, the phases of Venus, and the craters 
and mountains on the Moon. His observations helped to establish the heliocentric model 
of the solar system and challenged the geocentric model that had been accepted for 
centuries.
The invention of the telescope revolutionized astronomy and our understanding of the 
universe. With telescopes, astronomers were able to observe and study celestial 
objects that were previously invisible to the naked eye. Over the centuries, telescopes 
have become more advanced and sophisticated, leading to many groundbreaking 
discoveries and advances in our understanding of the universe. Today, telescopes are 
used to study everything from planets in our solar system to the most distant galaxies.

3.1  Galileo Invents the Telescope?
Galileo Galilei did not invent the telescope, but he was one of the first people to use it 
for astronomical observations and to publish his findings. The exact origin of the 
telescope is not known, but the earliest known record of a refracting telescope dates 
back to the Netherlands in 1608, when a spectacle maker named Hans Lippershey 
applied for a patent for an instrument that could magnify distant objects. Other 
inventors, such as Zacharias Janssen and Jacob Metius, also claimed to have invented 
the telescope around the same time.
Galileo heard about the invention of the telescope and built his own version in 1609, 
which had a higher magnification and allowed him to observe the moon and planets, in 
greater detail than ever before. He published his observations in a book called 
"Sidereus Nuncius" (Starry Messenger) in 1610, which caused a sensation and 
cemented his reputation as a pioneering astronomer.
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3.2  Isaac Newton Invents the Newtonian Reflecting Telescope
Isaac Newton is credited with inventing the Newtonian reflecting telescope in 1668. This 
type of telescope uses a concave primary mirror to reflect light to a flat secondary 
mirror, which then reflects the light out to the eyepiece. Unlike the refracting telescopes 
of the time, which used lenses to bend and focus light, the reflecting telescope had the 
advantage of not suffering from chromatic aberration, which is caused by the different 
refraction of different colors of light. The Newtonian reflecting telescope revolutionized 
astronomy and became a standard tool for astronomers, leading to important 
discoveries in the field.

 3.3  The Cassegrain Telescope
The Cassegrain telescope is a type of reflecting telescope that was invented by the 
French astronomer, Guillaume Cassegrain, in the mid-17th century. The Cassegrain 
design is still widely used today and is considered one of the most versatile telescope 
designs.
The Cassegrain telescope uses two mirrors to focus incoming light. The primary mirror 
is a concave mirror located at the bottom of the telescope's tube. It reflects the light 
back up the tube to a smaller, convex secondary mirror located near the top of the tube. 
The secondary mirror reflects the light back down through a hole in the center of the 
primary mirror to the eyepiece or camera located at the bottom of the tube. This design 
allows for a greater focal ratio in a shorter overall tube length than a Newtonian 
telescope with the same focal ratio.

3.4  The Gregorian Telescope

‘The Gregorian telescope consists of two concave mirrors: the primary 
mirror (a concave paraboloid) collects the light and brings it to a focus 
before the secondary mirror (a concave ellipsoid), where it is reflected 
back through a hole in the centre of the primary, and thence out the 
bottom end of the instrument, where it can be viewed with the aid of the 
eyepiece.' [Wikipedia Gregorian telescope]

The Gregorian telescope is a type of reflecting telescope invented by Scottish 
mathematician and astronomer James Gregory in the 17th century. It was the first type 
of reflecting telescope to use a concave ellipsoidal mirror as the primary mirror, which 
allowed for a wider field of view and reduced aberrations compared to earlier reflecting 
telescopes that used spherical mirrors.
The main advantage of the Gregorian telescope is its large, flat field of view, which 
makes it ideal for observing large objects such as comets, planets, and star clusters. It 
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also has a longer focal length compared to other types of reflecting telescopes, which 
helps to reduce aberrations and produce clearer images.
The Gregorian model is used in several large reflecting telescopes: the Magellan 
telescopes, the Large Binocular Telescope and the Giant Magellan Telescope. 
[Wikipedia Reflecting Telescope]

3.5  The Ritchey-Chrétien Telescope

‘The Ritchey–Chrétien telescope, invented by George Willis Ritchey and 
Henri Chrétien in the early 1910s, is a specialized Cassegrain reflector 
which has two hyperbolic mirrors (instead of a parabolic primary). It is free 
of coma and spherical aberration at a nearly flat focal plane if the primary 
and secondary curvature are properly, making it well suited for wide field 
and photographic observations.[17] Almost every professional reflector 
telescope in the world is of the Ritchey–Chrétien design.’ [Wikipedia 
Reflecting telescope]

The Ritchey-Chrétien Telescope (RCT) is a type of reflecting telescope that uses two 
hyperbolic mirrors to create a flat field and correct for optical aberrations. This design is 
commonly used in professional observatories for both research and astrophotography.
The secondary mirror is located closer to the primary mirror than in other telescope 
designs. This design helps to correct for coma and astigmatism, two types of optical 
aberrations.
One of the key advantages of the RCT is its wide, flat field of view, which makes it well-
suited for astrophotography. This design is also highly versatile, with a relatively large 
aperture and long effective focal length, making it useful for observing both deep space 
objects and planets within our solar system.
The RCT was first proposed by American astronomer George Willis Ritchey and French 
astronomer Henri Chrétien in the early 20th century.
Today, most large reflection telescopes, with notable exceptions, use the Ritchey-
Chrétien design.

3.6  The Nasmyth Telescope
The Nasmyth telescope is a type of reflecting telescope that uses a third flat mirror to 
redirect the light path to a fixed external focal point termed the Nasmyth focus. It was 
invented by James Nasmyth, a Scottish engineer, in the mid-19th century.
The advantage of the Nasmyth focus is that it allows for the installation of heavy and 
bulky instruments that would be difficult or impossible to install at the prime focus or 
Cassegrain focus.
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Nasmyth telescopes are commonly used in observatories for a wide range of 
astronomical observations. They are particularly useful for spectroscopy, where a large 
number of instruments can be installed at the Nasmyth focus to simultaneously observe 
different wavelengths of light. They are also used in adaptive optics systems, which use 
deformable mirrors to correct for atmospheric turbulence and produce sharper images.
Overall, the Nasmyth telescope design offers a versatile and flexible platform for 
astronomical observations, making it a popular choice for many observatories around 
the world.

4.0  Design Features of the Astronomical Reflecting Telescope
Reflecting telescopes are a type of telescope that uses a concave mirror to reflect light 
and form an image. Here are some design features of reflecting telescopes:

1. Primary mirror: The primary mirror is the most important component of a 
reflecting telescope. It collects and reflects light onto the secondary mirror or 
focal point. The size and quality of the primary mirror determine the telescope's 
light-gathering power and resolution.

2. Secondary mirror: The secondary mirror reflects the light from the primary mirror 
and directs it towards the eyepiece or camera. The size and position of the 
secondary mirror determine the telescope's field of view and the type of image 
formed.

3. Focal point: The focal point is the point at which all the reflected light converges 
to form an image. The position of the focal point depends on the curvature of the 
mirrors and the distance between them.

4. Mount: The mount holds the telescope and allows it to be pointed at different 
parts of the sky. There are two types of mounts: the alt-azimuth mount, which 
moves the telescope up and down and left and right, and the equatorial mount, 
which moves the telescope in a single axis to track the movement of the stars.

5. Tube assembly: The tube assembly holds the mirrors and other components of 
the telescope. It protects the mirrors from dust, dew, and other environmental 
factors that can affect the image quality.

6. Coatings: All reflecting telescopes have coatings on the mirrors to increase their 
reflectivity. Common coatings include aluminum and silver.

4.1  Primary Mirror
The primary mirror of a telescope is a large, concave mirror located at the bottom end of 
the telescope's tube. Its main function is to gather and focus incoming light from distant 
objects in space. The shape and size of the primary mirror determine the telescope's 
light-gathering power and resolving capability.
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The primary mirror is typically made of glass or other material.  It is ground and polished 
to a precise shape that is optimized for reflecting light to a point, known as the focus. 
The surface of the mirror is coated with a thin layer of aluminum or other reflective 
material to enhance its reflectivity.
The size of the primary mirror is the most important factor in a telescope's performance. 
A larger primary mirror has a greater light-gathering power and can produce a brighter 
and more detailed image.  The larger the mirror, the larger the mount, the larger the 
dome to house the telescope and the greater the cost to build the whole affair.
Overall, the primary mirror is the most critical component of a telescope and plays the 
key role in determining the telescope's performance and capabilities.

4.2  Aperture of a Telescope
The aperture of a telescope refers to the diameter of its primary mirror, which 
determines the amount of light that the telescope can gather. A larger aperture means 
that more light can be collected, resulting in a brighter and more detailed image.

4.3  Secondary Mirror
There are different designs for secondary mirrors, including the Cassegrain, Ritchey-
Chrétien and Gregorian designs. Each design has its own advantages and 
disadvantages, depending on the intended use of the telescope.  While most large 
reflection telescopes greater than 5 meters in aperture use the Ritchey-Chrétien design, 
the Gregorian design is used in the Large Binocular Telescope, the Magellan 
Telescopes and the Giant Magellan Telescope.

4.4  Focal Ratio
The focal ratio of a telescope is the ratio of its focal length to the diameter of its primary 
mirror. It is often represented by the symbol "f/" followed by a number. For example, a 
telescope with a focal length of 1000mm and an aperture of 200mm would have a focal 
ratio of f/5 (1000/200 = 5).
The focal ratio is an important parameter of a telescope as it determines the brightness 
and sharpness of the image. A telescope with a lower focal ratio (i.e., a lower multiple of 
focal length relative to the aperture) will have a wider field of view and a brighter image, 
making it well-suited for deep sky observations and astrophotography. On the other 
hand, a telescope with a higher focal ratio (i.e., a longer focal length relative to the 
aperture) will have a narrower field of view and a dimmer image, but it will provide 
higher magnification and better image quality for planetary and lunar observations.
In summary, the focal ratio of a telescope is an important factor that determines its field 
of view, image brightness, and image quality. It should be chosen based on the intended 
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use of the telescope, taking into account factors such as observing targets, 
magnification requirements, and astrophotography needs.

4.5  Equatorial vs Alt-Azimuth Mounts for Large Reflecting Telescopes

‘In the largest telescopes, the cost of an equatorial mount is prohibitive 
and they have been superseded by computer-controlled altazimuth 
mounts. The simple structure of an altazimuth mount allows significant 
cost reductions, in spite of the additional cost associated with the more 
complex tracking and image-orienting mechanisms.  An altazimuth mount 
also reduces the cost in the dome structure covering the telescope since 
the simplified motion of the telescope means the structure can be more 
compact.’  [Wikipedia altazimuth mount]

4.5.1  Equatorial Mount of a Telescope
The equatorial mount has two axes of motion: the right ascension (RA) axis and the 
declination (Dec) axis. The RA axis is aligned with the Earth's axis of rotation, and the 
telescope is tilted to match the observer's latitude.
The equatorial mount allows the telescope to track celestial objects as they move 
across the sky. This is accomplished by aligning the RA axis with the Earth's axis of 
rotation and by rotating the telescope around the RA axis at a rate that matches the 
apparent motion of the object being observed.

