5.1Telescope Fundamentals
A telescope enables the astronomer to observe things not visible to the naked eye. Although our eyes are
superb detectors, they cannot see extremely faint objects or fine details on distant sources. For example,
we are unable to read standard newspaper print on the opposite wall in a dimly lit room. A telescope
overcomes these difficulties—first, by collecting more light than the eye can collect, and second, by
increasing the detail discernible. The first of these properties is called “light-gathering power”; the second
is called “resolving power.”

Light-Gathering Power
For our eyes to see an object, photons (light) from it must strike the retina. How bright that object appears
to us depends on the number of its photons that enter our eye per second, a number limited by the size of
our eyes. Astronomers overcome that limit by “collecting” photons with a telescope, which then “funnels”
the photons to our eyes. The bigger the telescope's collecting area, be it a lens or mirror, the more
photons it collects, as shown in figure 5.1. Thus, a larger-diameter mirror or lens gives a telescope a
greater light-gathering power. The result is a brighter image, which allows us to see dim objects that are
invisible in telescopes with smaller gathering areas. Because the gathering area of a circular lens or
2
mirror of radius R is πR , a small increase in the radius of the gathering area gives a large increase in the
number of photons caught. For example, doubling the radius of a lens or mirror increases its lightgathering area by a factor of 4. Because the light-gathering area is so important to a telescope's
performance, astronomers often describe a telescope by the diameter of its lens or mirror. Thus, the 10meter Keck Telescopes in Hawaii have mirrors spanning 10 meters (roughly 30 feet) in diameter.

FIGURE 5.1
A large lens collects more light (photons) than a small one, leading to a brighter image. We therefore say that the
larger lens has a greater “light-gathering power.”

A S T R O N O M Y BY THE NUMBERS
LIGHT-GATHERING POWER OF A TELESCOPE

The diameter of a person's pupil when fully adapted to the dark is typically about 8 mm. This is the
diameter of the “aperture” of the eye. By contrast, some of the largest telescopes have aperture
diameters of about 8 m. How does their light-gathering power compare?
To determine this, we need to calculate the collecting area of each. The eye collects light over an area
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equal to π R = π(8 mm) = π(0.008 m) = 2.0 × 10 m . By contrast, the telescope collecting area is
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πR = π(8 m) = 2.0 × 10 m —which is a million (10 ) times larger.
Combined with technologies that can collect light for long periods of time, large telescope can detect
objects much more than a million times fainter than what your eye can see.
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Focusing the Light
Once light has been gathered, it must be focused to form an image or to concentrate it on a detector.
Telescopes in which light is gathered and focused by a lens are called “refracting telescopes,”
or refractors for short. The lens of a refractor focuses the light by bending the rays, as shown in Figure
5.2A. This bending is called refraction, and it happens when light moves from one substance (such as
air) into a different substance (such as glass), as discussed in Extending Our Reach: “Refraction.” It is
this refraction that gives such telescopes their name. Figure 5.3 shows a photograph of the world's largest
refractor, the 1-meter (40-inch) diameter Yerkes Telescope of the University of Chicago.

FIGURE 5.2
(A) A lens focuses light by bending (or refracting) the path of light to a point. (B) A curved mirror focuses light by
reflecting it to a point.

FIGURE 5.3
A refracting telescope. Completed in 1897 for the University of Chicago's Yerkes Observatory in Williams Bay,
Wisconsin, this refractor has a lens approximately 1 meter (40 inches) in diameter, making it the world's largest
refracting telescope.

Lenses have many serious disadvantages in large telescopes, however. First, large-diameter lenses are
extremely expensive to fabricate. Moreover, a lens must be supported at its edges so as not to block light
passing through it. This makes the lens “sag” in the middle (though by only tiny amounts), distorting its
images. A third difficulty with lenses is that most transparent materials bring light of different colors to a
focus at slightly different distances from the lens. This creates images fringed with color, a flaw called
“chromatic aberration.” Finally, many lens materials completely absorb short-wavelength light, making
them, for some purposes, as useless in a telescope as a chunk of concrete.
To avoid such difficulties, most modern telescopes use mirrors rather than lenses to gather and focus
light, and they are therefore called reflectors. The mirrors are made of glass that has been shaped to a
smooth curve, polished, and then coated with a thin layer of aluminum or some other highly reflective
material. As Figure 5.2B shows, such a curved mirror can focus light rays reflected from it, creating an
image just as well as a lens can. Moreover, because the light does not pass through the mirror, it focuses
all colors equally well and does not absorb short-wavelength light. Furthermore, because the light does
not have to pass through the mirror, the mirror can be supported from behind, thereby reducing the
sagging problem that affects large lenses. For these and other reasons, astronomers now use reflecting
telescopes almost exclusively. Figure 5.6 shows a photograph of the largest telescope mirrors yet built—a
pair of 8.4-meter diameter reflectors in Arizona. The mirrors can work together to give the same collecting
area as a single 11.8-meter diameter mirror.

