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33. Today at the beach you see the highest of all high tides in the
Jast month. You see the Moon in the daytime sky. What is the
most likely Moon phase?

34. Why is the period of an open orbit undefined?

35. In what conditions do Newton’s laws of motion and gravity need
to be modified?

36. How does the first postulate of special relativity imply the second
postulate?

37. When you ride a fast elevator upward, you feel slightly heavier as
the trip begins and slightly lighter as the trip ends. How is this
phenomenon related to the equivalence principle?

38. From your knowledge of general relativity, would you expect radio
waves from distant galaxies to be deflected as they pass near the
Sun? Why or why not?

39. How is gravity related to acceleration? Are all accelerations the
result of gravity?

40. Near a massive planet, is gravitational acceleration large or small?
Is space strongly curved, or not? What about near a small marble?

41. How Do We Know? Why would science be impossible if some
natural events happened without causes?

42. How Do We Know? Why is it important that a theory make testable

predictions?

Discussion Questions

1. How did Galileo idealize his inclines to conclude that an object in
motion stays in motion until it is acted on by some force?

2. Give an example from everyday life to illustrate each of

Newton's laws.

. Where in the Universe can you be weightless?

4. People who lived before Newton may not have believed in cause
and effect as strongly as you do. How do you suppose that
affected how they saw their daily lives?

5. |s everything gravitationally attracted to other things in the
Universe, and thus is everything in a state of falling?

6. Give an example from everyday life of kinetic energy and
gravitational potential energy.

7. If Newton modified Kepler's laws and Einstein modified Newton’s
laws, is it possible Einstein’s laws (postulates) might be modified?

w

Probhlems

1. This astronomy textbook is to be dropped from a tall building on
Earth. One second after dropped, what are the textbook’s speed,
velocity, and acceleration? After 2 seconds? After 3 seconds? The
book hits the ground; what are the book’s speed, velocity, and
acceleration?

2. Compared to the strength of Earth's gravity at its surface r = Re
where R is the radius of Earth, how much weaker is gravity at a
distance of r = 10 R At r = 20 Re?

3. Compare the force of gravity on a 1 kg mass on the Moon'’s
surface with the force that mass on Earth’s surface. Which force
is greater, why, and by how much?

4. A satellite is in orbit at a distance r from the center of Earth. If
the orbit radius is halved so that the satellite is orbiting closer to
Earth's surface, will the field strength increase, decrease, or stay
the same and by how much? 1

5. The International Space Station is in orbit around the Earth at a
distance r from the center of Earth. A recent addition increased the
Station’s mass by a factor of 3. Did Earth’s gravitational force on
the Station increase, decrease, or stay the same and by how much?

6. If a small lead ball falls from a high tower on Earth, what will be
its velocity after 2 seconds? After 4 seconds?
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7. What is the circular velocity of an Earth satellite 1000 km
above Earth’s surface? (Note: Earth’s average radius is 6371 km.
Hint: Convert all quantities to m, kg, s.)

8. What is the circular velocity of an Earth satellite 36,000 km above
Earth’s surface? What is its orbital period? (Note: Earth's average
radius is 6371 km. Hint: Convert all quantities to m, kg, s.)

9. What is the orbital speed at Earth's surface? Ignore atmospheric
friction. (Note: Earth’s average radius is 6371 km. Hint: Convert all
quantities to m, kg, s.)

10. What is the orbital speed at Earth’s surface? Ignore atmospheric
friction. (Note: Earth's average radius is 6371 km. Hint: Convert
all quantities to m, kg, s.)

11. Repeat the previous problem for Mercury, Venus, the Moon, and
Mars. (Note: You can find the mass and radius of each of these
objects in the Appendix A tables).

12. Describe the orbit followed by the slowest cannonball on page
88-89 pretending that the cannonball could pass freely through
Earth. (Newton got this problem wrong the first time he tried to
solve it.)

13. If you visited a spherical asteroid 30 km in radius with a mass
of 4.0 X 107 kg, what would be the circular velocity at its
surface? A major league fastball travels about 90 mph. Could
a good pitcher throw a baseball into orbit around the asteroid?
(Note: 90 mph is 40 m/s.)

14. What is the orbital period of a satellite orbiting just above the
surface of the asteroid in Problem 137

15. What is the escape velocity from you if your mass is 60 kg and
your radius is 1 m? Is it easy or difficult for a fly to leave your
gravitational pull?

16. What would be the escape velocity at the surface of the asteroid
in Problem 13? Could a major league pitcher throw a baseball off
the asteroid so that it never came back?

17. A moon of Jupiter takes 1.8 days to orbit at a distance of
4.2 % 105 km from the center of the planet. What is the mass of
Jupiter plus its moon? Which
moon is it? (Note: One day is
86,400 seconds. Hint: See
Appendix Table A-11.)