4.5.2  Large Reflecting Telescopes Use the Alt-Azimuth Mount 
Exclusively
The alt-azimuth mount has been used exclusively for large reflecting telescopes with 
apertures greater than five meters.  The Hale 200-inch telescope was the last large 
reflecting telescope to incorporate an equatorial mount.  The alt-azimuth mount has two 
axes of rotation: the altitude axis is horizontal and the azimuth axis is vertical.  Clearly, 
neither axis is parallel with Earth’s axis of rotation.  To track an astronomical object, the 
telescope must be rotated about both the altitude and azimuth axes simultaneously as 
Earth revolves on its axis.
The alt-azimuth mount cannot track an astronomical object close to the local zenith of 
the telescope because of a condition called gymbal lock in which the azimuth drive rate 
becomes excessive.  In practice, objects are not tracked closer than about one degree 
from the local zenith.
Furthermore, as the telescope tracks an astronomical object, the image of that object 
rotates in the focal plane and must be accommodated.  You can observe this effect 
yourself by looking at the full Moon.  At moonrise, the maria of the full Moon appear to 

Page  of  pages12 53



The Greatest Optical Telescopes on Earth and Beyond

form the letter ‘C’.  At moonset, the letter ‘C’ appears backward, with the opening of the 
letter to the left.  The Moon appears to have rotated 180 degrees! 
Despite these problems with the alt-azimuth mount, its mechanical simplicity, smaller 
size and weight and smaller cost, compared with the equatorial mount, are commanding 
factors in its choice.

5.0  Early Astronomical Telescopes at Mount Wilson and Mount 
Palomar in Southern California
Mount Wilson and Mount Palomar in Southern California are two of the most famous 
astronomical observatories in the world, known for their pioneering work in astrophysics 
and the development of advanced telescope technology.
The Mount Wilson Observatory was founded in 1904 by George Ellery Hale, who would 
go on to play a major role in the development of the world's largest telescopes. The first 
major telescope at Mount Wilson was the 60-inch reflector, which was completed in 
1908 and was at the time the largest telescope in the world. The Hooker 100-inch 
telescope, completed in 1917, was even larger and remained the world's largest 
telescope until the construction of the Hale 200-inch telescope on Mount Palomar in 
1948. The Hooker telescope was used to make many groundbreaking discoveries in 
astronomy, including the measurement of the size of the Milky Way galaxy using the 
Cepheid variable star as a standard candle, which allowed astronomers to measure the 
distances to other galaxies.
The Mount Palomar Observatory was established in the 1920s as a site for a new, even 
larger telescope. Construction of the 200-inch Hale telescope began in 1936 and was 
completed in 1948, making it the largest telescope in the world at the time. The Hale 
telescope was a masterpiece of engineering and optics, and it helped revolutionize the 
field of astronomy by allowing astronomers to see farther and in greater detail than ever 
before. Among its many achievements, the Hale telescope was used to discover 
quasars, map the structure of nearby galaxies, and make the first measurements of the 
expansion of the universe.
In addition to the Hooker and Hale telescopes, many other groundbreaking instruments 
were developed and used at Mount Wilson and Mount Palomar over the years, 
including a number of solar telescopes, spectrographs, and cameras. These 
observatories played a major role in shaping our understanding of the universe, and 
they continue to be used today for cutting-edge research in astronomy and 
astrophysics.

5.1  The 60-inch Telescope on Mount Wilson
The 60-inch reflector telescope on Mount Wilson was a landmark instrument in the 
history of astronomy. It was the largest telescope in the world when it was completed in 
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1908, and remained so for over two decades. The telescope was designed by George 
Ellery Hale, who also oversaw the construction of the Mount Wilson Observatory.
The 60-inch telescope was in use for over half a century, until it was retired in the 
1970s. Its legacy lives on as one of the pioneering instruments of modern astronomy. 
Today, the 60-inch telescope is on public display at the Mount Wilson Observatory, 
where visitors can see firsthand the instrument that revolutionized our understanding of 
the universe.

5.2  The Hooker 100-inch Telescope on Mount  Wilson
The Hooker 100-inch telescope was completed in 1917 and was the largest telescope in 
the world until the construction of the Hale telescope in 1948. The telescope is located 
at the Mount Wilson Observatory in Southern California and was designed by George 
Ellery Hale, who had previously designed the 60-inch telescope at the same 
observatory.
The Hooker telescope played a crucial role in the development of modern astronomy. 
Edwin Hubble used the telescope to make groundbreaking discoveries about the nature 
of galaxies and the structure of the universe. In 1923, he used the telescope to observe 
a Cepheid variable star in the Andromeda Galaxy and determined that the galaxy was 
located far beyond the Milky Way. This discovery established that there were other 
galaxies in the universe and that the universe was much larger than previously thought.
The Hooker telescope was also used to study the spectra of stars, which provided 
important information about the chemical composition and temperature of stars. It was 
also used to study the structure of the Milky Way galaxy and the motions of stars within 
it.
Today, the Hooker telescope is still in use for astronomical research and is one of the 
most famous telescopes in the world. It has been upgraded and modernized over the 
years, but its original optics and structure are still intact. Visitors to the Mount Wilson 
Observatory can view the Hooker telescope and learn about its history and contributions 
to astronomy.

5.3  The Hale 200-inch Telescope on Mount Palomar
The Hale 200-inch Telescope, also known as the Palomar Observatory telescope, is 
located on Mount Palomar in San Diego County, California.
The Hale Telescope was the largest telescope in the world at the time of its construction 
and remained the largest for over three decades. It has a primary mirror that is 200 
inches (5.1 meters) in diameter and weighs over 14 tons. The telescope was built to 
take advantage of the dark skies and clear atmosphere of Mount Palomar and has 
made significant contributions to astronomy since its completion.
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The Hale Telescope has been used to make numerous discoveries, including the first 
direct evidence for the existence of black holes in the 1960s. It has also been used to 
study the structure and evolution of galaxies, the properties of stars, and the nature of 
planetary systems beyond our own. The telescope's capabilities have been enhanced 
over the years with the addition of new instruments and technologies.
The Hale Telescope remains one of the most important telescopes in the world and 
continues to be used for cutting-edge astronomical research. It is operated by the 
California Institute of Technology and is open to visitors for public tours and viewing 
nights.
The truly massive structure of the mount of the Hale 200-inch telescope can be seen in  
Figure 1 below.  The Hale 200-inch telescope was the last of the large reflecting 
telescopes to utilize the equatorial mount.
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Figure 1.  The Author and Friends at the South Polar Bearing of the Hale 
200-inch Telescope (I’m at the left) 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6.0  Evolution of Mirror Technology 
The evolution of mirror technology in large telescopes has been a key factor in enabling 
astronomers to observe the universe with increasing precision and detail. The 
development of larger mirrors has allowed telescopes to gather more light and produce 
sharper images, enabling astronomers to study fainter and more distant objects in the 
universe.
Early mirrors used in telescopes were made of glass or metal and were relatively small. 
As technology advanced, larger mirrors made of more precise materials such as Pyrex 
glass and fused silica were developed. In the late 20th century, the development of spin 
casting techniques allowed for the creation of larger mirrors, such as the primary mirrors 
of the Large Binocular Telescope.
In the late 20th century, the development of computer-controlled polishing techniques 
allowed for even more precise shaping and polishing of mirrors, leading to the 
development of a new generation of large telescopes with primary mirrors over 8 meters 
in diameter. These mirrors are often made of a material called low-expansion glass 
ceramics, such as Zerodur, which minimizes changes in the figure of the mirror during 
changes in temperature..
Another development in mirror technology has been the use of multiple smaller mirrors 
working together as a single larger mirror, known as a segmented mirror. The Keck 
Observatory in Hawaii, for example, uses 36 hexagonal mirror segments that work 
together to create an effective mirror diameter of 10 meters.
Overall, the evolution of mirror technology has played a key role in advancing 
astronomical research, enabling astronomers to observe the universe with ever-
increasing precision and detail.

6.1  Reducing Thermal Expansion
Thermal expansion is a major challenge in large telescope mirrors, as changes in 
temperature can cause the mirror to expand or contract, leading to deformation and 
changes in its shape. This can significantly affect the quality of the images produced by 
the telescope, making it difficult to study faint and distant objects in the universe.
To reduce thermal expansion in large telescope mirrors, a number of strategies have 
been developed. One approach is to use materials with low thermal expansion 
coefficients, such as fused silica or ULE (ultra-low expansion) glass, which are less 
prone to expanding or contracting with changes in temperature.
Another strategy is to control the temperature of the mirror itself, either by actively 
cooling it or by designing the mirror to have a low thermal mass, which allows it to more 
quickly adjust to changes in temperature. This can help to minimize thermal expansion 
and maintain the shape and quality of the mirror.
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In addition to these approaches, some telescopes are designed to have segmented 
mirrors, which consist of multiple smaller mirrors working together to create a larger 
effective aperture. This allows for greater control over thermal expansion, as each 
segment can be adjusted independently to compensate for changes in temperature.
Overall, reducing thermal expansion is a critical factor in the design and operation of 
large telescope mirrors, as it directly impacts the quality of the images produced by the 
telescope. By using materials with low thermal expansion coefficients and implementing 
active cooling or low thermal mass designs, astronomers are able to minimize the 
effects of thermal expansion and produce high-quality astronomical data.

6.2  Reducing Weight, the Honeycomb Structure
Reducing the weight of large telescope mirrors is essential for improving their 
performance and making them easier to handle and transport. One approach to 
reducing the weight of a mirror while maintaining its structural integrity is through the 
use of a honeycomb structure.
In a honeycomb structure, the mirror core material is arranged in a pattern of hexagonal 
cells, similar to a honeycomb, which provides strength and rigidity while minimizing 
weight.
The use of a honeycomb structure in telescope mirrors has several advantages. First, it 
reduces the weight of the mirror, making it easier to handle and transport. Finally, the 
honeycomb structure provides greater thermal stability, which helps to reduce the 
effects of thermal expansion and contraction.
Notable examples of telescope mirrors using a honeycomb structure are the primary 
mirrors of the Keck telescopes, which are some of the largest optical telescopes in the 
world. The mirrors of the Keck telescopes are made up of 36 hexagonal segments, 
each with a lightweight honeycomb structure that reduces the weight of the mirror while 
maintaining its structural integrity.