FIGURE 5.6
The largest telescope mirrors yet built are 8.4 meters (about 27 feet) in diameter. Two of these huge mirrors are used
together on the Large Binocular Telescope on Mount Graham, Arizona.
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E X T E N D I N G OUR REACH
REFRACTION
When light moves at an angle from one material into another (for example, from air into water), its
direction of travel generally bends. This phenomenon is called refraction. Refraction is the principle by
which our eyes and eyeglasses focus light. You can easily see its effects by sticking a ruler in water and
noticing that the ruler appears bent, as seen in figure 5.4. The ruler in water also illustrates an important
property of refraction. If you change the ruler's tilt, you will see that the amount of bending (refraction)
changes. Exactly vertical rays are not bent at all, nearly vertical rays are bent only a little, and rays
entering at a grazing angle are bent most.

FIGURE 5.4
Refraction of light in water. Note how the ruler appears to be bent where it crosses from the air into the water.

Refraction occurs because light changes speed as it enters matter, generally becoming slower in denser
material. This decrease in the speed of light arises from its interaction with the atoms through which it
moves. To understand how this reduction in light's speed makes it bend, imagine a light wave
approaching a slab of material. The part of the wave that enters the material first is slowed while the part
remaining outside is unaffected, as depicted in Figure 5.5A. To see why slowing part of the wave makes it
bend, imagine what would happen if the wheels on the right-hand side of your car turned more slowly
than those on the left. Your car would swerve to the right, a result that lies behind the reason why cars
have a differential. By allowing one wheel to turn faster than the other, the differential “swings” your car
smoothly around corners. A similar effect occurs if you walk hand-in-hand with a friend, and your friend
walks more slowly than you do. You will soon find yourself traveling in a curve (see fig.5.5B). So, too, if
one portion of a light wave moves more slowly than another, the light's path will bend.

FIGURE 5.5
Cause of refraction. (A) Light entering the denser medium is slowed, while the portion still in the less dense medium
proceeds at its original speed. (B) A similar effect occurs when you walk hand-in-hand with someone who walks
slower than you do.

Refraction not only bends light but also generally spreads the light into its component colors, breaking
white light into a spectrum, or rainbow. This spreading occurs because different colors of light travel at
different speeds in most materials and are therefore bent by different amounts in a process
called dispersion. Thus, if light consisting of a mix of colors enters a block of glass, each color is slowed
to a different speed and is therefore deflected differently. The result is that colors initially traveling
together separate into different beams. This is how a prism creates a spectrum.
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Light striking a mirror is focused in front of the mirror. Thus, to see the image, the observer would
ordinarily have to stand in front of the mirror, thereby blocking some of the light. To overcome this
difficulty, a secondary mirror is often used to deflect the light either off to the side or back toward the
mirror and out through a hole in its center (fig. 5.7).

FIGURE 5.7
Sketches of different focus arrangements for reflectors.

Most telescopes are mounted on huge pivots that allow them to follow astronomical objects as they move
across the sky. Swinging the many tons of metal and glass smoothly and with precision requires great
care in construction and design. Moreover, as the telescope moves, its lenses or mirrors must keep their
same precise shapes and relative positions, if the images are to be sharp. This is one of the most
technically demanding parts of building a large telescope, because the large pieces of glass used in
lenses and mirrors bend slightly when their positions are shifted.
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In the past, astronomers made mirrors thick to make them stiff and reduce sagging of the glass. Large
pieces of glass, however, weigh more than smaller pieces and thus sag even worse, just as a smaller gob
of whipped cream will keep its shape on a tilted plate whereas a large gob will slump under its own
weight. As a result, a 5-meter diameter telescope completed in 1949 on Mount Palomar, California,
remained the largest telescope for decades. The structural limits of glass required astronomers to
develop a different approach. They discovered that a thin piece of glass, if properly supported, could keep
its shape better than a thick piece. Thus, astronomers have sought ways to make thin mirrors that are
then kept precisely shaped by alignment systems on the back side of the mirror.
While thin mirrors have allowed astronomers to build larger telescopes than in the past, another approach
shows promise for much larger telescopes. Instead of using a single mirror, telescopes are being
designed with many smaller mirrors aligned to collect and focus the light as if they were a single mirror.
Telescopes designed this way are called multimirror instruments. Currently, the largest multimirror

instrument is a 10.4-meter telescope in the Canary Islands (fig. 5.8). The mirror consists of 36 separate
mirrors that are kept aligned by lasers that measure precisely the tilt and position of each mirror. If any
misalignment is detected, tiny motors shift the offending separate mirror segment to keep the image
sharply in focus. Astronomers think that this method will permit the building of telescopes perhaps 30, 50,
or even 100 meters in diameter in the future, as illustrated in figure 5.9.

FIGURE 5.8
The Gran Telescopio Canarias, currently the largest visual-wavelength telescope in the world. (A) View of the
telescope dome, with clouds visible below the mountain top. (B) “Fisheye” view inside the telescope dome shows the
10.4-meter diameter multimirror at the center of the image. Note the individual hexagonal mirrors that are precisely
aligned to make the overall large mirror size.

FIGURE 5.9
Designs for a 42-meter multimirror telescope are currently under study at the European Southern Observatory.