Learning to Look

1. Why can the object shown at
the right be bolted in place
and used 24 hours a day
without adjustment?

2. What is the flux at position
2 compared to position 1 in
Figure 5-5? How does the
distance from the center to
position 2 compare with the
distance to position 17

3. Why is it a little bit
misleading to say that this
astronaut is weightless?

Larry Mulvehill/The Image Works
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Light and Telescopes

GUIdEpOSt In previous chapters of this book, you viewed
the sky the way the first astronomers did, with the unaided
eye. Then, in Chapter 4, you got a glimpse through Galileo’s
small telescope that revealed amazing things about the Moon
Jupiter, and Venus. Now you can consider the telescopes, ,
instruments, and techniques of modern astronomers.

Telescopes gather and focus light, so you need to study
what light is, and how it behaves, on your way to understanding
how telescopes work. You will learn about telescopes that
capture invisible types of light such as radio waves and X-rays.
These enable astronomers to reach a more complete
understanding of the Universe. This chapter will help you
answer these five important questions:

What is light?
How do telescopes work?
What are the powers and limitations of telescopes?

> What kind of instruments do astronomers use to record
and analyze light gathered hy telescopes?

> Why are some telescopes located in space?

Science is based on observations. Astronomers cannot
visit distant stars and galaxies, so they must study them
using telescopes. Twenty chapters of exploration remain, and
everyone will present information gained by astronomers
using telescopes.

ROBERT FROST, “THE STAR-SPLITTER”
Reprinted by permission of Henry Holt & Company

A portion of the ALMA millimeter/submillimeter telescope array, at work
pn a high plateau in the Chilean Andes. Each dish is 12 meters (40 ft)
in diameter. The photograph’s long exposure shows star trails caused by
Earth'’s rotation. In the Southern Hemisphere, stars appear to circle
around the south celestial pole that lies in the faint constellation of
Octans (the Octant), not marked by any bright star.
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[GHT FROM THE SKY is a treasure that links you to the rest

of the Universe. Astronomers strive to study light from the

Sun, planets, moons, asteroids, comets, stars, nebulae, and
galaxies, extracting information about their natures. Most
celestial objects are very faint sources of light, so large telescopes
are built to collect the greatest amount of light possible.

Some types of telescopes, for example radio telescopes like
the ones featured on the previous page, gather light that is invis-
ible to the human eye, but all telescopes work by the same basic
principles. Some telescopes are used on Earth’s surface, but
others must go high in Earth’s atmosphere, or even above the
atmosphere into space, to work properly.

There is more to astronomy than amazing technology and
brilliant scientific analysis. Astronomy helps us understand what
we are. In the quotation that opens this chapter, the poet Robert
Frost suggests that someone in every town should own a tele-
scope to help us look upward and outward.

6-1 Radiation: Information
from Space

Astronomers no longer spend their time mapping constellations
or charting phases of the Moon. Modern astronomers analyze
light using sophisticated instruments and techniques to investi-
gate the temperatures, compositions, and motions of celestial
objects to be able to make inferences about their internal pro-
cesses and evolution. To understand how astronomers gain such
detailed information about distant objects, you first need to

learn about the nature of light.

Light as Waves and Particles

When you admire the colors of a rainbow, you are seeing an
effect of light acting as a wave (Figure 6-12). When you use a digi-
tal camera to take a picture of the same rainbow, the light acts

Panel a: © Gail Johnson/Shutterstock.com; Panel b: Roy McMahon/

Cardinal/Corbis
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like particles as it hits the camera’s detectors (Figure 6-1b). Light
has both wave-like and particle-like properties, and how it
behaves depends partly on how you treat it.

Light is referred to as electromagnetic radiation because it
is made up of both electric and magnetic fields. (You encoun-
tered the concept of a field in the previous chapter in the context
of gravitational fields.) The word light is commonly used to refer
to electromagnetic radiation that humans can see, but visible
light is only one among many types of electromagnetic radiation
that include X-rays and radio waves.

Some people are wary of the word radiation, but that
involves a Common Misconception. Radiation refers to anything
that radiates away from a source. Dangerous high-energy parti-
cles emitted from radioactive atoms are also called radiation, and
you have learned to be concerned when you hear that word. But

light, like all electromagnetic radiation, spreads outward from its
origin, so you can correctly refer to light as a form of radiation.

Electromagnetic radiation travels through space at a
speed of 3.00 X 10° m/s (186,000 mi/s). This is commonly
referred to as the speed of light, symbolized by the letter ¢,
but it is in fact the speed of all types of electromagnetic
radiation.

Electromagnetic radiation can act as a wave phenomenon—
that is, it is associated with a periodically repeating disturbance—
a wave—that carries energy. You are familiar with waves in
water: If you disturb a pool of water, waves spread across the
surface. Imagine placing a ruler parallel to the travel direction of
the wave. The distance between peaks of the wave is called the
wavelength, usually represented by the Greek lowercase letter
lambda (\) (Figure 6-2).

