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Introduction

Why do the stars shine? What happens when you fall into a black hole? What’s the
Moon made of? Is Pluto a planet or not? Does extraterrestrial life exist? How old is
Earth? Can humans live in outer space? What is a quasar? How did the universe
begin? How will it end? When it comes to the cosmos, it seems like everyone has a
thousand questions.

Well, you're in luck—this book has a thousand answers.

Actually, it contains more than a thousand answers to more than a thousand
questions about the universe and how it works. These pages contain far more,
though, than a mere compilation of facts and figures. Together, these questions and
answers tell the story of astronomy—of the cosmos and its contents, and of human-
ity’s efforts throughout history to unlock its secrets and solve its mysteries.

Since the dawn of civilization, people have tried to understand the objects in
the heavens—what they are, how they move, and why. At first, it was a total mys-
tery; our ancient ancestors created myths and stories, and ascribed supernatural
qualities to the stars and planets. Slowly, they learned that the heavens and its con-
tents were natural, not supernatural, and that everyone, not just a privileged few,
could understand them. Slowly, the science of astronomy was born.

What is science? It sure isn’t a bunch of facts in a big thick book that old folks
in lab coats think you should memorize, regurgitate, and forget. Science is a
process of asking questions and seeking answers by weighing the facts, making edu-
cated guesses, and then testing those guesses with predictions, experiments, and
observations. That’s what this book is all about: the unquenchable impulse to ask
questions and seek answers. You’'ll read about the questions that were asked, the
people who asked them, how they tried to find the answers, and what they discov-
ered in the process. We owe what we know about the universe to the tireless work
of those questioners—those men and women who laid the foundation of astrono-
my, who searched at the frontiers of knowledge.

And that search goes on. In modern times, our species has seen to the edge of
the observable universe with ground-based and space-borne telescopes. We have
explored distant worlds with robotic spacecraft. We have even started to take our

ix



first baby steps into space ourselves. And yet, the more we learn and experience, the
more we realize how much we still don’t know. This book contains a thousand
answers, and that’s just a start. May those answers lead you to a thousand more
questions; and like those scientific explorers who came before us, may you also
experience the joy of discovery as you seek—and find—the answers!
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IMPORTANT DISCIPLINES
IN ASTRONOMY

What is astronomy?

Astronomy is the scientific study of the universe and everything in it. This includes,
but is not limited to, the study of motion, matter, and energy; the study of planets,
moons, asteroids, comets, stars, galaxies, and all the gas and dust between them;
and even the study of the universe itself, including its origin, aging processes, and
final fate.

What is astrophysics?

Astrophysics is the application of the science of physics to the universe and every-
thing in it. The most important way astronomers gain information about the uni-
verse is by gathering and interpreting light energy from other parts of the universe
(and even the universe itself). Since physics is the most relevant science in the
study of space, time, light, and objects that produce or interact with light, the
majority of astronomy today is conducted using physics.

What is mechanics?

Mechanics is the branch of physics that describes the motions of objects in a sys-
tem. Systems of moving bodies can be very simple, such as Earth and the Moon, or
they can be very complicated, such as the Sun, planets, and all the other objects in
the solar system put together. Advanced studies of mechanics require complex and
detailed mathematical techniques.



What is astrochemistry?

Astrochemistry is the application of the science of chemistry to the universe and
everything in it. Modern chemistry—the study of molecules and their interac-
tions—has developed almost exclusively at or near Earth’s surface, with its temper-
ature, gravity, and pressure conditions. Its application to the rest of the universe,
then, is not quite as direct or ubiquitous as physics is. Even so, astrochemistry is
extremely important to cosmic studies: the interactions of chemicals in planetary
atmospheres and surfaces is vital to understanding the planets and other bodies in
the solar system. Many chemicals have been detected in interstellar gas clouds
throughout the Milky Way and other galaxies, including water, carbon monoxide,
methane, ammonia, formaldehyde, acetone (which we use in nail polish remover),
ethylene glycol (which we use in antifreeze), and even 1, 3-dihydroxyacetone (which
is found in sunless tanning lotion).