The light-gathering power of telescopes makes dim objects bright enough to see. Telescopes, however,
serve another important function—they increase our ability to see details.

5.2Resolving Power
If you mark two black dots close together on a piece of paper and look at them from the other side of the
room, your eye may see them as a single dark mark, not as separate spots. Likewise, stars that lie close
together or markings on planets may not be distinguishable. A telescope's ability to discern such detail
depends on its resolving power.
Resolving power is limited by the wave nature of light. For example, suppose two stars are separated by
a very tiny angle. For them to be discernible as separate images, their light waves must not get mixed up.
Such mixing, however, always occurs when waves pass through an opening, because as each wave

passes the opening, weaker secondary waves are produced in a phenomenon called diffraction. Figure
5.10Ashows how water waves are diffracted as they pass through an opening. Light waves are similarly
diffracted as they enter a telescope. The result of diffraction is that point sources of light become
surrounded by faint patterns of light. One way to see the effects of diffraction is to fog a piece of clear
glass (such as a pair of glasses) with your breath and hold it close to your eye while you look at a small,
bright light source. You will see colored diffraction rings around the light. You can also observe diffraction
by looking at a light source, such as a study lamp, through a piece of cloth, such as a shirt. The light will
be surrounded by diffraction rings produced as the light waves pass through the tiny openings in the
weave of the fabric. The Hubble Space Telescope likewise sees faint diffraction patterns, as Figure
5.10B illustrates.

FIGURE 5.10
(A) Water waves diffracted as they pass through a narrow opening. (B) A highly magnified image of a star made with
the Hubble Space Telescope. The light from a single point is spread out by diffraction at the edges of the mirror and
structures within the telescope. (These diffraction features are very faint relative to the star, but are amplified in this
image.)

As we will discover later in this chapter, our atmosphere seriously blurs fine details in astronomical
objects, degrading the resolving power of large ground-based telescopes to far below their diffraction
limits.
Diffraction seriously limits the detail visible through a telescope. In fact, diffraction theory shows that if two
*
points of light that are separated by an angle α (measured in arc seconds ) are observed at a
wavelength λ through a telescope whose diameter is D, the points cannot be seen as separate sources
unless D is greater than (>)

If D is expressed in centimeters, λ in nanometers, and α in seconds of arc, then

For example, to resolve two stars separated by 0.1 seconds of arc when observing with visible light (λ =
500 nanometers), you need a telescope whose lens has a diameter greater than 100 centimeters (about
40 inches). Notice that the diameter needed to resolve two sources increases as the sources get closer
together.
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A S T R O N O M Y BY THE NUMBERS
RESOLVING POWER OF A TELESCOPE
Let's compare again a person's pupil when dilated to 8 mm to a giant telescope with an aperture diameter
of 8 m, this time asking, how does their resolving power compare?
We will assume both are observing at 500 nm, in the middle of the visible range. To compare their
resolving power, we need to determine α in the equation D > 0.02 λ/α. Multiplying both sides of the
equation by α and dividing both by D, we find that α > 0.02 λ/D. With λ= 500 nm, and for the pupil
diameter of D = 0.8 cm, we have α > 0.02 (500/0.8) = 12.5 arcsec.
The telescope's aperture diameter is D = 800 cm, so we have α > 0.02 (500/800) = 0.0 125 arcsec. The
telescope can therefore detect objects as much as a thousand times smaller than your eye can discern.

Interferometers
Diffraction effects can never be totally eliminated, but they can be reduced by enlarging the opening
through which the light passes, so that its waves do not mix as severely. Astronomers sometimes
accomplish this with a device called an interferometer. With an interferometer, observations are made
simultaneously through two or more widely spaced telescopes (fig. 5.11) that direct the light to a common
detector that combines the separate light beams.

FIGURE 5.11
Photograph of an infrared and optical wavelength interferometer (IOTA). Light from the object of interest is collected
by the three telescopes and sent to a control room. Computers there combine the light and reconstruct an image of
the object.

The interferometer is so-named because when it mixes the separate beams, the light waves of one
“interfere” with the waves from the other. Where the crests of two waves arrive together, they create a
bright region. Where the crest of one wave arrives simultaneously with the trough of another, they cancel
and create a dark patch. The result is a complex pattern of alternating light and dark regions, which can
be analyzed by a computer to create an image of the object observed.
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The result of this complicated process is an image in which the resolution is set not by the size of the
individual mirrors but rather by their separation. If the mirrors are 100 meters apart, for instance, the
interferometer has the same resolving power as a telescope 100 meters in diameter. The resulting high
resolution is far beyond what can be obtained in other ways. For example, Figure 5.12A shows a view of
two closely spaced stars as observed with a small telescope. Their images are severely blended as a
result of diffraction. Figure 5.12B shows the same stars observed with an interferometer and after the
image has been processed by a computer. The two stars can now be easily distinguished: the two
separate mirrors produce the resolving power of a single mirror whose diameter equals the spacing
between them.

FIGURE 5.12
A young star observed with an ordinary telescope (A) appears to be a single star. An interferometer image (B) reveals
that the “star” is actually two stars in orbit around one another.