Wavelength is related to frequency, the number of waves
that pass a stationary point in 1 second. Frequency is often rep-
resented by the Greek lowercase letter 72 (). The relationship
among the wavelength, frequency, and speed of a wave can be

expressed by:
AV =c

If your favorite FM station is on the dial at 89.5, that means the
station’s radio waves have a frequency v = 895 megahertz. In
other words, 89.5 million radio wave peaks pass

by you each second. You already know that the

< Figure 6-1 The wavelike properties of light pro-

duce a rainbow, whereas the particle-like properties
are involved in the operation of a digital camera.

Wavelength
=t

Motion at the speed of light ’
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A Figure 6-‘2 All glectromagnetic waves travel at the speed of light. The
wavele_angth is the distance between successive peaks. The frequency of the
wave is the number of peaks that pass you in 1 second.

radio waves are traveling at the speed of light ¢ = 3.00 X 108 m/s
Using the formula at the bottom of page 104, you can calculatt;
that your favorite station is radiating radio waves with a wave-
length of A = 3.35 m. Note that wavelength and frequency have
an inverse relationship: The higher the frequency, the shorter the
wavelength.

Sound is another example of a wave—in this case, a periodi-
cally repeating pressure disturbance that moves from source to
ear. Sound requires a medium, meaning a substance such as air
water, or rock to travel through. In contrast, light is made up o’f
electric and magnetic fields that do not require a medium and
can travel through empty space. For example, on the Moon
where there is no air, there can be no sound, but there is plen ’
of light. This brings up a Common Misconception that radio wav?s’
are related to sound. Actually, radio waves are a type of light
‘(clectromagnetic radiation) that your radio receiver transforms
into sound so you can listen. Radio communication works just
fine between astronauts standing on the airless Moon; radio Jsi -
nals travel through the vacuum, and then the space;uit radigs
convert the radio signals to sound that is heard in the air inside
their helmets.

Although electromagnetic radiation can behave as a wave, it
" also behave as a stream of particles. A particle of electrom; -
netic radiation is called a photon. You can think of a photon i
e packet of waves. The amount of energy a photon carries is
;nversely proportional to its wavelength. The following simple
ormula describes that relationship: ’

E=

>~ |3

H ; ;
ere 4 is Planck’s constant (6.63 X 10734 joule &), ¢ is the

speed of light j
ght In meters " .
. per second, and N is the wavelength in

This equation expresses the important point that there is a
relationship between the energy E of a photon, a particle prop-
erty of light, and the wavelength X, a wave property. The inverl:e
proportion means that as N gets smaller £ gets larger:
Shorter-wavelength photons carry more energy, and longer:
vs./avelength photons carry less energy. You can see that the rela-
tionship between wavelength and frequency means there must
also be a simple relationship between photon energy and fre-
quency. That is, short wavelength, high frequency, and large
photon energy go together; long wavelength, low frequency, and
small photon energy go together. ’

The Electromagnetic Spectrum

A spectrum is an array of electromagnetic radiation displayed
in order of wavelength. You are most familiar with the spectrum
of visible light that you see in rainbows. The colors of the rain-
bow differ in wavelength, with red having the longest wave-
length and violet the shortest. The visible spectrum is shown in

Figure 6-3a.

' The average wavelength of visible light is about 0.0005 mm.
This means that roughly 50 light waves would fit end to end
across the thickness of a sheet of household plastic wrap. It is
awkward to describe such short distances in millimeters, so sci-
entists usually give the wavelength of light using nanometer
(nm) units, equal to one-billionth of a meter (107 m). Another
unit that astronomers commonly use is called the angstrom (A)
named after the Swedish astronomer Anders Jonas Angstrém’
One 1angst}rlorr; is 1(l))_10 m, that is, one-tenth of a nanometer. The.
wavelength of visible light ran
ooy t§7000 o g ges from about 400 to 700 nm

Just as you sense the wavelength of sound as pitch, you
sense the wavelength of light as color. Light with wavelengths
at the short-wavelength end of the visible spectrum (A =
about 400 nm) appears violet to your eyes, and light with
wavelengths at the long-wavelength end (A = about 700 nm)
appears red.