What is astrobiology?

Astrobiology is the application of the science of biology to the universe and every-
thing in it. This branch of astronomy is very new. The serious use of biology to study
the cosmos has blossomed in recent years, however, and has become very important
in the field as a whole. With modern astronomical methods and technology, it has
become scientifically feasible to search for extraterrestrial life, look for environ-
ments where such life could exist, and study how such life could develop.

What is cosmology?

Cosmology is the part of astronomy that specifically examines the origin of the uni-
verse. Until the advent of modern astronomy, cosmology was relegated to the
domain of religion or abstract philosophy. Today, cosmology is a vibrant part of sci-
ence and is not limited to gazing out into the cosmos. Current scientific theories
have shown that the universe was once far smaller than an atomic nucleus. This
means that modern particle physics and high-energy physics, which can be studied
on Earth, are absolutely necessary to decipher the mysteries of the very early uni-
verse and, ultimately, the very beginning of everything.

Which of the many related scientific disciplines is most important
to astronomy?

Physics is by far the most important and relevant scientific discipline to the study
of the universe and everything in it. In fact, in modern times the terms “astrono-
my” and “astrophysics” are often used interchangeably. That said, all sciences are
important to astronomy, and some disciplines that are not very relevant now may
someday be extremely vital. For example, if astronomers eventually find extraterres-
trial intelligent life, psychology and sociology could become important to the study
of the universe as a whole.



HISTORY OF ASTRONOMY

When did people first begin to study what is now called astronomy?

Astronomy is probably the oldest of the natural sciences. Since prehistoric times,
humans have looked at the sky and observed the motions of the Sun, Moon, plan-
ets, and stars. As humans began to develop the first applied sciences, such as agri-
culture and architecture, they were already well aware of the celestial objects above
them. Astronomy was used by ancient humans to help them keep time and to max-
imize agricultural production; it probably played an important role in the develop-
ment of mythology and religion, too.

What did early astronomers use to measure the universe before
telescopes were invented?

Ancient astronomers, such as Hipparchus (in the second century B.C.E.) and Ptole-
my (in the second century C.E.), used instruments such as a sundial, a triquetrum
(a sort of triangular ruler), and a plinth (a stone block with an engraved arc) to
chart the positions and motions of planets and celestial objects.

By the sixteenth century c.E., complex observational tools had been invented. The
famous Danish astronomer Tycho Brahe (1546-1601), for example, crafted many of
his own instruments, including a sextant, a quandrant with a radius of six feet (almost
two meters), a two-piece arc, an astrolabe, and various armillary spheres.

What is an astrolabe, and how does it work?

An astrolabe is an instrument that can be used by astronomers to observe the rela-
tive positions of the stars. It can also be used for timekeeping, navigation, and sur-
veying. The most common type of astronomical astrolabe, called the planispheric
astrolabe, was a star map engraved on a

round sheet of metal. Around the cir-

cumference were markings for hours

and minutes. Attached to the metal

sheet was an inner ring that moved

across the map, representing the hori-

zon, and an outer ring that could be

adjusted to account for the apparent

rotation of the sky.

To use an astrolabe, observers
would hang it from a metal ring
attached to the top of the round star
map. They could then aim it toward a
specific star through a sighting device
on the back of the astrolabe, called an
adilade. By moving the adilade in the  The astrolabe helped mariners navigate the seas for hundreds
direction of the star, the outer ring of years by measuring the positions of the stars. (iStock)



Are astrolabes used for astronomy today?

P rismatic astrolabes are sometimes still used to determine the time and
positions of stars, and for precision surveying. However, newer technol-
ogy, such as sextants, satellite-aided global positioning systems, and interfer-
ometric astrometry are far more common.

would pivot along the circumference of the ring to indicate the time of day or night.
The adilade could also be adjusted to measure the observer’s latitude and elevation
on Earth.

Who is thought to have invented the astrolabe?