5.3Detecting Light
Visible Light
Once light has been collected, it must be detected and recorded. In olden days, the detector was the eye
of an astronomer who sat at the telescope eyepiece and wrote down data or made sketches of the object
being observed. The human eye, marvel that it is, has difficulty seeing very faint light. Many astronomical
bodies are too distant or too dim for their few photons to create a sensible effect on the eye. For example,
if you were to look at any but the nearest galaxies through even the Gran Telescopio Canarias, the
galaxies would appear merely as dim smudges. Only by storing up their light, sometimes for hours, can a
quality picture of them be made. Thus, to see very faint objects, astronomers use detectors that can store
light in some manner. Such storage can be done chemically with film or electronically with detectors
similar to those used in video camcorders.
From the late 1800s until the 1980s, astronomers generally used photographic film to record the light from
the bodies they were studying. Film forms an image by absorbing photons that cause a chemical change,
making the film dark where light has fallen on it. This process, however, is very inefficient: fewer than 4%
of the photons striking the film produce a useful image. The result of such low efficiency is that many
hours are needed to accumulate enough light to create an image of faint objects. Moreover, the film must
be developed, thereby delaying the observing process even further.
Astronomers today use many kinds of electronic detectors. One of the main types is the CCD (chargecoupled device). Modern CCDs can make pictures with a sensitivity to faint light approximately 20 times
greater than photographic film. In these devices, the incoming light strikes a semiconductor surface,
allowing electrons to move within the material as shown in figure 5.13. The surface is divided into millions

of little squares called pixels, in which the electrons are temporarily stored. The number of electrons in
each pixel is proportional to the number of photons hitting it (that is, proportional to the intensity of the
light). An electronic device coupled to a computer then scans the detector, counting the number of
electrons in each pixel and generating a picture, in much the same way as a TV screen or newsprint
photo creates a picture made up of many separate tiny dots.

FIGURE 5.13
Simplified diagram of a CCD. Photons striking the upper layer free an electron (e). A positive voltage applied to one
set of electrodes attracts the electrons and holds them in place under each pixel. During readout, voltages are
changed to move out the collected electrons.
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Such electronic devices are extremely efficient, recording 75% (or more) of the photons striking them,
allowing astronomers to record images much faster than with film. Electronic detectors have other
advantages as well. For example, they record the signal digitally, essentially counting every photon that
falls on each part of the detector. Such digital images can be processed by computers to sharpen them,
remove extraneous light, and enhance contrast.

Detecting Other Wavelengths
Visible light, which we can see because its wavelengths are detectable by our eyes, is just one of many
wave bands of electromagnetic radiation, as discussed in chapter 4. Many astronomical objects, however,
radiate at wavelengths that our eyes cannot see, and so astronomers have devised ways to observe such
objects. For example, cold clouds of gas in interstellar space emit little visible light but large amounts of
radio energy. To observe them, astronomers use radio telescopes. Radio-wavelength detectors are
similar to radio receivers used for man-made broadcasts but are much more sensitive. They are also
made highly directional by building huge radio “mirrors” (fig. 5.14), just as we build large mirrors to make
higher-resolution observations with visible light. Radio telescopes can also be joined together to form
interferometers for even higher resolutions. Some radio interferometers use telescopes in different
continents to form a telescope nearly as large as the whole Earth.

FIGURE 5.14
Photograph of the radio telescope at the Owens Valley Radio Observatory, operated by the California Institute of
Technology. In the background you can see the Sierras. The “telescope” is an array of six separate dishes that collect
the radio waves. The captured radiation is then combined by computer to increase the resolution of the instrument

Different challenges face astronomers when building telescopes in different wave bands. For example,
dust clouds in space are too cold to emit visible light, but they do radiate infrared energy, which
astronomers observe with infrared telescopes. One of the challenges for infrared telescopes is that the
telescope itself may emit infrared radiation that can mask the objects being observed. These telescopes
must be carefully designed to prevent that local radiation from entering the detectors, and parts that
cannot be shielded are kept at extremely low temperatures.

FIGURE 5.15

(A) A false-color picture of a radio galaxy. We can't see radio waves, so colors are used to represent their
brightness—red brightest, blue dimmest. (B) A false-color X-ray picture of Cas A, an exploding star. In this case
colors represent different wavelengths of X-ray photons (bluer colors corresponding to more energetic photons)