Figure 6-3a shows that the visible spectrum makes up
only a small part of the entire electromagnetic spectrum
Beyond the red end of the visible spectrum lies infrared (IR)‘
radiation, with wavelengths ranging from 700 nm to about 1
mm (1 million nm). Your eyes do not detect infrared, but your
skin senses it as heat. A heat lamp warms you by givin
off infrared radiation. Infrared radiation was discovered ir%
the year 1800, the first known example of “invisible light”
(Figure 6-4), ’

. B.eyond the infrared part of the electromagnetic spectrum
%16 microwaves and radio waves. Microwaves, used for cook-
ing food in a microwave oven, as well as for radar and some
long-distance telephone communications, have wavelengths
from a few millimeters to a few centimeters. The radio waves
used for FM, television, military, government, and cell phone
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“windows.”

radio transmissions have wavelengths of a few centimeters to a

few meters, whereas AM and other types of radio transmis-

sions have wavelengths of a few hundred meters to a few

kilometers. .
Now look at the other end of the electromagnetic spectrum

in Figure 6-3a and notice that electromagnetic waves shorter
than violet are called ultraviolet (UV). Electromagnetic waves
that are even shorter are called X-rays, and the shortest are
a-rays.

gamll{;call);he formula for the energy of a photon. Extremely
short-wavelength, high-frequency photons, such as X-rays and
gamma-rays, have high energies and can be dangerous. Evzln1
ultraviolet photons have enough energy to harm you. Sm
amounts of ultraviolet radiation produce a suntan, and larger
doses cause sunburn and skin cancers. Contrast this o the lower-
energy infrared photons. Individually they have too ht’tle energy
to affect skin pigment, a fact that explains why you cant get a tan
from a heat lamp. Only by concentrating many low-energy pho-
tons in a small area, as in a microwave oven, can you transfer
significant amounts of energy.
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Wavelength

t, extending from red to violet, is only part of the electromagnetic spectrum.
d’ in Earth's atmosphere. Light can reach Earth’s surface only through the v

(b) Most forms of
isual and radio

The boundaries between these wavelength ranges are
defined only by conventional usage, not by natural div151.ons.
There is no real distinction between short-wavelength ultrawolel:1
light and long-wavelength X-rays. Similarly, long—wavelength
infrared radiation is indistinguishable from short-wavelengt
microwaves. |1

Astronomers collect and study electromagnetic radiation
from space because it carries almost the only cliues av%ulablc ab0u>t
the nature of stars, planets, and other celestlal.object.s. .Earths
atmosphere is opaque to most clectromagnetic radiation, as
shown in the graph in Figure 6-3b. Gamma-rays and X-rays are
absorbed high in Earth’s atmosphere, and a layer of ozone (Os)
at altitudes of about 15 to 30 km (10 to 20 mi) absorbs most
ultraviolet radiation. Water vapor in the lower atmosp.here
absorbs most long-wavelength infrared radiation and micro-

ght, some short-wavelength infrared radia-

waves. Only visible li e

3
tion, and some radio waves reach Earth’s surface thr1 i
- . i
wavelength bands called atmospheric windows. Obviouslys i
you wish to study the Universe from Earth's surface, you have

“look through” one of those windows.

Ann Ronan Pictures/Print Collector/Hulton Archives/Getty Images

A ure 6-4 Depiction of Sir William Herschel discovering that sunlight
contains radiation detectable by thermometers but not by human eyes. He
named that invisible light “infrared,” meaning “below red.”

DOING SCIENCE

What would you see if your eyes were sensitive only to radio
wavelengths? An important part of doing science is being able to
observe and measure things that cannot be detected with unaided human
Senses.

The world is much richer and more complicated than the aspects
We can see, hear, taste, smell, and feel. If you had radio vision, you
would probably be able to see through walls because ordinary walls are
transparent to most radio wavelengths. But remember that your eyes don't
give off light; they only detect light that already exists. What you would
see through the walls would be the many strong radio wave sources on
Earth—radio and TV stations, cell phones, power lines, and even electric
motors. Your radio eyes would see many bright “lights” nearby, but they
would all be artificial.

As you have learned, Earth’s atmosphere is mostly transparent to
radio waves. If, after looking around the surface of Earth, you looked
Up at the sky, you would see the Sun and Jupiter, which are both strong
natural radio sources, but probably nothing else in the Solar System.
You would also see numerous radio stars arranged in unfamiliar constel-
lations because few if any of the stars that are bright at visual wave-
lengths are also strong radio sources.

Now imagine a slightly different situation. Would you be in the
dark if your eyes were sensitive only to X-ray wavelengths?

6-2 Telescopes

Astronomers build telescopes to collect light from distant, faint
objects for analysis. That requires very large telescopes built by
careful optical and mechanical engineering work. You can
understand these ideas more completely by learning about the
two types of telescopes and their relative advantages and
disadvantages.

Two Ways to Do It: Refracting
and Reflecting Telescopes

Light can be focused into an image in one of two ways (Figure 6-5).
Either (1) a lens refracts (“bends”) light passing through it, or
(2) a mirror reflects (“bounces”) light from its surface.

These two ways to manipulate light correspond to two
astronomical telescope designs. Refracting telescopes use a lens
to gather and focus light, whereas reflecting telescopes use a
mirror (Figure 6-6). You learned in Chapter 4 that Galileo was
the first person to systematically record observations of celestial
objects using a telescope, beginning a little more than 400 years
ago in 1610. Galileo’s telescope was a refractor. In Chapter 5 you
learned about the amazing range of Isaac Newton’s scientific
work; among his many accomplishments was the invention of
the reflecting telescope.