6.3  The Segmented Mirror
The segmented mirror is a type of telescope mirror that is composed of several smaller 
hexagonal or circular mirror segments that are arranged to form a larger overall mirror. 
This type of mirror is commonly used in large telescopes, such as the Keck Observatory 
the Thirty Meter Telescope (TMT) and the Extremely Large Telescope (ELT), where a 
single monolithic mirror would be too heavy and expensive to construct and maintain.
The individual segments are precisely aligned and polished to work together as a single 
mirror, with each segment acting as a small piece of the larger mirror. The advantage of 
this design is that it allows for a larger effective aperture while reducing the weight and 
cost of the mirror.
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One of the challenges of using segmented mirrors is maintaining the precise alignment 
of the segments. Any misalignment or deformation of the mirror segments can 
significantly affect the performance of the telescope. To address this, sophisticated 
computer-controlled systems are used to actively adjust the position of the individual 
segments to maintain optimal alignment.

6.4  Control of the Segmented Mirror
The control of the segmented mirror is a crucial aspect of its operation in large 
telescopes. Due to the precise alignment required between the segments to achieve 
optimal performance, sophisticated control systems are employed to maintain this 
alignment.
The segmented mirror is typically mounted on a support structure with a system of 
actuators that can adjust the position of each segment. These actuators are controlled 
by a computer, which uses feedback from a variety of sensors to determine the position 
and alignment of the segments.
One important sensor used to control the segmented mirror is the wavefront sensor, 
which measures the shape and quality of the incoming light wavefront. By analyzing the 
wavefront data, the computer can determine the necessary adjustments needed to 
optimize the alignment of the mirror segments.
In addition to wavefront sensors, other sensors such as accelerometers and 
temperature sensors are also used to monitor the mirror's position and environment. 
The computer can use this data to make adjustments to the mirror's position and 
alignment in real-time.
The control system for the segmented mirror in large telescopes is a highly complex and 
sophisticated system that requires constant monitoring and adjustment. However, with 
this level of control, the segmented mirror can achieve extremely high levels of precision 
and accuracy, enabling cutting-edge astronomical research.

6.5  Effects of Focal Ratio on Magnification, Field of View and Speed
The focal ratio, which is the ratio of a telescope's focal length to its aperture, can have 
significant effects on magnification, field of view, and speed.

1. Magnification: A lower focal ratio (f/number) results in a brighter image but lower 
magnification, while a higher focal ratio results in higher magnification but 
dimmer images.

2. Field of view: A lower focal ratio generally results in a wider field of view, while a 
higher focal ratio results in a narrower field of view. A wider field of view is 
desired to capture larger objects like galaxies or nebulas. A narrower field of 
view, on the other hand, is more appropriate for planetary observations where 
higher magnification is needed to observe fine details.
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3. Speed: The focal ratio also affects the speed of the telescope, which is a 
measure of its light-gathering power. A lower f/number results in a faster 
telescope, meaning it can capture more light in a shorter amount of time. This is 
advantageous for deep-sky observations where faint objects need to be 
detected. A higher f/number results in a slower telescope, which means it 
requires longer exposure times to capture enough light for a high-quality image.

Overall, the choice of focal ratio depends on the specific needs of the observer and the 
object being observed. For example, a lower f/number may be preferred for deep-sky 
observations, while a higher f/number may be preferred for planetary observations.

7.0  Coma, an Aberration of the Reflecting Telescope
Coma is a type of optical aberration that occurs in a telescope with a parabolic mirror. 
Coma affects the shape of stars near the edge of the field of view. When coma is 
present, stars appear to be stretched out into a comet-like shape, with the elongation 
pointing away from the center of the field of view.
Coma is caused by a difference in the angle at which light rays strike different parts of 
the telescope mirror, causing them to be focused at slightly different distances. This 
effect becomes more pronounced towards the edges of the mirror, resulting in a 
distortion of the image.
The Ritchey–Chrétien telescope is a variant of the Cassegrain telescope that uses 
hyperbolic primary and secondary mirrors and eliminates the off-axis optical error of 
coma.  Most reflecting telescopes with apertures greater than five meters employ the  
Ritchey–Chrétien design.

8.0  Instrumentation of the Great Telescopes
The instrumentation of the great telescopes varies depending on the specific telescope 
and its scientific objectives, but there are some common types of instruments that are 
frequently used. Here are some examples:

1. Imaging cameras: These are the most common type of instrument used in 
astronomical observations. They allow astronomers to capture images of celestial 
objects, ranging from galaxies and nebulae to individual stars and planets. 
Imaging cameras come in a variety of sizes and resolutions, and can be 
optimized for different types of observations.

2. Spectrographs: Spectrographs are used to analyze the spectra of light emitted by 
celestial objects. This information can reveal important details about the object's 
chemical composition, temperature, and motion. There are different types of 
spectrographs, including slit spectrographs, fiber-fed spectrographs, and integral 
field spectrographs, each with its own advantages and disadvantages.
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3. Adaptive optics systems: Adaptive optics systems are used to correct for the 
distortion of light caused by atmospheric turbulence. By using deformable mirrors 
and other technologies, adaptive optics can improve the resolution and clarity of 
astronomical images.

4. Interferometers: Interferometers are used to combine the light from multiple 
telescopes to create a single, high-resolution image. This technique, known as 
interferometry, can be used to study objects with a high degree of detail, such as 
binary stars, accretion disks, and the surfaces of planets.

5. Polarimeters: Polarimeters are used to measure the polarization of light emitted 
by celestial objects. This information can provide insights into the object's 
magnetic field, rotation, and other properties.

6. Coronagraphs: Coronagraphs are used to block out the bright light emitted by a 
star, allowing astronomers to observe nearby planets or other faint objects that 
would otherwise be obscured by the star's glare.

These are just a few examples of the many types of instruments that can be used with 
great telescopes. The specific instrumentation used will depend on the scientific 
objectives of the observations, as well as the capabilities of the telescope and its 
location.

8.1  Spectrograph
A spectrograph is a scientific instrument used to analyze the spectrum of light emitted 
by a celestial object. The spectrum is produced by separating the light into its 
component wavelengths, using a prism or diffraction grating. The resulting spectrum can 
then be analyzed to determine various properties of the object, such as its chemical 
composition, temperature, and motion.
Spectrographs come in many different types, but most follow a similar basic design. 
Light from the object being studied is collected and focused onto a slit, which produces 
a narrow beam of light that is then dispersed by a prism or diffraction grating. The 
resulting spectrum is then focused onto a detector, such as a CCD camera, which 
records the intensity of light at each wavelength.
One important type of spectrograph is the slit spectrograph, which uses a narrow slit to 
produce a one-dimensional spectrum of the object being studied. This type of 
spectrograph is commonly used for studying the spectra of stars, galaxies, and other 
astronomical objects.
Another type of spectrograph is the fiber-fed spectrograph, which uses optical fibers to 
collect light from multiple objects and feed it into the spectrograph. This allows 
astronomers to study the spectra of multiple objects simultaneously, making it a useful 
tool for large-scale surveys of the sky.
Integral field spectrographs are a newer type of spectrograph that use an array of tiny 
mirrors or lenses to produce a two-dimensional spectrum of the object being studied. 
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This allows astronomers to study the spectra of individual regions within an object, such 
as the stars in a galaxy or the atmosphere of a planet.
Spectrographs are used in many areas of astronomy, from studying the composition of 
stars and galaxies to studying the atmospheres of exoplanets. They are powerful tools 
for studying the physical and chemical properties of celestial objects, and have played a 
crucial role in advancing our understanding of the universe.

8.2  Who Invented the Spectroscope?
The spectroscope was invented independently by several scientists in the early 19th 
century, including Joseph von Fraunhofer in Germany, Gustav Kirchhoff and Robert 
Bunsen in Germany, and Angelo Secchi in Italy.
Joseph von Fraunhofer is credited with the discovery of spectral lines in the solar 
spectrum, which he observed using a prism and a narrow slit. He went on to develop a 
more precise method for measuring the wavelengths of spectral lines, using a diffraction 
grating that he had invented.
Gustav Kirchhoff and Robert Bunsen used the spectroscope to discover the elements 
cesium and rubidium in 1860. They also formulated the laws of spectroscopy, which 
describe the relationship between the intensity of light emitted by a heated object and 
the wavelengths of that light.
Angelo Secchi used the spectroscope to classify stars according to the characteristics 
of their spectra, laying the foundation for the field of stellar spectroscopy. He also 
discovered the presence of hydrogen in the solar atmosphere by analyzing the 
spectrum of sunlight.
Overall, the invention and development of the spectroscope revolutionized our 
understanding of the nature of light and its interaction with matter, paving the way for 
new discoveries in fields ranging from astronomy to chemistry.

8.3  Echelle Spectrograph
An echelle spectrograph is a type of high-resolution spectrograph that is commonly 
used in astronomical research. It is named after the French word for "ladder," referring 
to the ladder-like pattern of the dispersion that is produced by the instrument.
The echelle spectrograph is designed to separate the light from an astronomical object 
into its component wavelengths, allowing astronomers to study the object's spectral 
features. It does this by using a special type of diffraction grating that separates the light 
into many narrow spectral orders, which are then recombined to produce a high-
resolution spectrum.
One of the key advantages of the echelle spectrograph is its high resolving power, 
which allows astronomers to resolve closely spaced spectral lines that would be 
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indistinguishable with lower resolution instruments. This makes it ideal for studying the 
detailed properties of stars, galaxies, and other astronomical objects.
Echelle spectrographs are used on many of the world's largest telescopes, including the 
Keck Observatory in Hawaii, the VLT in Chile, and the Subaru Telescope in Hawaii. 
They have been used to make many important discoveries in astronomy, including the 
detection of exoplanets, the study of the interstellar medium, and the measurement of 
the expansion rate of the universe.

9.0  Elemental Light Spectra
Elemental light spectra are the characteristic patterns of wavelengths of light emitted or 
absorbed by atoms or ions of a particular element. When atoms are excited by heat, 
electric discharge, or other means, they emit light at specific wavelengths that 
correspond to transitions between energy levels in the atoms. Each element has a 
unique set of energy levels and therefore a unique set of emission wavelengths.
Similarly, when light passes through a gas or is absorbed by atoms, certain wavelengths 
are absorbed, creating dark absorption lines in the spectrum. These absorption lines 
correspond to the wavelengths of light that are absorbed by the atoms or molecules in 
the gas. Like emission spectra, each element has a unique set of absorption lines.
Elemental light spectra are an important tool in chemistry and astronomy. By analyzing 
the emission or absorption spectra of a substance, scientists can determine its chemical 
composition, and in the case of astronomy, the composition of stars and other celestial 
objects. For example, the presence of certain absorption lines in the spectrum of a star 
indicates the presence of specific elements in its atmosphere. The study of elemental 
light spectra has led to important discoveries in fields such as astrophysics, quantum 
mechanics, and materials science.