Q. What kind of common false-color map is the color scheme in Figure 5.15A based upon? Where else
do we commonly use false-color maps?
answer
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Designing a telescope for observing X rays presents different challenges. X rays entering a normal
telescope would strike the mirror surface and be absorbed, making the telescope no more effective for
observing than a slab of concrete. Astronomers have found, however, that X rays can be reflected if they
strike a smooth surface at a very shallow angle, somewhat as a rock can skip over the surface of water if
thrown nearly horizontally. X-ray telescopes are like curved funnels, gradually redirecting the X-ray
photons toward the detector. As for visual photons, CCDs are again used as detectors, but because X-ray
photons carry so much energy, a single photon frees up many electrons when it strikes a CCD pixel. This
allows astronomers to measure the energy of each X-ray photon by reading out the CCD quickly enough
to avoid multiple-photon hits.
Because our eyes cannot see these other wavelengths, astronomers must devise ways to depict what
such instruments record. The most common way to illustrate the radiation is with false-color pictures, as
shown in figure 5.15. In a false-color picture, the colors represent different properties of the radiation. For
example, in Figure 5.15A (a radio “picture” of a radio galaxy and the jet of hot gas spurting from its core),
astronomers color the regions emitting the most intense radio emission red; they color areas emitting
somewhat weaker emission yellow and the faintest areas blue. Thus, if we could “see” radio waves, the
red areas would look brightest and the blue areas dimmest. Another approach is to “translate” the
energies of the photons into colors. For example, Figure 5.15B shows a false-color X-ray “photograph” of
the gas shell ejected by an exploding star. In this image the highest-energy photons are colored blue,
intermediate ones yellow, and the lowest-energy photons red. In this case, if our eyes were sensitive to
the X-ray band instead of the visible band, this is what X rays might look like to us. Astronomers
sometimes use false-color images to bring out particular features or even to depict calculated quantities,
such as magnetic field strength or pressure—quantities that we could never directly see with our eyes.
Telescopes operating at infrared, ultraviolet, and X-ray wavelengths face an additional obstacle: most of
the radiation they seek to measure cannot penetrate the Earth's atmosphere. If astronomers want to view
an object in a blocked wavelength, they must use a telescope in space, operated remotely from the
ground or, more rarely, by a scientist-astronaut in space.

5.4Observatories on the Ground and in Space
The large telescopes and the associated equipment astronomers use are extremely expensive.
Therefore, the largest telescopes are often national or international facilities, such as the National Optical
Astronomical Observatory of the United States and the Anglo-Australian Telescope. Despite the expense
of such facilities, many colleges and universities have their own large research telescopes (in addition to
smaller ones near campus for instructional purposes). In addition, some large private groups, such as the
Carnegie Institution, operate observatories. Altogether, several thousand observatories exist around the
world, on every continent. There are even telescopes at the South Pole in Antarctica to take advantage of
the extreme dryness of the bitterly cold Antarctic air.

The largest optical telescopes in the United States at this time are the twin 10-meter Keck Telescopes
pictured in the chapter-opening image. These telescopes pioneered the use of segmented mirrors, and
the slightly larger Gran Telescopio Canarias is based on their design. The two Keck Telescopes can be
operated individually or as an interferometer with double the collecting area.
Subaru is the Japanese name for the Pleiades star cluster. Look carefully at the logo on a Subaru car and
you will see the stars in the design.
The optical telescope with the largest collecting area in the world is the VLT (for “very large telescope”), a
group of four 8.2-meter telescopes that work individually or as an interferometer (fig. 5.16). The VLT is
operated by a consortium of European countries and Chile and is located in the extremely dry northern
part of Chile. Several other large telescopes have begun operation recently, such as the 8.3-meter
Subaru Telescope operated by Japan and located in Hawaii. Others are the Gemini telescopes—two
identical 8.1-meter instruments. One is located in Hawaii; the other is in Chile. These twin telescopes are
run by a consortium consisting of the United States, the United Kingdom, Canada, Chile, Australia, Brazil,
and Argentina.
Atmospheric Absorption

FIGURE 5.16
The four 8.2-meter diameter telescopes of the VLT in Cerro Paranal, Chile, can work in unison or independently.

Visible light is special not only because our eyes can detect it, but also because it is one of the few
wavelength regions, called atmospheric windows, in which it is possible to peer out into space from the
ground (see section 4.5). Gases in our atmosphere such as ozone, carbon dioxide, and water strongly
absorb infrared, ultraviolet, and shorter wavelengths, as illustrated in figure 5.17. For example, infrared
radiation with a wavelength of 50 micrometers is strongly absorbed by water and carbon dioxide in our
atmosphere. Astronomers can make some observations from high-flying airplanes or balloons, but other
wavelength ranges are so strongly absorbed that it is necessary to launch telescopes into space.

FIGURE 5.17
Diagram illustrating how light of different wavelengths passes through or is blocked by the Earth's atmosphere. Along
the top there are drawings of several space observatories: Chandra, EUVE, and Spitzer. Chandra (short for
Chandrasekhar) and Spitzer are named for important astronomers of the twentieth century.

Observatories operating at other wavelengths, from radio waves to gamma rays, are also designed and
operated by international consortiums. For instance, an X-ray space telescope such as Chandra
contained detectors designed by teams in Germany, the United Kingdom, and the United States. New
ground-based telescopes increasingly rely on international collaborations to share the expense of building
the best possible instruments. An example of this is the Atacama Large Millimeter Array (ALMA), a large
interferometer being built in the high desert of Chile, jointly funded by agencies in Canada, Chile, Europe,
Japan, Taiwan, and the United States. Among other objects, ALMA will be able to study galaxies forming
near the beginning of the Universe. By pooling their resources, astronomers can build a far more powerful
instrument than would be possible if each country built a separate instrument.
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Figure 5.17 also depicts a few of the many telescopes astronomers have launched into space. Some,
such as the Spitzer Space Telescope, have a limited lifetime. This NASA infrared observatory used liquid
helium to keep its instruments cold for maximum sensitivity. Once the helium on board the craft was used
up in 2009, the telescope could no longer operate with full sensitivity.
Probably the best known of all space telescopes is the Hubble Space Telescope (HST). It can observe
parts of the infrared and ultraviolet bands, but it probably best known for its visible-wavelength images.