The main lens in a refracting telescope is called the
primary lens, and the main mirror in a reflecting telescope is
called the primary mirror. The distance from a lens or mirror
to the image it forms of a distant light source such as a star is
called the focal length. Both refracting and reflecting tele-
scopes form an image that is small, inverted, and difficult to
observe directly, so a lens called the eyepiece normally is used
to magnify the image and make it convenient to view.

Manufacturing a lens or mirror to the proper shape and
necessary smoothness is a delicate, time-consuming, and expen-
sive process. Short focal-length lenses and mirrors must be made
with more curvature than ones with long focal lengths. The
surfaces of lenses and mirrors then must be polished to eliminate
irregularities larger than the wavelengths of light. Creating the
optics for a large telescope can take months or years; involve
huge, precision machinery; and employ several expert optical
engineers and scientists.

Refracting telescopes suffer from a serious optical distortion
that limits their use. When light is refracted through glass,
shorter-wavelength light bends more than longer wavelengths;
so, for example, blue light comes to a focus closer to the lens
than does red light (Figure 6-7a). That means if you focus the
eyepiece on the blue image, the other colors are out of focus, and
you see a colored blur around the image. If you focus instead on
the red image, all the colors except red are blurred, and so on.
This color separation is called chromatic aberration. Telescope
designers can grind a telescope lens with two components made
of different kinds of glass and thereby bring two different
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Light focused by a
lens is bent to form an
inverted image.

Rays of light traced through the lens

bbject .
Light focused by a concave mirror
reflects to form an inverted image.

Focal length

Light rays from a distant source

such as a star are nearly parallel.
curved.

Focal length

wavelengths to the same focus (Figure 6-7b). That improves fthe
image, but these so-called achromatic lenses are not totally free
of chromatic aberration. Even though two colors have been
brought together, the others are still out of focus. .
A refracting telescope’s primary lens is much more dlfflcu t
to manufacture than a mirror of the same size. The'mterlor of
the glass must be pure and flawless becau.se the light passesf
through it. Also, if the lens is achromatic, it @ust be made o
two different kinds of glass requiring four precisely ground sur-
faces. The largest refracting telescope in the .world was com-
pleted in 1897 at Yerkes Observatory in Wisclonsm. Its ajchromzlizlc
primary lens has a diameter of 1 m (40 in.) and weighs ha.b.a
ton. Refracting telescopes larger than that would be prohibi-
i ive.
tlvel}:f;ip;?ismary mirrors of reflecting telescopes are much less
expensive than lenses because the light reflects off the front
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Short-focal-length
lenses and mirrors
must be strongly

Image ]

Light reflects from a
metal film and does
not enter the glass.

< Figure 6-5 (a) In this diagram you
can trace rays of light from the top and
bottom of a candle as they are refracted
by a lens, or reflected from a mirror, t.o
form an image. (b) The focal length is
the distance from the lens or mirro'r to
the point where parallel rays of light
from a very distant object come to a
focus.

surface of the mirror. This means that only the front. surface
needs to be made with a precise shape and that surface is cc?ated
with a highly reflective surface of aluminum or sﬂver;
Consequently, the glass of the mirror does not nc?ed to be trz‘lfns
parent, and the mirror can be supported across its ba'lck surface
to reduce sagging caused by its own weight. Mos't 1mp0rta.n2
reflecting telescopes do not suffer from chromatic aberrat%o
because the light does not pass through the glass, so reflec;tloré
does not depend on wavelength. For these reasons, all larg
astronomical telescopes built since the start of the 20th century
been reflecting telescopes.
haveTelescopes integnded for the study of visible light are .c:ﬂ:d
optical telescopes (Figure 6-8a). As you learn.ed pr.eV10 a};
radio waves as well as visible light from celestial objects ¢ i
penetrate Earth’satmosphere and reach the ground. Astronorﬂein
gather radio waves using radio telescopes such as the one

Secondary

mirror

Primary
mirror

Eyepiece
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A re 6-6 (a) A refracting telescope uses a primary lens to focus star-
light into an image that is magnified by another lens called an eyepiece.
The primary lens has a long focal length, and the eyepiece has a short focal
length. (b) A reflecting telescope uses a primary mirror to focus the light by
reflection. In this particular reflector design, called a Cassegrain telescope,
a small secondary mirror reflects the starlight back down through a hole in
the middle of the primary mirror to the eyepiece lens.

Blue Red
image image

s
e

Red and
yellow
images
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: Figure (@ An ordinary lens suffers from chromatic aberration
E3CaU‘Se short Wwavelengths bend more than long wavelengths. (b) An ach-
fomatic lens,

with two components made of two different kinds of glass,

§ | bring any two colors to the same focus, but other colors remain slightly

out of focys,

Figure 6-8b that resemble giant TV satellite dishes. It is techni-
cally extremely difficult to make a lens that can focus radio
waves, so all radio telescopes, including small ones, are reflect-
ing telescopes; the dish is the primary mirror.