9.1  Emission and Absorption Spectra
Emission and absorption spectra are two types of spectra that are produced when light 
interacts with matter.
An emission spectrum is produced when a substance is excited, for example by heating 
or applying an electric current, and emits light. The emitted light consists of discrete 
wavelengths, which correspond to the energy transitions of the excited atoms or 
molecules. Each element or molecule has a unique emission spectrum, which can be 
used to identify its chemical composition. Emission spectra are often observed as bright 
lines against a dark background.
An absorption spectrum, on the other hand, is produced when a substance absorbs 
certain wavelengths of light, leaving behind a continuous spectrum with dark absorption 
lines at specific wavelengths. The absorption lines correspond to the energies required 
to excite the atoms or molecules in the substance. Like emission spectra, each element 
or molecule has a unique absorption spectrum, which can be used to identify its 
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chemical composition. Absorption spectra are often observed as dark lines against a 
bright background.
Both emission and absorption spectra are important tools in astronomy and 
spectroscopy. By analyzing the spectra of stars and other celestial objects, astronomers 
can determine their chemical composition, temperature, and other properties. For 
example, the redshift of absorption lines in a star's spectrum can be used to measure its 
radial velocity, which in turn can provide information about its distance and motion 
relative to the Earth.

9.2  Joseph von Fraunhofer
Joseph von Fraunhofer (1787-1826) was a German physicist and optician who made 
significant contributions to the fields of optics and spectroscopy. He is best known for 
his discovery of the dark lines, now known as Fraunhofer lines, in the spectrum of the 
sun.
Fraunhofer was born in Straubing, Bavaria, and was orphaned at a young age. He was 
apprenticed to a glassmaker at the age of 11, and later became an apprentice optician 
in Munich. He developed a talent for making precision optical instruments and was soon 
employed by the firm of Joseph Utzschneider, where he began to conduct his own 
research.
In 1814, Fraunhofer was appointed director of the Optical Institute in Benediktbeuern, 
where he developed new techniques for making high-quality lenses and prisms. He also 
began to study the spectrum of the sun, using a prism to split sunlight into its 
component colors. To his surprise, he discovered a series of dark lines in the spectrum, 
which he catalogued and studied in detail.
Fraunhofer's work on the solar spectrum led him to develop a new type of spectroscope, 
which allowed him to study the spectra of other celestial objects. He also made 
important contributions to the field of lens design, developing new methods for 
calculating the curvature of lenses and reducing spherical aberration.
Fraunhofer's contributions to optics and spectroscopy earned him many honors and 
accolades during his lifetime, including membership in the Royal Society of London and 
the Bavarian Academy of Sciences. Today, the Fraunhofer Society, a research 
organization in Germany, is named in his honor, and the Fraunhofer lines continue to be 
an important tool for astronomers studying the properties of celestial objects.

9.3  Fraunhofer Lines
Fraunhofer lines are dark absorption lines that are seen in the spectrum of the sun and 
other stars. They were first discovered by Joseph von Fraunhofer in the early 19th 
century, who observed these lines while studying the spectrum of sunlight using a 
spectroscope.
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Fraunhofer lines are caused by the absorption of specific wavelengths of light by atoms 
and molecules in the outer layers of the sun's atmosphere, or photosphere. The atoms 
and molecules absorb light at certain wavelengths, leaving behind dark absorption lines 
in the spectrum. These lines are unique to each element and molecule, and can be 
used to identify the chemical composition of the sun and other stars.
The most prominent Fraunhofer lines in the solar spectrum are labeled with the letters A 
through K, with the letters denoting their position in the spectrum. For example, the D 
lines (at around 589.0 and 589.6 nanometers) are caused by the absorption of light by 
sodium atoms in the sun's atmosphere.
Fraunhofer lines have been used to study the chemical composition of stars and other 
celestial objects, and have provided valuable insights into the properties and evolution 
of the universe.

10.0  The Turbulent Atmosphere
The Earth's atmosphere is in constant motion, with layers of air moving at different 
speeds and in different directions. This motion can create turbulence, which can have a 
significant impact on the performance of astronomical telescopes and other imaging 
systems.
Seeing is a measure of the amount of distortion and blurring of an image caused by 
atmospheric turbulence. Seeing is typically expressed in units of arcseconds, with better 
seeing corresponding to smaller values. In ideal conditions, seeing can be as low as 0.5 
arcseconds, but in typical conditions, it is often between 1 and 3 arcseconds, and can 
be much worse.
One way to mitigate the effects of atmospheric turbulence is through the use of adaptive 
optics. Adaptive optics systems use deformable mirrors to correct for the distortions 
caused by atmospheric turbulence in real time. These systems measure the distortions 
in the incoming light and adjust the shape of the mirror to compensate, producing a 
much clearer image.
Another approach to dealing with atmospheric turbulence is to place telescopes in high-
altitude or space-based observatories, where the atmosphere is much thinner and the 
effects of turbulence are greatly reduced. Examples of such observatories include the 
Hubble Space Telescope and the Chandra X-ray Observatory.
Overall, the effects of atmospheric turbulence are a major challenge for astronomers 
and imaging scientists, but adaptive optics and other technologies are helping to 
mitigate these effects and produce clearer and more detailed images of the universe.
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10.1  Mitigating the Effects of the Turbulent Atmosphere
The effects of the turbulent atmosphere can significantly degrade the performance of 
astronomical telescopes and other imaging systems. However, there are several ways 
to mitigate these effects and improve the quality of astronomical observations:

1. Adaptive optics: As mentioned earlier, adaptive optics systems use deformable 
mirrors to correct for the distortions caused by atmospheric turbulence in real 
time. These systems measure the distortions in the incoming light and adjust the 
shape of the mirror to compensate, producing a much clearer image. Adaptive 
optics are now routinely used on most ground-based telescopes, including the 
Keck Observatory and the Very Large Telescope (VLT).

2. Active and passive cooling: The temperature fluctuations in the atmosphere can 
cause turbulence, which can affect the quality of astronomical observations. 
Active and passive cooling techniques can be used to reduce the temperature 
fluctuations and minimize turbulence. For example, some observatories use 
cooling systems to reduce the temperature of the telescope and instrument 
components, while others place the observatories in high altitude or cold regions 
to reduce the temperature fluctuations.

3. High altitude or space-based observatories: The atmosphere is much thinner at 
higher altitudes, and the effects of turbulence are greatly reduced. Therefore, 
high altitude observatories, such as the Mauna Kea Observatories in Hawaii, 
provide a much clearer view of the sky. Similarly, space-based observatories like 
the Hubble Space Telescope and the Chandra X-ray Observatory are free from 
the effects of atmospheric turbulence altogether.

4. Longer exposures: By taking longer exposures, astronomers can average out the 
effects of turbulence, resulting in a clearer image. This approach is particularly 
useful for observations of extended objects, such as galaxies or nebulas.

Overall, these techniques are helping to mitigate the effects of atmospheric turbulence 
and improve the quality of astronomical observations.

10.2  Laser Tomography Adaptive Optics
Laser Tomography Adaptive Optics (LTAO) is an advanced technique used in adaptive 
optics systems to correct for the effects of atmospheric turbulence.
LTAO uses multiple laser guide stars distributed across the field of view of the telescope 
to measure the atmospheric turbulence and correct for it in real time. The laser guide 
stars are created by firing lasers into the atmosphere, causing the air molecules to 
fluoresce and create a bright point source that can be used to measure the distortions in 
the incoming light.
LTAO systems typically use three or more laser guide stars distributed across the field 
of view. The light from the laser guide stars is used to measure the turbulence at 
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multiple altitudes, allowing the adaptive optics system to correct for the effects of 
turbulence throughout the entire field of view.
By using multiple laser guide stars, LTAO can provide much higher levels of correction 
than traditional adaptive optics systems, which typically use only one or two guide stars. 
This makes LTAO particularly well-suited for observations of extended objects, such as 
galaxies and nebulae, where the entire field of view needs to be corrected for 
atmospheric turbulence.
LTAO is a complex and expensive technology, and it is currently only available on a few 
of the largest and most advanced telescopes, such as the Keck Observatory in Hawaii 
and the Very Large Telescope (VLT) in Chile. However, as the technology continues to 
improve and become more affordable, it has the potential to significantly enhance the 
capabilities of ground-based telescopes for astronomical observations.

10.3  Natural Guide Stars
Natural Guide Stars (NGS) are astronomical objects that are used as reference points in 
adaptive optics systems to correct for the effects of atmospheric turbulence. NGS can 
be any bright astronomical object within the field of view of the telescope, such as stars, 
galaxies, or quasars.
When the light from a natural guide star passes through the Earth's atmosphere, it is 
distorted and blurred by the atmospheric turbulence, creating a "twinkling" effect. This 
distortion can be measured and corrected for by an adaptive optics system, which uses 
a deformable mirror to adjust the shape of the incoming light wavefront and cancel out 
the effects of the turbulence.
The use of natural guide stars is an important technique in adaptive optics, particularly 
for smaller telescopes and those without access to laser guide star systems. However, 
the number of suitable natural guide stars is limited, particularly in regions of the sky 
where there may be few bright stars.
To overcome this limitation, some adaptive optics systems use multiple natural guide 
stars distributed across the field of view, allowing them to measure the turbulence at 
different points in the sky and correct for it across the entire field of view.
NGS are not only used in astronomy but also in laser-based communication systems. In 
free-space optical communication systems, NGS can be used to track the movement of 
the receiver or to correct for atmospheric turbulence, improving the quality and stability 
of the signal.

10.4  Artificial (Laser) Guide Stars
Artificial guide stars (AGS), also known as laser guide stars, are created using lasers to 
provide a reference point for adaptive optics systems to correct for the effects of 
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atmospheric turbulence. They are particularly useful for large telescopes or those 
located in areas with few bright stars to use as natural guide stars.
AGS work by using a powerful laser to excite sodium atoms in a layer of the Earth's 
upper atmosphere, creating a small point of light that can be used as a reference point 
for the adaptive optics system. This point of light is typically green or yellow in color and 
is located at an altitude of around 90 km.
The use of AGS allows adaptive optics systems to correct for atmospheric turbulence 
across a wider field of view than natural guide stars, as they can be positioned at any 
point in the sky. However, they are more complex and expensive than natural guide 
stars and require specialized equipment and expertise to operate.
AGS are now used on several large telescopes, including the Keck Observatory in 
Hawaii and the Very Large Telescope (VLT) in Chile. They have enabled astronomers to 
produce much clearer and more detailed images of distant astronomical objects, 
particularly in the field of high-resolution imaging and spectroscopy.
In addition to their use in astronomy, AGS also have potential applications in laser 
communication and remote sensing systems, where they can be used to provide a 
reference point for tracking or to correct for atmospheric distortions in laser beams.