Even though there is an atmospheric window available, HST was placed in orbit because of another
problem that our atmosphere causes-blurring. Its mirror, 2.4 meters (about 94 inches) in diameter,
produces strikingly sharp images, as shown by two examples in figure 5.18. This leads many people to
imagine that it must be the largest telescope in the world, but it is actually quite modest in size compared
to most ground-based research telescopes.

FIGURE 5.18
The Hubble Space Telescope and two of the remarkable images it has collected.
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Although the HSTinitially had a number of problems, astronauts repaired the major defects, and now the
clarity of its images is excellent. These images reveal details never before seen by telescopes on the
ground because such telescopes must peer through the blurring effects of our atmosphere. The HST has
several different instruments, including cameras for wide-field views and for detailed images, as well as
spectrographs for analyzing light from stars and galaxies. The HST has remained an exceptional
instrument for so long because it was designed to be serviced by astronauts aboard the space shuttle.
They have replaced and repaired instruments, allowing the HST to remain a state-of-the-art instrument. A
final servicing mission in 2009 should keep the HST running for several more years until a larger, new
space telescope can take its place.
Dozens of other space telescopes operate at wavelength regions not observable from the ground. Some
of the most exciting discoveries have been made as astronomers explore new wavelength regions.
Extending Our Reach: “Exploring New Wavelengths: Gamma Rays” describes a phenomenon
astronomers had never previously seen.

Going Observing
When astronomers want to observe at a telescope, they do not just run off to the observatory. Generally,
they must submit an observing proposal that describes what objects they wish to look at and why such
observations are important. They must also show that all necessary equipment will be available and that it
have the sensitivity necessary to complete the proposed observations. At all major observatories and
space facilities, proposals are invited from astronomers from around the world to encourage the best
science possible. Proposals are screened by a committee that then allocates telescope time according to
the scientific merits of the proposals.
For ground-based telescopes, observing sessions are typically assigned in blocks of several nights, and
the astronomer travels to the site to set up the equipment and monitor the observations. If the astronomer
is using an optical telescope and must therefore observe at night, he or she must also become
accustomed to switching schedules to be awake all night and sleep during the day. Most observatories
have small dorm rooms with special shades to make the room dark and quiet during daylight hours for

astronomers trying to catch up on sleep. Many also have small cafeterias where food (and coffee) is
available at odd hours. Sometimes observing runs go smoothly, and the astronomers can return to their
home institutions laden down with data. At other times weather or equipment will not cooperate, and the
runs are a total loss.
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E X T E N D I N G OUR REACH
EXPLORING NEW WAVELENGTHS: GAMMA RAYS
Astronomers have made many of their most exciting discoveries when new telescopes allowed them to
observe the sky at wavelengths not previously detectable. Gamma-ray wavelengths are among the last of
the wavelength regions to be explored, and astronomers are still trying to interpret what they see.
Gamma-ray astronomy began in 1965 when a small and (by modern standards) primitive satellite
detected cosmic gamma rays. A few years later, a slightly more advanced satellite detected gamma rays
coming from the center of our Galaxy, the Milky Way. By the 1970s, astronomers had discovered that
many familiar sources, such as the Crab Nebula and the remnants of other exploded stars, emit gamma
rays. However, the most interesting gamma-ray sources were discovered earlier by accident.
In 1967 the United States placed several military surveillance satellites in orbit to watch for the gamma
rays produced when a nuclear bomb explodes. The satellites were designed to monitor the United
States–Soviet Union ban on nuclear bomb tests in the atmosphere. Curiously, on a number of occasions
the satellites detected gamma-ray bursts coming not from the Earth but from space. Unfortunately for
astronomers, the discovery of the bursts was top secret at the time and was not made public until 1973.
Astronomers' thirst for more information about these high-energy sources was unsatisfied for many years
because our atmosphere absorbs gamma rays and ordinary telescopes cannot focus gamma rays.
Nevertheless, with ever more complex instruments in satellites, astronomers discovered that gamma-ray
sources—apart from the bursts—coincided with known astronomical objects such as dying stars and
some peculiar galaxies. Gamma-ray bursts, on the other hand, would appear suddenly in otherwise blank
areas of the sky, flare in intensity for a few seconds, and then fade to invisibility. It has taken nearly 30
years of study to answer even the simple question “Are they near or far?” The breakthrough came in
December 1997, when astronomers detected a gamma-ray burst that coincided with a distant galaxy.
This solved the mystery of the bursters' distance but leaves unanswered what they are. Theories to
explain the bursts abound. According to a favored hypothesis, the bursts are “hypernovas,” stellar
explosions caused when massive stars run out of fuel and collapse to form black holes. This latter
proposal gained support when, in 2002, astronomers obtained spectra of a burst that showed emission
lines suggestive of the explosion of a massive star. Today, the source of some gamma-ray bursts is still
mysterious, but that is what makes doing science exciting.
For space-based telescopes, astronomers have developed techniques for operating the telescope
remotely. These techniques are increasingly being applied to ground-based telescopes as well, so that
astronomers are not required to travel to the observatory, but instead may operate the telescope from
their desk or prepare instruction files that allow the telescope to run on its own. While this style of
observing lacks much of the adventure of traveling to remote mountain peaks, it is generally more
efficient.
In the last few decades, the computer has become one of the astronomer's most important tools. In fact,
for many astronomers today, operating a computer and being able to program is more important than