The Powers and Limitations of Telescopes

A telescope’s capabilities are described in three important ways
that are called the three powers of a telescope. The two most
important of these powers depend on the diameter of the
telescope.

Light-Gathering Power: Nearly all of the interesting ob-
jects in the sky are faint sources of light, so astronomers need
telescopes that can collect large amounts of light to be able to
study those objects. Light-gathering power refers to the ability
of a telescope to collect light. Catching light in a telescope is like
catching rain in a bucket—the bigger the bucket, the more rain
it can catch (Figure 6-9).

Light-gathering power is proportional to the arez of the
telescope primary lens or mirror; a lens or mirror with a large
area gathers a large amount of light. The area of a circular lens or
mirror written in terms of its diameter D is wD?/4. To compare
the relative light-gathering powers (LGP) of two telescopes A and
B, you can calculate the ratio of the areas of their primaries,
which equals the ratio of the primaries’ diameters squared:

aaen) _(p,Y
(LGR) \ Dy

Suppose you compare telescope A, which is 24 cm in diameter,
with telescope B, which is 4 cm in diameter. The ratio of their
diameters is 24/4, or 6, but the light-gathering power increases as
the ratio of their diameters squared, so telescope A gathers 36 times
more light than telescope B. Because the diameter ratio is squared,
even a small increase in diameter produces a relatively large increase
in light-gathering power and allows astronomers to study signifi-
cantly fainter objects. This principle holds not just at visual wave-
lengths but also for telescopes collecting any kind of radiation.

Resolving Power:  The second power of a telescope, called
resolving power, refers to the ability of the telescope to reveal
fine detail. One consequence of the wavelike nature of light is
that there is an unavoidable blurring called diffraction fringes
around every point of light in an image, and you cannot see any
detail smaller than the fringes (Figure 6-10).

Astronomers can’t eliminate diffraction fringes, but the size
of the diffraction fringes is inversely proportional to the diam-
eter of the telescope. This means that the larger the telescope,
the better its resolving power. However, the size of diffraction
fringes is also proportional to the wavelength of light being
focused. In other words, an infrared or radio telescope has less
resolving power than an optical telescope of the same size.

You can imagine testing the resolving power of a telescope
by measuring the angular distance between two stars that are
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e on Mauna Kea in Hawai'i stands
primary mirror (at bottom) is 8.1 m
des of the telescope dome can be
f inside and outside temperatures at sunset, reducing air
turbulence and improving seeing. (b) The largest fully steerable radio telescope in the world is
at the National Radio Astronomy Observatory in Green Bank, West Virginia. The telescope
stands higher than the Statue of Liberty and has a reflecting surface 100
360 ft) in diameter, more than big enough to hold an entire football field. Its surface consists
of 2004 computer-controlled panels that adjust to maintai
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the units of D and \ need to be the

meters and centi-
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turbulent. Stars any closer together than that will be blurred
together into a single image by the diffraction fringes.

ing power. Even a large telescope reveals little detail if its optical
surfaces are marred by imperfections. Also, when you look
through a telescope, you are looking up through miles of turbu-
lent air in Earth’s atmosphere, inevitably making images wiggle
and blur to some extent. Astronomers use the term seein ggto
refer to the amount of image wiggling and blurring as a resu%t of

atmospheric conditions. A related phenomenon is the twinklin
of stars. Star twinkles are caused by turbulence in Earth’s altmoz(iy
sphere, and a star near the horizon, where you look through

more air, will twinkle and blur more than a star overhead. ®
On a night when the atmosphere is unsteady, images are
t):dly blurred, and astronomers say that “the see’ing if bad”

igu

B il vice g g e s i o
gh a large telescope is limited not

'4 Figure 6-10 (a) Stars are so far away that their
images are points, but the wavelike characteristic
of light causes each star image to be surrounded
with diffraction fringes, much magnified in this
computer model. (b) Two stars close to each
other haye overlapping diffraction fringes and
become impossible to detect separately.

must learn to work within those limitations. Have you ever tried
ol e R "t
agnify a newspaper photo to distinguish some detail?