10.4.1  Sodium Guide Stars
asdfg
Sodium guide stars (SGS) are a type of artificial guide star used in adaptive optics 
systems to correct for atmospheric turbulence. They work by exciting the sodium atoms 
in a thin layer of the Earth's upper atmosphere, creating a small point of light that can be 
used as a reference point for the adaptive optics correction.
The process of creating an SGS involves using a high-powered laser to project a beam 
of light into the atmosphere. The laser light interacts with the sodium atoms in the upper 
atmosphere, causing them to emit a bright yellow/orange glow that can be detected by 
the adaptive optics system.
The use of SGS allows for a much more precise and accurate correction of atmospheric 
turbulence than natural guide stars, which can be limited in number and brightness. 
SGS can be placed at any point in the sky and provide a much more stable and 
predictable reference source for the adaptive optics correction.
SGS are now used on several large telescopes, including the Keck Observatory in 
Hawaii and the Very Large Telescope (VLT) in Chile. They have enabled astronomers to 
produce much clearer and more detailed images of distant astronomical objects, 
particularly in the field of high-resolution imaging and spectroscopy.
However, there are some challenges to the use of SGS. They require specialized 
equipment and expertise to operate, and can be affected by atmospheric conditions 
such as wind and temperature fluctuations. There are also concerns about the potential 
impact of the laser light on the environment and the safety of aircraft and other vehicles 
in the vicinity of the telescope.
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10.4.2  The Sodium Layer in the Atmosphere
asdfg

‘The sodium layer is a layer of neutral atoms of sodium within Earth’s 
mesosphere.  This layer usually lies within an altitude range of 80–
105  km (50–65  mi) above sea level and has a depth of about 5  km 
(3.1 mi). The sodium comes from the ablation of meteors.
Astronomers have found the sodium layer to be useful for creating an 
artificial laser guide star in the upper atmosphere. The star is used by 
adaptive optics to compensate for movements in the atmosphere. As a 
result, optical telescopes can perform much closer to their theoretical limit 
of resolution.’  [Wikipedia Sodium layer]

10.5  Adaptive Optics in Astronomy
Adaptive optics (AO) is a technology used in astronomy to correct for the effects of 
atmospheric turbulence on the quality of astronomical observations. The Earth's 
atmosphere causes light from distant objects to be distorted and blurred, which can limit 
the resolution and clarity of astronomical images.
AO systems work by using a reference source, such as a natural guide star or an 
artificial guide star created using a laser, to measure the atmospheric distortions in real-
time. The measurements are then used to adjust the shape of a deformable mirror in 
the telescope's optical system, which compensates for the distortions and allows for a 
much clearer and more detailed image to be obtained.
AO systems have been used on a range of telescopes, from small ground-based 
instruments to large observatories such as the Keck Observatory in Hawaii and the Very 
Large Telescope (VLT) in Chile. They have enabled astronomers to produce much 
clearer and more detailed images of distant astronomical objects, particularly in the field 
of high-resolution imaging and spectroscopy.
In addition to improving the resolution and clarity of astronomical images, AO has also 
been used to study a range of phenomena, including exoplanets, supernovae, and 
active galactic nuclei. It has also enabled the study of objects and structures within our 
own solar system, such as the moons of Jupiter and Saturn, with unprecedented detail.
While AO has proven to be a powerful tool for astronomical research, there are still 
some challenges to overcome. The technology is complex and requires specialized 
equipment and expertise to operate, and the use of artificial guide stars can have 
environmental and safety implications. However, ongoing research and development 
are continuing to improve and advance the capabilities of AO systems.
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11.0  Light Pollution
Light pollution is the excessive or misdirected artificial light that brightens the night sky 
and interferes with our ability to observe and appreciate the stars. Light pollution is 
caused by a variety of sources, including streetlights, outdoor lighting, advertising 
billboards, and urban development.
Astronomers are particularly affected by light pollution, as it reduces the visibility of faint 
objects in the night sky and can interfere with sensitive astronomical instruments. To 
mitigate the effects of light pollution, many observatories are located in remote areas far 
from urban centers, and some cities have implemented lighting regulations and 
initiatives to reduce light pollution.
Individuals can also take steps to reduce light pollution, such as using energy-efficient 
outdoor lighting, directing lights downward, and using shielding to prevent light from 
shining upward into the sky. By reducing light pollution, we can improve our ability to 
observe and appreciate the natural beauty of the night sky and protect the environment 
and human health.

11.1  Mount Palomar and Sodium Vapor Lights
Mount Palomar Observatory, located in San Diego County, California, is home to 
several telescopes, including the famous 200-inch (5.1 m) Hale Telescope, which was 
the world's largest telescope when it was completed in 1948. One of the challenges 
faced by astronomers at Mount Palomar and other observatories is light pollution from 
nearby cities and towns, which can interfere with observations.
To mitigate the effects of light pollution on observations, Mount Palomar Observatory 
began using high-pressure sodium vapor lights in the 1970s. These lights emit a yellow-
orange light that is less disruptive to astronomical observations than the white light 
emitted by traditional streetlights and other sources of light pollution.
The use of sodium vapor lights has helped to preserve the dark skies around Mount 
Palomar and has made it easier for astronomers to conduct their research. In addition to 
the observatory's use of these lights, the surrounding region has also taken steps to 
reduce light pollution, such as limiting outdoor lighting and promoting dark sky-friendly 
practices.
Sodium vapor lights have since become a popular choice for many observatories and 
dark sky locations around the world, helping to protect the night sky and the 
astronomical research that relies on it.
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11.2  The Ultimate Light Pollution: Thousands of Satellites in Low 
Earth Orbits
The increasing number of satellites in low Earth orbit (LEO) is a growing concern for 
astronomers, as they can cause significant light pollution and interfere with astronomical 
observations. Thousands of satellites, such as those comprising SpaceX's Starlink 
constellation and those planned by Blue Origin’s Project Kuiper, reflect sunlight and 
create bright streaks in the night sky that can be visible to the naked eye and through 
telescopes.
The impact of these satellites on astronomical observations is twofold. First, the bright 
streaks can interfere with observations of faint astronomical objects, as they can be 
mistaken for cosmic phenomena. Second, the reflections from the satellites can create 
a "fog" of light that makes it difficult to obtain clear and detailed images of the night sky.
Astronomers are actively working to find ways to mitigate the effects of these satellites 
on their observations. One solution is to use special filters and software to remove the 
satellite streaks from images, although this can be a time-consuming and labor-
intensive process.
Another solution is to encourage satellite operators to design their satellites in ways that 
minimize their impact on astronomy. This could include reducing the reflectivity of the 
satellite's surface or positioning the satellite in a way that reduces its visibility from 
Earth.
Ultimately, the issue of satellite light pollution highlights the need for collaboration 
between the space industry and the astronomy community to ensure that the night sky 
remains a resource for all of humanity.

12.0  Space-based Optical Telescopes
Space-based optical telescopes are a type of space-based telescope that use visible 
light and other forms of electromagnetic radiation to observe the universe.
One of the most famous space-based optical telescopes is the Hubble Space 
Telescope, which has been in operation since 1990. The Hubble has made numerous 
groundbreaking discoveries, including the measurement of the expansion rate of the 
universe and the detection of the first evidence for the existence of dark energy.
Other examples of space-based optical telescopes include the James Webb Space 
Telescope (JWST), which was launched in 2021, and the Wide Field Infrared Survey 
Telescope (WFIRST), which is currently in development. These telescopes are designed 
to observe the universe in the infrared wavelength range, which is particularly useful for 
studying distant galaxies and the early universe.
Space-based optical telescopes have several advantages over their ground-based 
counterparts. Because they are located above the Earth's atmosphere, they are not 
affected by atmospheric turbulence, which causes distortion and blurring of images. 
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They are also not subject to light pollution, which can interfere with observations of faint 
and distant objects.
Despite their advantages, space-based optical telescopes are also limited by factors 
such as cost and accessibility. They are expensive to design, build, and launch. 
However, the scientific discoveries made possible by these telescopes have helped to 
transform our understanding of the universe and have inspired new generations of 
scientists and engineers to explore the cosmos.

12.1  Hubble Telescope
The Hubble Space Telescope (HST) is a space-based observatory that has been in 
operation since 1990. Named after the astronomer Edwin Hubble, the telescope is a 
joint project between NASA and the European Space Agency (ESA).
The Hubble is equipped with a range of instruments that allow it to observe the universe 
across the electromagnetic spectrum, from ultraviolet to near-infrared wavelengths. 
These instruments include cameras, spectrometers, and other specialized detectors 
that can capture images and data with remarkable precision.
Over the course of its more than three decades in operation, the Hubble has made 
numerous groundbreaking discoveries in fields such as astronomy, cosmology, and 
planetary science. These discoveries include the measurement of the expansion rate of 
the universe, the detection of the first evidence for the existence of dark energy, and the 
discovery of planets outside our solar system.
The Hubble is also known for its stunning images of the universe, which have captured 
the public's imagination and inspired new generations of scientists and astronomers. Its 
images of distant galaxies, nebulas, and other celestial objects have provided new 
insights into the nature and evolution of the universe.
Despite its age, the Hubble continues to operate and make new discoveries. Its 
scientific observations are complemented by a public outreach program that has helped 
to make the telescope one of the most iconic and beloved scientific instruments of all 
time.

12.2  Kepler Telescope
The Kepler Space Telescope was a space-based observatory launched by NASA in 
2009 with the primary mission of discovering Earth-sized exoplanets orbiting other stars. 
Named after the astronomer Johannes Kepler, the telescope was designed to use the 
transit method to detect exoplanets: it monitored the brightness of stars for small, 
periodic dips caused by planets passing in front of them.
Over the course of its nine-year mission, the Kepler telescope discovered thousands of 
exoplanets, including some that are Earth-sized and in the habitable zone of their star, 
where conditions may be suitable for liquid water and, potentially, life. It also made 
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important contributions to the study of stellar astrophysics, including the detection of 
supernovae and the characterization of variable stars.
Despite experiencing technical problems that led to the end of its primary mission in 
2013, the Kepler telescope continued to operate in a reduced capacity until its official 
retirement in 2018. Its discoveries have revolutionized our understanding of the 
prevalence and diversity of planets beyond our solar system and have inspired new 
efforts to search for signs of life beyond Earth.
Only about 10% of planets orbit their home stars in a plane that is aligned with Earth.  
Otherwise a planet’s transit of its home star would not be visible from Earth.  The 
amount of light from the star that is obscured by a transiting planet is on the order of 1% 
of the star’s light.  The transit method thus favors the discovery of large planets orbiting 
their home star in orbits close to the star.  An astronomer on a distant planet looking at 
the Solar System would detect Jupiter’s transit only once every 12 years.
In the early days of Kepler’s operation, large planets orbiting close to their parent star 
were the discoveries du jour.  The so-called hot Jupiters in orbits taking less than 10 
days were hot because they were so close to their parent star and more frequently seen 
as their transits took place every orbit.     