knowing how to use a telescope. Astronomers use computers not only to solve equations but also to
move the telescope, feed the information to detectors, convert the data obtained to a useful form, and
communicate with other astronomers.
The developments in computers and the Internet have also opened up new “observing” possibilities. A
number of projects have systematically observed the sky at one or more wavelengths, then stored the
data in large archives that can be accessed over the Internet. Instead of gathering data on a few
particular objects, such maps record information about every astronomical object they can detect. For
example, astronomers working on 2MASS (the Two Micron All Sky Survey) mapped the entire sky at
short infrared wavelengths that get through our atmosphere, compiling a database of
several million images. You can see these images of gas clouds, galaxies, star clusters, and so on at the
relevant websites, where they can be downloaded, then carry out analyses of the data. Similarly,
astronomers working on the Sloan Digital Sky Survey have mapped large portions of the sky at visible
wavelengths and carried out spectroscopic observations of more than a million objects. The use of
archives does not make direct observing obsolete, but it can give a first look at a problem so that when an
astronomer later goes to a telescope, he or she can use the time there more efficiently.
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Modern computers have additionally made possible a new age in modeling astronomical objects. When
astronomers attempt to interpret observational data, they now use computers to examine the physical
processes that they suspect are taking place. This may involve simulating the gravitational interactions
between two galaxies that appear to be colliding, calculating what kinds of nuclear interactions must be
occurring in the core of a star, or perhaps tracing how photons are expected to move through an
interstellar cloud of a particular molecular composition. These computer simulations allow astronomers to
test and refine their hypotheses, and make predictions for what they expect to see when making future
observations.

5.5Challenges and New Directions in Ground-Based Observing
Atmospheric Blurring
Anyone who has ever watched the stars flicker and “twinkle” on a clear night has seen the blurring that
our atmosphere creates. Twinkling, more properly called scintillation, is caused by atmospheric
irregularities refracting the star's light. These irregularities result from slight variations in the air's density
caused by small temperature differences. As light moves through these irregularities, the light is slightly
refracted.
If there were no irregularities, a star's light would reach your eye along a single path and be steady.
However, the many irregularities create many paths by which the light reaches you. Moreover, these
paths change direction rapidly and erratically as the irregularities move, carried by the wind. As a result,
the starlight you see at any instant is a blend of light from many slightly different directions, a blend that
smears the star's image and makes it dance (fig. 5.19). You can see a similar effect looking at something
through water. If the surface of the water has even slight disturbances, a pebble or coin on the bottom
seems to dance around. Atmospheric irregularities also slightly disperse the light, making the star's color
dance, too. Such refractive twinkling, though very pretty to watch, seriously limits the ability of Earthbound
observers to see fine details in astronomical objects. The dancing image of a star or planet distorts its
picture when recorded by a camera or other device. This distortion is technically called seeing by
astronomers. The atmosphere also bends the light by larger amounts near the horizon, which shifts the

apparent positions of stars upward and distorts the shape of objects, as explored in Extending Our
Reach: “Distortion of the Sun's Shape.”
Why Stars Twinkle

FIGURE 5.19
Twinkling of stars (“seeing”) is caused by moving atmospheric irregularities that refract light in random directions.

Q. Why do stars twinkle more when they are low in the sky and close to the horizon than when they are
nearly overhead?
answer
The elimination of seeing problems caused by the turbulence of our atmosphere is one reason
astronomers find space observatories so useful. However, even though visible-wavelength space
observatories can produce sharper images, the great expense of launching a telescope into space
guarantees that much astronomical work, and the largest telescopes, will be ground-based for the
foreseeable future. Moreover, with ground-based equipment, problems can be corrected easily without
the expense, delay, danger, and complexity of sending humans into space.
Because huge telescopes in space or even on the Moon will remain dreams for years to come,
astronomers choose with care the location of ground-based telescopes. Sites are picked to minimize
clouds and the inevitable distortions and absorption of even clear air. Nearly all observatories are built in
dry, relatively cloud-free regions of the world, such as the American Southwest, the Chilean desert,
Australia, and a few islands such as Hawaii and the Canaries. Moreover, astronomers try to locate
observatories on mountain peaks to get them above the haze that often develops close to the ground in
such dry locales.
Until recently, ground-based astronomers had to simply accept the distortions of seeing, but now they can
partially compensate for such seeing in several ways. One technique involves observing a known
“reference” star simultaneously with the object of interest. By measuring carefully how the atmosphere
distorts the known star's image, corrections can be made in the pictures of other objects. Unfortunately, it