J Telescope Aside from diffraction, two other f: i
: : : ; r factors—optical li
engineer in : o P ARy Newspaper i :
Bnainecl B o hieric conditions—limit resolving powwer. A ] y Spap photos are composed of tiny dots of ink, and no
- Bt have hich-qualic i SR g power. A telescope  detail smaller than a single dot will be visible n
gh-quality optics to achieve its full potential resolv-  much you magnify the photo. In a : Olmatter how
) n astronomical image, the

resolution is limited by seeing, or diffraction, or both. You can’t
see any detail in the image that is smaller than the telescope’s
resolution. That’s why stars look like fuzzy points of li htpno
matter how big the telescope. °

meters. The multiplication factor of 2.06 X 10° is the conver-
sion between radians and arc seconds that you first saw in the
small-angle formula (Chapter 3, page 41). If the wavelength of
light being studied is assumed to be 550 nm, in the middle of
the visual band, then the preceding formula simplifies to:

EV};]E.I di}flfractlion fringes but by the turbulence of the air through
- Oneat}el.esgope must look. An optical telescope performs
" inlgh m01.1nta1.ntop Wher:: the air is thin and steady.
. . that situation, Earth’s atmosphere spreads star

ages at visual wavelengths into blobs about 0.5 to 1.0 arc
- second in diameter. Radio telescopes are also affected by ;ltmo—

d SpheIlC NS i y
o (arc seconds elng, but ICSS than Optlcal teICSCOpeS, SO the dO not
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diameter telescope gathers more light and produces a brighter image than
a smaller telescope of the same focal length.
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optics are of good quality and

For example, the resolving power of a telescope with 2
diameter of 0.100 m (about 4 in.) observing at visual wave:
lengths is about a = (2.06 X 1
113 arc seconds. Or, equivalently, a = 0.113/0.100 = 1.13 arc
seconds. In other words, using a telescope with a dia
A Figure 6-9 Gathering light is like catching rain in a bucket. A large- Sl Y?u should be able to dlstlngulsh as separate polnts

any pair of stars farther apart tha

0%) X (550 X 1079)/(0.100) =

meter Of

of light

n about 1.1 arc seconds if the
if the atmosphere is not t00

benefi i
! . .
b mu;:h in this respect by being located on mountains. You
earn [ 1 i
- n later in this chapter about special techniques that
Ve i
- se;mg from ground-based telescopes and also about
pes that orbit above Earth’
. arth’s atmosphere and a i
ited by seeing. v re notin-
Seein i i
. ghand diffraction both limit the precision of any mea-
nt t i i
- f’:lt 1:can be made using that image, and that limits the
. .1n ormation in the image. All measurements have
-in uncertainty (How Do We Know? 6-1), and sciencists

Courtesy of William Keel

Visual

.A Figure 6-11 (a) The left half of this photograph of a galaxy is from an
image recorded on a night of poor seeing. Small details are blurred. (b) The
right half of the photo is from an image recorded on a night when. Earth’s
atmosphere above the telescope was steady and the seeing was better.
Much more detail is visible under good seeing conditions. '
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How Do We now?

Resolution and Precision

What limits the precision of an ohservation?
As an example, think about observations that
are in the form of images. All images have
limited resolution. You can see on your
computer screen that images there are made
up of picture elements, pixels. If your screen
has low resolution, it has large pixels, and
you can’t see much detail. In an astronomi-
cal image, the practical size of a pixel is set
by the resolution limit, a combination of
atmospheric seeing, telescope optical quality,
and telescope diffraction. You can’t see
details smaller than the resolution limit. This
limitation on the level of detail viewable in an
image is one example of the limited preci-
sion, and therefore unavoidable uncertainty,
of all scientific measurements.

Now imagine a zoologist trying to measure
the length of a live snake by holding it along
a meter stick. Meter sticks are usually not
marked with resolution smaller than
millimeters. Also, the wriggling snake is hard
to hold, so it is difficult to measure

Maenifying Power: It is a Common Misconception that the
agn g

purpose of an astronomical telescope is to magnify images. In
e—its ability to make

fact, the magnifying power of a telescop

images bigger—is the least important of the three powers. Because
the amount of detail that a telescope can discern is limited gener-

accurately. Both factors—the meter stick’s
resolution and the snake’s wriggling—
together limit the precision of the measure-
ment. If the zoologist said the snake is
432.8932 mm long, you might wonder if that
is really true. The best resolution possible in
that zoologist’s situation does not justify the

the snake wriggling or atmospheric turbu-
lence. And, because precision is always
limited, uncertainty is always present.

precision implied by all those digits. Images
made with even the largest and best
telescopes do not show surface details on
stars because of limits on precision
(resolution) set by diffraction and atmo-
spheric seeing (a stellar equivalent of the
snake wriggling).

If you are a scientist, one question you
must ask yourself routinely is: How precise
are the measurements you and other
investigators have made? Precision of
measurements is limited by the resolution of
the measurement technique such as the size
of the pixels in a photograph or the finest
markings on a meter stick as much as by
variability in what is being observed such as

telescope.

ally either by its resolving power or the seeing conditions, very

high magnification does not necessarily show more detail. The
magnifying power of a telescope equals the focal length of the
primary mirror or lens divided by the focal length of the eyepiece.

For example, if a telescope has a primary with a focal length F, =
80 cm and you use an eyepiece with a focal
the magnification is 80/0.5, or 160. Radio telescopes, of course,
don’t have eyepieces, but they do have instruments that examine
the radio waves focused by the telescope, and each such instru-

length F, = 0.5 cm,

NASA/ESA/STScl

Visual

A high-resolution visual-wavelength image of
Mars made by the Hubble Space Telescope
reveals details such as mountains, craters, and
the south polar cap.