12.3  The James Webb Space Telescope
The James Webb Space Telescope (JWST) is a space-based observatory launched in 
December of 2021 as a collaboration between NASA, the European Space Agency 
(ESA), and the Canadian Space Agency (CSA). It is designed to be the successor to the 
Hubble Space Telescope and will study the universe across the infrared spectrum.
The JWST has a primary mirror that is 6.5 meters (21.3 feet) in diameter, making it 
significantly larger than the Hubble's mirror. It will be positioned in an orbit around the 
Sun at a distance of approximately 1.5 million kilometers (930,000 miles) from Earth, 
where it will be able to observe the universe with unprecedented sensitivity and clarity.
One of the primary scientific objectives of the JWST is to study the formation and 
evolution of galaxies, stars, and planetary systems, with a particular focus on the first 
galaxies that formed after the Big Bang. It will also be capable of studying the 
atmospheres of exoplanets and searching for signs of habitability.
The JWST is equipped with a suite of advanced scientific instruments, including 
cameras, spectrometers, and coronagraphs, which will allow it to capture images and 
data at infrared wavelengths. Its instruments are designed to be highly sensitive, with 
the ability to detect extremely faint signals from distant objects in the universe.
The development of the JWST has been a complex and challenging project, with 
numerous technical and budgetary hurdles to overcome. However, it has the potential to 
make groundbreaking discoveries and revolutionize our understanding of the universe.
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12.4  Future Missions
There are several planned future missions of space-based telescopes that will continue 
to push the boundaries of astronomy and astrophysics:

1. The Nancy Grace Roman Space Telescope: Formerly known as the Wide Field 
Infrared Survey Telescope (WFIRST), this telescope is set to launch in the 
mid-2020s. Its primary goal is to study dark energy, dark matter, and exoplanets. 
It will be capable of performing wide-field imaging and spectroscopy, and will 
have a coronagraph to directly image exoplanets.

2. The Lynx X-ray Observatory: This proposed telescope would be the most 
powerful X-ray observatory ever built, with 50 times the sensitivity of current 
instruments. Its primary goal is to study the formation and evolution of galaxies 
and black holes, as well as the properties of dark matter and dark energy. It is 
currently under consideration for launch in the 2030s.

3. The Origins Space Telescope: This proposed telescope is designed to study the 
formation and evolution of galaxies, stars, and planetary systems across the 
infrared spectrum. It would have a primary mirror 9.2 meters (30 feet) in 
diameter, making it larger than both the Hubble and the JWST. It is currently 
under consideration for launch in the 2030s.

4. The Advanced Technology Large-Aperture Space Telescope (ATLAST): This 
proposed telescope would be even larger than the Origins Space Telescope, with 
a primary mirror up to 16 meters (52 feet) in diameter. Its primary goal would be 
to study the first galaxies that formed after the Big Bang, as well as the properties 
of dark matter and dark energy. It is currently in the conceptual design phase.

These future missions will build on the legacy of the Hubble and the JWST, and are 
expected to make groundbreaking discoveries and significantly advance our 
understanding of the universe.

13.0  Introduction to The Greatest Optical Telescopes on Earth and 
Beyond
Telescopes have played a vital role in advancing our understanding of the universe. 
They allow us to see beyond our naked eyes, observe distant celestial objects, and 
gather information about their properties and behavior. Over the years, telescopes have 
been developed and improved, both on the ground and in space, to explore the 
universe in greater detail.
On Earth, there are several large telescopes located in different parts of the world. 
These include the Keck Observatory in Hawaii, the Gemini Observatory in Chile, the 
Subaru Telescope in Hawaii and the Very Large Telescope (VLT) in Chile, among 
others. These telescopes use a range of technologies, including adaptive optics, and 
interferometry, to capture high-resolution images of the sky and gather data on the 
properties of celestial objects.
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In space, there are also several telescopes that have revolutionized our understanding 
of the universe. These include the Hubble Space Telescope, which has captured some 
of the most iconic images of space, the Kepler Space Telescope and the James Webb 
Space Telescope (JWST).
Telescopes have allowed astronomers to make significant discoveries about the 
universe, from the discovery of new planets and moons in our solar system to the 
detection of black holes and the study of the early universe. As technology continues to 
improve, telescopes will continue to be essential tools in advancing our knowledge of 
the cosmos.

13.1  Extremely Large Telescope (ELT) (39.3 m)
The Extremely Large Telescope (ELT) is a ground-based optical and infrared telescope 
currently under construction in the Atacama Desert in Chile. Once completed in the 
mid-2020s, it will be the largest optical telescope in the world, with a primary mirror 
diameter of 39 meters.
The ELT is being developed by the European Southern Observatory (ESO), an 
intergovernmental organization consisting of 16 European countries and Brazil, and is 
part of a new generation of extremely large telescopes that are being constructed 
around the world.
The telescope will be equipped with a suite of state-of-the-art scientific instruments, 
including a high-resolution spectrograph, a wide-field camera, and an adaptive optics 
system that will allow it to correct for atmospheric turbulence and achieve extremely 
sharp images.
The ELT is expected to make significant contributions to a wide range of astronomical 
research areas, including the study of distant galaxies, the formation of stars and 
planets, and the search for exoplanets and signs of life beyond our solar system. It will 
also enable observations of extremely faint objects and provide unprecedented detail of 
nearby objects in our own solar system.
The construction of the ELT is a major international effort, with contributions from a 
number of European and non-European countries. It represents a significant investment 
in the future of astronomy, and is expected to open up new frontiers in our 
understanding of the universe.

13.2  The Unending Saga of the 30 Meter Telescope (30 m)
The Thirty Meter Telescope (TMT) is a proposed astronomical observatory with a 
primary mirror diameter of 30 meters. The telescope is designed to observe a wide 
range of astronomical objects and phenomena in the visible, near-infrared, and mid-
infrared regions of the electromagnetic spectrum.
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The TMT project has been in development since 2003, and the proposed site for the 
telescope is the summit of Mauna Kea, a dormant volcano on the island of Hawaii. The 
site was chosen for its excellent atmospheric conditions, which are ideal for 
astronomical observations.
However, the project has been met with significant opposition from some members of 
the Native Hawaiian community, who view Mauna Kea as a sacred site and object to the 
construction of any further telescopes on the mountain.
Protests against the TMT began in 2014, when construction crews attempted to begin 
work on the site. The protests escalated in 2019, when activists formed a human 
blockade to prevent construction vehicles from reaching the site. The situation 
eventually resulted in the arrest of dozens of protestors and the suspension of 
construction activities.
The TMT project has since been the subject of legal battles and political debate, with 
supporters of the telescope arguing that it will provide valuable scientific data and 
economic benefits to the region, while opponents argue that the construction of the 
telescope would be a desecration of sacred land and a violation of indigenous rights.
As of now, the legal challenges facing the TMT project are still ongoing, and it is unclear 
when or if the telescope will be built.

13.3  Giant Magellan Telescope (7 x 8.4 m) (D 22.2 m)
The Giant Magellan Telescope (GMT) is a large optical and infrared telescope currently 
under construction in Chile. The telescope is expected to become one of the most 
powerful ground-based telescopes in the world when it is completed in the late-2020s.
The Giant Magellan Telescope (GMT) employs a unique design concept employing an 
array of seven primary mirrors with an equivalent diameter of 24.5 meters and a total 
collecting area of 368 square meters.  Six off-axis mirrors are arrayed around a seventh 
mirror in the center.  Each monolithic primary mirror is 8.4 meters in diameter and 
employs a non-segmented honeycomb structure.
A secondary mirror is employed for each of the seven primary mirrors.  These are 
arrayed like the primary mirrors with six in a ring about the seventh at the center of the 
array.  The ensemble employs the Gregorian concept of placing a concave secondary 
mirror beyond the focal point of its corresponding main mirror.
The GMT will be capable of a wide range of scientific observations, including imaging 
and spectroscopy of distant galaxies, the study of the properties and atmospheres of 
exoplanets, and the observation of the earliest galaxies and stars in the universe. It will 
also be able to perform high-resolution observations of nearby objects in our own solar 
system.
The construction of the GMT is a collaborative effort between a number of institutions, 
including the Carnegie Institution for Science, the University of Texas at Austin, and a 
consortium of international partners. Once completed, the GMT will join a small number 
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of other extremely large telescopes in the world, including the Thirty Meter Telescope 
and the Extremely Large Telescope.

13.4  The Very Large Telescope (VLT) (4 x 8.2 m)
The Very Large Telescope (VLT) is a world-class astronomical observatory located on 
Cerro Paranal in the Atacama Desert of northern Chile. The VLT consists of four 8.2-
meter telescopes, which can be used individually or in combination to create a very 
large interferometer.
The VLT is operated by the European Southern Observatory (ESO), an 
intergovernmental organization consisting of 16 European countries and Brazil. It is one 
of the most productive ground-based observatories in the world, with a wide range of 
scientific instruments and capabilities.
The VLT is equipped with advanced adaptive optics technology, which allows it to 
correct for atmospheric distortion and achieve very high image quality. It is also capable 
of spectroscopic observations, which allow astronomers to study the chemical 
composition, temperature, and motion of celestial objects.
The VLT has made many significant contributions to astronomy since it began 
operations in 1998. It has been used to study everything from the formation and 
evolution of galaxies to the search for exoplanets and the study of the properties of 
stars and their planetary systems. It has also been used to make important discoveries 
in the study of dark matter and dark energy.
In addition to its scientific capabilities, the VLT has also been a pioneer in the use of 
remote observing, allowing astronomers to control the telescope and take data from 
anywhere in the world. Overall, the VLT represents a major advance in ground-based 
astronomy and will continue to play a key role in astronomical research for many years 
to come.

13.5  Magellan Telescopes (2 x 6.5 m)
The Magellan Telescopes are a pair of 6.5-meter optical telescopes located at the Las 
Campanas Observatory in the Atacama Desert of Chile. The telescopes were 
commissioned in 2000 and are jointly owned by a consortium of institutions, including 
the Carnegie Institution for Science, the University of Arizona, Harvard University, MIT, 
and the University of Michigan.
The Magellan Telescopes are equipped with a suite of advanced scientific instruments, 
including imagers, spectrographs, and adaptive optics systems. They are capable of a 
wide range of scientific observations, including imaging and spectroscopy of galaxies, 
stars, and exoplanets.
One of the unique features of the Magellan Telescopes is their optical design, which 
uses a novel combination of two mirrors to create a highly efficient optical system. This 
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design allows the telescopes to achieve very high sensitivity and image quality, even in 
challenging observing conditions.
The Magellan Telescopes have made many important contributions to astronomy since 
they began operations, including the discovery of the first exoplanet in the habitable 
zone of a star similar to the Sun. They have also been used to study the properties of 
dark matter, the formation of galaxies, and the evolution of stars.
Overall, the Magellan Telescopes represent a significant advance in ground-based 
optical astronomy and will continue to play an important role in astronomical research 
for many years to come.