The ancient Greek mathematician Hypatia of Alexandria (370-415 c.E.) is thought
to be the first woman in western civilization to teach and study highly advanced
mathematics. During her lifetime, the Museum of Alexandria was a great learning
institution with a number of schools, public auditoriums, and what was then the
world’s greatest library. Hypatia’s father, Theon of Alexandria, was the last recorded
member of the Museum.

Hypatia was a teacher at one of the Museum’s schools, called the Neoplatonic
School of Philosophy, and became the school’s director in 400 c.E. She was famous
for her lively lectures and her many books and articles on mathematics, philosophy,
and other subjects. Although very few written records remain, and much informa-
tion is missing about her life overall, the records suggest that Hypatia invented or
helped to invent the astrolabe.

What is the art of astrology?

Astrology is the ancient precursor of the science of astronomy. Ancient people
understood that the Sun, Moon, planets, and stars were important parts of the
universe, but they could only guess what significance they had or what effects
they might cause on human life. Their guesses became a practice in fortune-
telling. Astrology was an important part of ancient cultures around the world, but
it is not science.

What did ancient Middle Eastern cultures know about astronomy?

The Mesopotamian cultures (Sumerians, Babylonians, Assyrians, and Chaldeans)
were very knowledgable about the motions of the Sun, Moon, planets, and stars.
They mapped the 12 constellations of the zodiac. Their towering temples, called zig-
gurats, may have been used as astronomical observatories. Arab astronomers built
great observatories throughout the Islamic empires of a thousand years ago, and we
still use Arabic names for many of the best-known stars in the sky.



The ruins of Mexico’s Chichen ltza, where Anasazi astronomers observed the skies and accurately calculated lunar cycles,
equinoxes, and solstices. (iStock)

What did ancient American cultures know about astronomy?

Ancient American cultures were very knowledgeable about astronomy, including
lunar phases, eclipses, and planetary motions. Almost all of the many temples and
pyramids of the Inca, Mayan, and other Meso-American cultures are aligned and
decorated with the motions of planets and celestial objects.

For example, at Chichen Itza in southern Mexico, on the days of the vernal
equinox (March 21) and autumnal equinox (September 21), shadows cast by the
Sun create the vision of a huge snake-god slithering up the sides of the Pyramid of
Kukulcan, which was built more than one thousand years ago. Farther north,
among the Anasazi ruins of Chaco Canyon, New Mexico, the work of ancient Native
American astronomers survives in the famous “sun dagger” petroglyphs, which
appear to mark the solstices, equinoxes, and even the 18.67-year lunar cycle.

What is the Dresden Codex, and what does it say about
Mayan astronomy?

There are three well-known records from what is believed to have been an extensive
Mayan library, dating back perhaps one thousand years to the height of the Mayan
civilization. One of these books is called the Dresden Codex because it was discov-
ered in the late 1800s in the archives of a library in Dresden, Germany. It includes
observations of the motions of the Moon and Venus, and predictions of the times at
which lunar eclipses would occur.



What is Stonehenge?

tonehenge is one of the world’s most famous ancient astronomical

sites. This assembly of boulders, pits, and ditches is located in south-
western England, about eight miles (13 kilometers) away from the town of
Salisbury. Stonehenge was built and rebuilt during a period from about
3100 B.C.E. to 1100 B.C.E. by ancient Welsh and British nature-worshipping
priests called druids.

Archaeologists think Stonehenge had astronomical significance. It was
certainly built with astronomical phenomena in mind. One pillar, called the
Heel Stone, appears to be near the spot where sunlight first strikes on the
summer solstice. Thus, Stonehenge may have served as a sort of calendar.
Other evidence suggests that Stonehenge may have been used as a predictor
of lunar eclipses.

Perhaps the most remarkable section of the Dresden Codex is a complete
record of the orbit of Venus around the Sun. Mayan astronomers had correctly cal-
culated that it takes Venus 584 days to complete its orbit. They arrived at this fig-
ure by counting the number of days that Venus first appeared in the sky in the
morning, the days when it first appeared in the evening, and the days that it was
blocked from view because it was on the opposite side of the Sun. The Mayans then
marked the beginning and ending of the cycle with the heliacal rising, the day on
which Venus rises at the same time as the Sun.