This explains why astronomers describe telescopes by diameter
and not by magnification. Astronomers will refer to a telescope
as a 4-meter telescope or a 10-meter telescope, but they would
never identify a research telescope as being, say, a 1000-power

6-3 Observatories on Earth:
Optical and Radio

The quest for light gathering power and good resolution explains
why nearly all the world’s major observatories are located far
from big cities and, especially in the case of optical telescopes,

usually on top of mountains. Astronomers avoid cities because
light pollution, which is the brightening of the night sky by
light scattered from artificial outdoor lighting, can make it
impossible to see faint objects (Figure 6-12). In fact, many resi-
dents of cities are unfamiliar with the beauty of the night sky

ment would, in effect, have its own magnifying power.

As was mentioned previously, the two most important
powers of the telescope—light-gathering power and resolving
power—depend on the diameter of the telescope that is essen-
tially impossible to change. In contrast, you can change the
magnification of a telescope simply by changing the eyepiece.
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because they can see only the brightest stars. Even far from cities,
the Moon, nature’s own light pollution, is sometimes so bright
it drowns out fainter objects, and astronomers are unable to
perform certain types of observations during nights near full
moon. On such nights, faint objects cannot be detected even
with large telescopes at good locations.

A number of major
observatories are located on
mountaintops in the Southwest.

NOAA

A Figure 6-12 This satellite view of the continental United States at night

shows the light pollution and energy waste resulti i
‘ ting from outd i
Observatories are best located far from large cities.g R

Radio astronomers face a problem of radio interference
comparable to visible light pollution. Weak radio waves from the
cosmos are easily drowned out by human-made radio noise—
everything from automobiles with faulty spark plugs to poorly
designed communication systems. A few narrow radio bands are
reserved for astronomy research, but even those are often con-
taminated by stray signals. To avoid that noise and have the
radio equivalent of a dark sky, astronomers locate radio tele-
scopes as far from civilization as possible. Hidden in mountain
valleys or in remote deserts, they are able to study the Universe
protected from humanity’s radio output.

.As you have already learned, astronomers prefer to put
o.ptlc;q telescopes on high mountains for several reasons. To
find sites with the best seeing, astronomers carefully select
mountains where the airflow is measured to be smooth and
not turbulent. Also, the air at high altitude is thin, dry, and
more transparent, which is important not only for optical tele-
Scbopes but also for other types of telescopes. Building an
: servatory on top of a remote high mountain is difficult and
l)((penswe, as you can imagine from Figure 6-13, but the dark
sky, good seeing, and transparent atmosphere make it worth

the effort.

Modern Optical Telescopes

F

ti:l H(l)iStt;)li tili(; e2()tfh century, :ilstronomers faced a serious limita-

o o ast'ronomlv.:al telescopes. Telescope mirrors

e to EVOld be'ndmg.that would distort the reflect-

200.1n) m,irrot those thick mirrors were heavy. The 5-m

. tél on Mount Paloma'r weighs 14.5 tons. Those
escopes were massive and expensive. Today’s

Astronomers no longer
build large observatories
in populous areas.

astronomers have solved these problems in
a number of ways. Look at Modern Optical
Telescopes on pages 114-115 and notice
three important points about telescope
design and ten new terms that describe
optical telescopes and their operation:

OConventional-design reflecting tele-
scopes use large, solid, heavy mirrors
to focus starlight to a prime focus, or by
usinga secondary mirror, to a Cassegrain
Socus  (pronounced  KASS-ub-grain).
Other telescopes have a Newtonian
Jocus or a Schmidt-Cassegrain focus.

Telescopes must have a sidereal drive to
follow the stars. An equatorial mount
with motion around a polar axis is the
' conventional way to provide that
motion. Today, astronomers can build simpler, lighter-
weight telescopes on alt-azimuth mounts that depend on
computers to move the telescope so that it follows the appar-

ent motion of stars as Earth rotates without having an equa-
torial mount and polar axis.

Visual

3 Act.z've optics, computer control of the shape of a telescope’s
main mirrors, allows the use of thin, lightweight mirrors—
either “floppy” mirrors or segmented mirrors. Reducing the
weight of the mirror reduces the weight of the rest of the
tel'escope, making it stronger and less expensive. Also, thin
mirrors cool and reach a stable shape faster at nightfall, pro-
ducing better images during most of the night.

Richard Wainscorr, Aina Kai LLC

G Figure 6'.13 Aeri‘a}. view of the optical, infrared, and radio telescopes on
|5$n§ Kea in Hawai'i, 4200 m (nearly 14,000 ft) above sea level. The high
altitude, low atmospheric moisture, lack of nearby large cities, and location

build an obse vato Y.
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