is rare that there is a bright enough star close enough to an object of interest for this technique to work.
Astronomers have therefore developed a technique using a powerful laser beam to create an artificial star
where they need it.
The laser beam is projected on the atmosphere, as shown in figure 5.20. The distortions of the artificial
star image are recorded by a computer that then triggers tiny actuators on a correcting mirror placed in
the telescope's light beam. The actuators create tiny adjustments in the correcting mirror that cancel out
those created by the atmosphere. This technique, called adaptive optics, has already given astronomers
dramatically improved views through the turbulence of our atmosphere, as illustrated by the inset images
in figure 5.20.

FIGURE 5.20
A laser beam creates an artificial star whose image serves as a reference to eliminate the atmosphere's distortion of
real stars (Starfire Optical Range of the Phillips Laboratory at Kirtland Air Force Base in New Mexico). The images at

right illustrate the difference in image detail seen in a galaxy with adaptive optics turned on and off (images made at
the Canada-France-Hawaii Telescope on Mauna Kea).
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E X T E N D I N G OUR REACH
DISTORTION Of The SUN'S SHAPE
Refraction is easy to see in the Earth's atmosphere where it distorts the shape of the Sun when it rises
and sets.
Refraction distorts the shape of the rising or setting Sun because when sunlight enters the Earth's
atmosphere from space, it is refracted and bent slightly toward the ground. Thus, if you are on the ground
and look back along the light ray, the light seems to come from slightly higher than it would with no
atmosphere (fig. 5.21A). That is, refraction makes astronomical objects look higher in the sky than they
actually are. This effect is greatest when objects are near the horizon, as shown in Figure 5.21B. The
result is that light from the lower edge of the Sun is refracted more than light from its upper edge, which
“lifts” the lower edge more than the upper and makes the Sun look flattened (fig. 5.21C).

FIGURE 5.21
(A) Atmospheric refraction makes the Sun or a star look higher in the sky than it really is. (B) Refraction is stronger for
objects nearer the horizon. (C) The Sun is flattened because refraction “lifts” its lower edge more than its upper edge.
The red line near the bottom of these images is the Sun's reflection in water, showing the position of the horizon.

Refraction also slightly alters the time at which the Sun seems to rise or set. When it is at the horizon, the
Sun is “lifted” by about the height of its diameter. Thus, at the moment when we see the Sun touch the
horizon, it has actually already set.
By “lifting” the Sun's image above the horizon, even though it has not yet risen or has already set,
refraction slightly affects the length of the daylight hours. As a result, the day of the year the Sun is above
the horizon for exactly 12 hours is not the equinox, but instead several days before the spring equinox
and several days after the autumnal equinox. It turns out that near latitude 40° N, St. Patrick's Day (March
17) is the day with almost exactly 12 hours between sunrise and sunset in the spring.

Light Pollution
Recently astronomers have had to contend with another factor that affects the location of observatories:
light pollution. Most inhabited areas are peppered with nighttime lighting such as street lights, advertising
displays, and automobile headlights (fig. 5.22A and B). Although some such lighting may increase safety,
much of it is wasted energy, illuminating unessential areas and spilling light upward into the sky, where it
serves no purpose at all. Figure 5.22C shows a satellite view of North America at night and illustrates the
waste of energy involved in light pollution. Such stray light can seriously interfere with astronomical
observations. In fact, some observatories have been essentially shut down because of light pollution. In
some places, astronomers have persuaded regional planning bodies to develop lighting codes to
minimize light pollution. Light pollution, however, not only wastes energy and interferes with astronomy, it
also destroys a part of our heritage—the ability to see stars at night. The night sky is a beautiful sight, and
it is shameful to deprive people of it.

FIGURE 5.22
Photographs illustrating light pollution. (A) Los Angeles basin viewed from Mount Wilson Observatory in 1908. (B) Los
Angeles at night in 1988. (C) Notice the pattern of the interstate highway system visible in the satellite picture of North
America at night.

SUMMARY
Astronomers use telescopes to collect radiation from astronomical sources. Telescopes generally have
large-diameter mirrors or lenses to collect as much radiation as possible and allow faint objects to be
seen. This gives them large light-gathering power. A large mirror or lens also increases the telescope's
ability to resolve detail, giving sharper images, but such gains are seriously limited for ground-based
visible-light telescopes by the blurring effects of our atmosphere. Interferometers give the resolving power
of a single large area by combining radiation detected with two or more small but widely separated
collectors.
Although many astronomical objects radiate visible light, some of the most interesting bodies radiate in
radio, infrared, X-ray, or gamma-ray regions of the electromagnetic spectrum. Astronomers use special
telescopes to observe in these other wavelength regions. Because many of these wavelengths do not
penetrate our atmosphere, telescopes have been put in space to observe them.