13.6  Large Binocular Telescope (10.9 m)
The Large Binocular Telescope (LBT) is a unique optical telescope located on Mount 
Graham in Arizona, USA. It consists of two 8.4-meter mirrors that are mounted side-by-
side on a single telescope structure, providing a combined effective collecting area of an 
11.8-meter telescope.
The LBT is equipped with a range of scientific instruments, including imagers, 
spectrographs, and adaptive optics systems, which allow astronomers to study a wide 
variety of objects in the universe, from nearby planets to the most distant galaxies.
One of the unique features of the LBT is its advanced adaptive optics system, which 
uses a series of deformable mirrors to correct for atmospheric turbulence and achieve 
extremely high image quality. This system has allowed the LBT to achieve some of the 
highest resolution images ever obtained with a ground-based telescope.
The LBT has been used to make many important discoveries in astronomy since it 
began operations in 2008. It has been used to study the properties of exoplanets and 
their host stars, to explore the structure and evolution of nearby galaxies, and to 
observe some of the most distant and ancient objects in the universe.
Overall, the LBT represents a major advance in ground-based optical astronomy and is 
a testament to the power of innovative engineering and technology in advancing our 
understanding of the universe.

13.7  Gran Telescopio Canerias (10.4 m)
The Gran Telescopio Canarias (GTC) is a world-class optical telescope located at the 
Roque de los Muchachos Observatory on the island of La Palma in the Canary Islands, 
Spain. It is the largest single-aperture optical telescope in the world with a diameter of 
10.4 meters.
The GTC is equipped with a wide range of advanced scientific instruments, including 
imagers, spectrographs, and polarimeters, which allow astronomers to study a variety of 
astronomical objects, from nearby planets to distant galaxies.
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One of the key features of the GTC is its advanced adaptive optics system, which uses 
a deformable mirror to correct for atmospheric turbulence and achieve extremely high 
image quality. This system allows the GTC to produce some of the clearest images of 
astronomical objects ever obtained with a ground-based telescope.
The GTC has been used to make many important discoveries in astronomy since it 
began operations in 2009. It has been used to study the properties of exoplanets, to 
explore the formation and evolution of galaxies, and to observe some of the most 
distant and ancient objects in the universe.
Overall, the GTC is a powerful tool for advancing our understanding of the universe, and 
it represents a major advance in ground-based optical astronomy. Its location in the 
Canary Islands, which offers some of the best observing conditions in the world, makes 
it an important asset for astronomers around the globe.

13.8  Hobby-Eberly Telescope (10 m)
The Hobby-Eberly Telescope (HET) is a unique optical telescope located at the 
McDonald Observatory in West Texas, USA. It has a primary mirror that measures 11 
meters in diameter, making it one of the largest optical telescopes in the world.
The HET is designed to be a highly efficient telescope, capable of collecting a large 
amount of light in a relatively short amount of time. It is equipped with a suite of 
advanced scientific instruments, including imagers and spectrographs, which allow 
astronomers to study a variety of astronomical objects, from nearby planets to distant 
galaxies.
One of the unique features of the HET is its innovative design, which uses a fixed 
primary mirror and a series of smaller, movable mirrors to direct light to the scientific 
instruments. This design allows the HET to observe a large area of sky at once, making 
it particularly well-suited for large-scale surveys of the universe.
The HET has been used to make many important discoveries in astronomy since it 
began operations in 1997. It has been used to study the properties of exoplanets, to 
explore the structure and evolution of galaxies, and to observe some of the most distant 
and ancient objects in the universe.
Overall, the HET represents a major advance in ground-based optical astronomy and is 
a testament to the power of innovative engineering and technology in advancing our 
understanding of the universe.

13.9  Keck Telescopes (2 x 10 m)
The W. M. Keck Observatory is a world-renowned astronomical observatory located 
atop Mauna Kea, a dormant volcano on the island of Hawaii. The observatory consists 
of two identical telescopes, each with a primary mirror that measures 10 meters in 
diameter, making them among the largest optical telescopes in the world.

Page  of  pages39 53



The Greatest Optical Telescopes on Earth and Beyond

The Keck telescopes are equipped with a range of advanced scientific instruments, 
including high-resolution spectrographs and adaptive optics systems, which allow 
astronomers to study a variety of astronomical objects, from nearby planets to distant 
galaxies.
One of the key features of the Keck telescopes is their advanced adaptive optics 
systems, which use deformable mirrors to correct for atmospheric turbulence and 
achieve extremely high image quality. This system allows the Keck telescopes to 
produce some of the clearest images of astronomical objects ever obtained with a 
ground-based telescope.
The Keck telescopes have been used to make many important discoveries in astronomy 
since they began operations in the 1990s. They have been used to study the properties 
of exoplanets, to explore the structure and evolution of galaxies, and to observe some 
of the most distant and ancient objects in the universe.
Overall, the Keck telescopes represent a major advance in ground-based optical 
astronomy and are a testament to the power of innovative engineering and technology 
in advancing our understanding of the universe. Their location atop Mauna Kea, which 
offers some of the best observing conditions in the world, makes them an important 
asset for astronomers around the globe.

13.10  Southern African Large Telescope (9.2 m)
The Southern African Large Telescope (SALT) is a 10-meter class optical telescope 
located at the South African Astronomical Observatory near Sutherland, South Africa. It 
is the largest optical telescope in the Southern Hemisphere and the largest single 
optical telescope in the world that is specifically designed for spectroscopy.
SALT is equipped with a suite of advanced scientific instruments, including 
spectrographs, polarimeters, and imaging cameras, which allow astronomers to study a 
wide range of astronomical objects, from nearby stars to distant galaxies.
One of the unique features of SALT is its innovative design, which uses a fixed spherical 
primary mirror and a system of moving mirrors to direct light to the scientific 
instruments. This design allows SALT to observe a large area of sky at once, making it 
particularly well-suited for large-scale surveys of the universe.
SALT has been used to make many important discoveries in astronomy since it began 
operations in 2005. It has been used to study the properties of exoplanets, to explore 
the structure and evolution of galaxies, and to observe some of the most distant and 
ancient objects in the universe.
Overall, SALT represents a major advance in ground-based optical astronomy and is a 
testament to the power of innovative engineering and technology in advancing our 
understanding of the universe. Its location in South Africa, which offers excellent 
observing conditions and a unique view of the southern sky, makes it an important asset 
for astronomers around the world.
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13.11  Subaru Telescope (8.2 m)
The Subaru Telescope is an optical-infrared telescope located on the summit of Mauna 
Kea in Hawaii. It has a primary mirror that measures 8.2 meters in diameter, making it 
one of the largest optical telescopes in the world.
The Subaru Telescope is equipped with a range of advanced scientific instruments, 
including high-resolution spectrographs, wide-field imagers, and adaptive optics 
systems, which allow astronomers to study a wide variety of astronomical objects, from 
nearby planets to distant galaxies.
One of the unique features of the Subaru Telescope is its advanced adaptive optics 
system, which uses a deformable secondary mirror to correct for atmospheric 
turbulence and achieve extremely high image quality. This system allows the Subaru 
Telescope to produce some of the clearest images of astronomical objects ever 
obtained with a ground-based telescope.
The Subaru Telescope has been used to make many important discoveries in 
astronomy since it began operations in 1999. It has been used to study the properties of 
exoplanets, to explore the structure and evolution of galaxies, and to observe some of 
the most distant and ancient objects in the universe.
Overall, the Subaru Telescope represents a major advance in ground-based optical 
astronomy and is a testament to the power of innovative engineering and technology in 
advancing our understanding of the universe. Its location on Mauna Kea, which offers 
some of the best observing conditions in the world, makes it an important asset for 
astronomers around the globe.

13.12  Gemini North Telescope (8.1 m)
The Gemini North Telescope is an 8-meter class optical-infrared telescope located on 
the summit of Mauna Kea in Hawaii. It is part of the international Gemini Observatory, 
which operates two identical telescopes (Gemini North and Gemini South) in the 
Northern and Southern Hemispheres.
The Gemini North Telescope is equipped with a range of advanced scientific 
instruments, including high-resolution spectrographs, imaging cameras, and adaptive 
optics systems, which allow astronomers to study a wide variety of astronomical 
objects, from nearby planets to distant galaxies.
One of the unique features of the Gemini North Telescope is its advanced adaptive 
optics system, which uses a deformable secondary mirror and a laser guide star to 
correct for atmospheric turbulence and achieve extremely high image quality. This 
system allows the Gemini North Telescope to produce some of the clearest images of 
astronomical objects ever obtained with a ground-based telescope.
The Gemini North Telescope has been used to make many important discoveries in 
astronomy since it began operations in 1999. It has been used to study the properties of 
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exoplanets, to explore the structure and evolution of galaxies, and to observe some of 
the most distant and ancient objects in the universe.
Overall, the Gemini North Telescope represents a major advance in ground-based 
optical-infrared astronomy and is a testament to the power of innovative engineering 
and technology in advancing our understanding of the universe. Its location on Mauna 
Kea, which offers some of the best observing conditions in the world, makes it an 
important asset for astronomers around the globe.

13.13  Gemini South Telescope (8.1 m)
The Gemini South Telescope is an 8-meter class optical-infrared telescope located on 
the summit of Cerro Pachón in Chile. It is part of the international Gemini Observatory, 
which operates two identical telescopes (Gemini North and Gemini South) in the 
Northern and Southern Hemispheres.
The Gemini South Telescope is equipped with a range of advanced scientific 
instruments, including high-resolution spectrographs, imaging cameras, and adaptive 
optics systems, which allow astronomers to study a wide variety of astronomical 
objects, from nearby planets to distant galaxies.
One of the unique features of the Gemini South Telescope is its advanced adaptive 
optics system, which uses a deformable secondary mirror and a laser guide star to 
correct for atmospheric turbulence and achieve extremely high image quality. This 
system allows the Gemini South Telescope to produce some of the clearest images of 
astronomical objects ever obtained with a ground-based telescope.
The Gemini South Telescope has been used to make many important discoveries in 
astronomy since it began operations in 2001. It has been used to study the properties of 
exoplanets, to explore the structure and evolution of galaxies, and to observe some of 
the most distant and ancient objects in the universe.
Overall, the Gemini South Telescope represents a major advance in ground-based 
optical-infrared astronomy and is a testament to the power of innovative engineering 
and technology in advancing our understanding of the universe. Its location on Cerro 
Pachón, which offers excellent observing conditions and a unique view of the southern 
sky, makes it an important asset for astronomers around the world.

14.0  The Stellar Coordinate System 
The stellar coordinate system is a way to locate objects in the sky using coordinates 
similar to latitude and longitude on Earth. The two main coordinates used in this system 
are Right Ascension (RA) and Declination (Dec).
RA is measured in hours, minutes, and seconds, and is the angular distance of an 
object from the vernal equinox, an imaginary point in the sky where the sun crosses the 
celestial equator from south to north. RA is measured eastward from the vernal equinox 
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along the celestial equator, with 24 hours of RA corresponding to a full rotation of the 
Earth.
Declination is measured in degrees, minutes, and seconds, and is the angular distance 
of an object north or south of the celestial equator, which is an imaginary line in the sky 
that lies directly above Earth's equator. Objects with a positive declination are located 
north of the celestial equator, while those with a negative declination are located south 
of it. The maximum value of declination is +90°, at the North Celestial Pole, and the 
minimum value is -90°, at the South Celestial Pole.
Together, RA and Dec allow astronomers to pinpoint the location of celestial objects in 
the sky, regardless of where the observer is located on Earth. The stellar coordinate 
system is used to locate stars, galaxies, and other objects in the sky, and is an 
important tool for observational astronomy.
The stellar coordinate system is often used in combination with other parameters, such 
as distance and magnitude, to fully characterize astronomical objects. For example, 
stars can be classified based on their spectral type, luminosity, and distance from Earth, 
all of which can be determined using observations made in the stellar coordinate 
system.

14.1  Right Ascension and Declination
Right Ascension (RA) and Declination (Dec) are coordinates used to locate celestial 
objects in the sky, similar to latitude and longitude on Earth.
RA is measured in hours, minutes, and seconds, and is the angular distance of an 
object from the vernal equinox, an imaginary point in the sky where the sun crosses the 
celestial equator from south to north. RA is measured eastward from the vernal equinox 
along the celestial equator, with 24 hours of RA corresponding to a full rotation of the 
Earth.
Declination is measured in degrees, minutes, and seconds, and is the angular distance 
of an object north or south of the celestial equator, which is an imaginary line in the sky 
that lies directly above Earth's equator. Objects with a positive declination are located 
north of the celestial equator, while those with a negative declination are located south 
of it. The maximum value of declination is +90°, at the North Celestial Pole, and the 
minimum value is -90°, at the South Celestial Pole.
Together, RA and Dec allow astronomers to pinpoint the location of celestial objects in 
the sky, regardless of where the observer is located on Earth. They are often used in 
combination with other parameters, such as distance and magnitude, to fully 
characterize astronomical objects.
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14.2  The Coordinates of a Given Astronomical Object Change with 
the Precession of Earth's Orbit
The coordinates of a given astronomical object do change with the precession of Earth's 
axis of rotation. As the Earth's axis slowly shifts due to precession, the position of the 
celestial poles also changes, causing the position of stars and other celestial objects to 
appear to shift over time.
The precession of Earth's axis causes the celestial equator to slowly move relative to 
the fixed stars. This means that the right ascension and declination coordinates of a 
given object will change over time, as the object's position relative to the celestial 
equator changes. The effect of precession is small over short time periods, but can 
become significant over long periods of time.
For example, the position of the North Celestial Pole slowly changes due to precession, 
causing the position of stars to appear to shift over time. Over a period of thousands of 
years, the positions of stars will appear to move relative to each other due to 
precession, although the distances between them remain constant.
To account for the effects of precession, astronomers use a system of coordinates that 
takes into account the position of the celestial equator relative to the fixed stars. This 
system is called the equatorial coordinate system, and is based on the positions of the 
celestial equator and the vernal equinox. The coordinates in this system are referred to 
as right ascension and declination, and are used to locate astronomical objects in the 
sky.

14.3  Precession of the Axis of Earth
The precession of the axis of Earth is a slow and gradual movement of the orientation of 
Earth's rotational axis, which completes a full cycle approximately every 26,000 years. It 
is caused by the gravitational influence of the Sun, Moon, and other celestial bodies on 
Earth's equatorial bulge, which causes a torque that slowly shifts the axis of rotation.
The precession of Earth's axis affects the position of the stars in the sky over long 
periods of time. Because the axis of Earth is slowly shifting, the position of the celestial 
poles also changes, causing the positions of stars to slowly drift over the course of 
thousands of years. This is known as axial precession.
The effect of precession is most easily observed in the night sky through the motion of 
the North Star, also known as Polaris. Currently, Polaris is the star closest to the North 
Celestial Pole and serves as a convenient reference point for finding celestial objects in 
the northern hemisphere. However, because of precession, the position of the North 
Celestial Pole slowly changes over time, causing the position of Polaris to shift relative 
to the other stars. In approximately 12,000 years, a different star will be the closest to 
the North Celestial Pole.
Precession also has a small effect on the length of the tropical year, which is the time it 
takes for Earth to complete one orbit around the Sun as measured from the vernal 
equinox. The tropical year is currently about 20 minutes shorter than it was 2,000 years 
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ago, and this difference accumulates over time. The effect of precession is taken into 
account when calculating the length of the tropical year, which is important for 
determining the timing of astronomical events such as solstices and equinoxes.

15.0  Messier’s Classification of Astronomical Objects
Messier's classification of astronomical objects is a system developed by the French 
astronomer Charles Messier in the 18th century. Messier was a comet hunter, and he 
created a catalog of non-cometary objects that could be mistaken for comets. The 
catalog is known as the Messier Catalog and contains 110 astronomical objects that 
include galaxies, nebulae, and star clusters.
Messier classified the objects in his catalog based on their appearance and observed 
properties. He divided them into four categories:

1. Nebulae - These are diffuse clouds of gas and dust in space. Messier classified 
them into four types based on their appearance: nebulae with a regular shape, 
nebulae with a vague shape, planetary nebulae, and diffused nebulae.

2. Clusters - These are groups of stars that are gravitationally bound. Messier 
classified them into two types: globular clusters and open clusters.

3. Galaxies - These are large collections of stars, gas, and dust held together by 
gravity. Messier classified them into three types: spiral galaxies, elliptical 
galaxies, and irregular galaxies.

4. Miscellaneous - This category included objects that did not fit into any of the 
other categories, such as double stars and objects with variable brightness.

Messier's catalog has been used by astronomers for centuries as a valuable reference 
for studying the universe. Many of the objects in the catalog are still studied today, and 
they continue to provide insights into the formation and evolution of the universe.

15.1  The Messier Catalog
The Messier catalog is a list of 110 astronomical objects compiled by French 
astronomer Charles Messier in the late 18th century. The catalog includes many well-
known astronomical objects such as star clusters, nebulae, and galaxies.
Messier compiled the catalog as a way to help distinguish between astronomical objects 
that might be confused with comets, which were a major focus of astronomical research 
at the time. The catalog includes many objects that were known to astronomers at the 
time, as well as some that were new discoveries made by Messier himself.
Some of the most famous objects in the Messier catalog include:

• M31 (Andromeda Galaxy): the closest large galaxy to our own, visible to the 
naked eye under dark skies.
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• M42 (Orion Nebula): a bright and colorful emission nebula in the constellation 
Orion.

• M45 (Pleiades): a bright open star cluster also known as the Seven Sisters.
• M13 (Great Globular Cluster in Hercules): a large and dense globular cluster of 

stars located in the constellation Hercules.
The Messier catalog is still used today as a reference for amateur and professional 
astronomers alike, and many of the objects listed in the catalog remain popular targets 
for observation and study.

16.0  Glossary

Glossary

Term Meaning
Adaptive optics The method of sensing atmospheric distortion and compensating 

for it by deforming either the primary mirror or secondary mirrors.

Alt-azimuth Mount A two-axis mount for supporting a telescope.  One axis is vertical, 
the other is horizontal.  Rotation about the vertical axis changes 
the azimuth angle and rotation about the horizontal axis changes 
the altitude angle.  All large telescopes with a primary mirror 
greater than 5 meters utilize the alt-azimuth mount.

Anistigmat A lens or mirror configuration that corrects for the three main 
optical aberrations: spherical aberration, coma and astigmatism

Aspect ratio of a 
telescope mirror

The ratio of the diameter to the thickness of a telescope mirror

Aperture The aperture of a telescopic mirror is its diameter.

Coma An aberration in a telescope using a parabolic mirror, in which 
light rays that are not parallel with the axis of the parabola of the 
mirror are not focused properly,  The effect is greater at the edge 
of the mirror and causes the image of a viewed object to appear 
to have a cometary tail; hence the name.

Declination angle In astronomy, the declination angle is the angle measured north 
or south of the celestial equator.

Declination axis The axis of rotation that is perpendicular to the polar axis of an 
equatorial mount. 
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Equatorial Mount A two-axis mount for a telescope.  The polar axis is parallel with 
the rotational axis of Earth at the location of the telescope.  The 
declination axis is perpendicular to the polar axis.  Rotation about 
the polar axis supports tracking an astronomical object as Earth 
rotates.  All large reflecting telescopes with a primary mirror 
exceeding 5 meters in diameter use the alt-azimuth mount.  

Focal ratio The ratio of the focal length of the telescope divided by the 
diameter of its primary mirror.  The focal ratio can be greater than 
the focal length of the mirror by using a secondary mirror as in the 
Cassegrain or Gregorian designs.

Fraunhofer lines Dark lines in the spectrum of an element, star or aggregate of 
stars caused by the absorption of light by gas through which the 
light passes.  The spacing of the lines characterizes the elements 
in the gas.

Laser 
Tomography 
Adaptive Optics

Laser Tomography Adaptive Optics (LTAO) is an advanced 
technique used in adaptive optics systems to correct for the 
effects of atmospheric turbulence.  LTAO uses multiple laser 
guide stars distributed across the field of view of the telescope to 
measure the atmospheric turbulence and correct for it in real time.

Optical resolution The resolution of a telescope is the its to separate two point 
sources into separate images.

Precession In astronomy, axial precession is a change in the orientation of 
the rotational axis of an astronomical body, such as Earth.  
Precession is caused by gravity.  Earth’s precession in caused 
primarily by the gravitational influence of the Sun and Moon. 

Right Ascension The angular distance of a point in the sky measured eastward 
along the celestial equator from the March equinox.

Seeing Seeing is a measure of the amount of distortion and blurring of an 
image caused by atmospheric turbulence.

Glossary

Term Meaning
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Segmented mirror An array of small, hexagonal mirrors assembled to make up a 
much larger primary or secondary mirror in a telescope.  The 
thickness of each segment in a large segmented mirror can be 
much less than that of a monolithic mirror.  Accordingly, the weight 
of a segmented mirror and the weight of its supporting structure 
are much less than that of a monolithic mirror of the same 
aperture.  Each segment must be aligned by a computer-
controlled system of actuators.

Sensitivity Sensitivity is a measure of the minimum signal that a 
telescope can distinguish above the random background 
noise.’  [Australia Telescope National Facility]

Spectroscope An instrument designed to form and examine spectra of the 
elements.

Spectrum The term "spectrum" refers to a range of electromagnetic 
radiation that includes all the different wavelengths and 
frequencies of light.

Spherical 
aberration

Spherical aberration is an optical aberration that occurs when 
light rays passing through the edges of a spherical lens or mirror 
are focused at a slightly different point than the light rays passing 
through the center of the lens or mirror. This results in a blurred or 
distorted image.

Zerodur Zerodur is a type of glass-ceramic material that is known for its 
extremely low coefficient of thermal expansion. It is made from a 
mixture of silica, alumina, and other metal oxides, which is melted 
and cast into a mold. The material is then slowly cooled and heat-
treated to produce a glass-ceramic with a very fine, uniform 
crystalline structure.

Glossary

Term Meaning
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