What did ancient East Asian cultures know about astronomy?

Some of the world’s earliest astronomical observations were made by the ancient
Chinese. Perhaps as early as 1500 B.c.E., Chinese astronomers created the first
rough charts of space. In 613 B.C.E., they described the sighting of a comet. Within
a few centuries after that, Chinese astronomers were keeping track of all the
eclipses, sunspots, novae, meteors, and celestial and sky phenomena they observed.

Chinese astronomers made numerous contributions to the field of astrono-
my. They studied, for instance, the question of Earth’s motion and created one
of the earliest known calendars. By the fourth century B.C.E., Chinese
astronomers had produced a number of star charts, which depicted the sky as a
hemisphere—a perfectly logical strategy, since we can only see half the sky at
any one time. Three centuries after that, Chinese astronomers began to regard
space as an entire sphere, showing they were aware of Earth’s spherical shape, as
well as of Earth’s rotation around its polar axis. They created an early map of the
celestial sphere on which they placed stars in relation to the Sun and to the
North Star.

Chinese astronomers were the first to observe the Sun; they protected their
eyes by looking through tinted crystal or jade. The Sung Dynasty, which began in



England’s ancient Stonehenge may have served as a type of astronomical calendar used by the druids. (iStock)

960 c.E., was a period of great astronomical study and discovery in China. Around
this time, the first astronomical clock was built and mathematics was introduced
into Chinese astronomy.

What did ancient African cultures know about astronomy?

The ancient Egyptians built their pyramids and other great monuments with a
clear understanding of the rhythms of rising and setting celestial objects. The
Egyptians established the 365-day solar year calendar as early as 3000 B.C.E.
They established the 24-hour day, based on nightly observations of a series of 36
stars (called decan stars). At midsummer, when 12 decans were visible, the
night sky was divided into 12 equal parts—the equivalent to hours on modern
clocks. The brightest star in the night sky, Sirius the “Dog Star,” rose at the
same time as the Sun during the Egyptian midsummer; this is the origin of the
term “dog days of summer.”

What did other ancient cultures around the world know about astronomy?

A knowledge of the night sky seems to be a common thread among all the major
cultures and societies of the ancient world. Polynesian cultures, for instance, used
the Pleiades (the cluster of stars also known as “The Seven Sisters”) to navigate
around the Pacific Ocean. Australian aborigine cultures, south Asian cultures, Inuit
cultures, and northern European cultures all had their own sets of myths and leg-
ends about the motions of the Sun and the Moon, as well as their own maps of the
stars and of constellations.



What happened to astronomy
after the fall of the Roman Empire?

During the Middle Ages in Europe, the study of astronomy continued to
progress, though slowly. The Arabic cultures of western Asia, on the
other hand, made many advances in both astronomy and mathematics for
many centuries. This remained the case until the European Renaissance.
Meanwhile, astronomers in China and Japan continued their work complete-
ly unaffected by events in the Roman world.

What contributions did ancient Greek astronomers make to the science
of astronomy?

The contributions of ancient Greek astronomers are numerous. Many of them were
also pioneers in mathematics and the origins of scientific inquiry. Some notable
examples include Eratosthenes (c. 275-195 B.C.E.), who first made a mathematical
measurement of the size of Earth; Aristarchus (c. 310-230 B.C.E.), who first hypoth-
esized that Earth moved around the Sun; Hipparchus (c. 190-120 B.C.E.), who made
accurate star charts and calculated the geometry of the sky; and Ptolemy (c. 85-165
C.E.), whose model of the solar system dominated the thinking of Western civiliza-
tion for more than a thousand years.

What is the Ptolemaic model of the solar system?

About 140 c.E. the ancient Greek astronomer Claudius Ptolemy, who lived and
worked in Alexandria, Egypt, published a 13-volume treatise on mathematics and
astronomy called Megale mathmatike systaxis (“The Great Mathematical Compila-
tion”), which is better known today as The Almagest. In this work, Ptolemy built
upon—and in some cases, probably reprised—the work of many predecessors, such
as Euclid, Aristotle, and Hipparchus. He described a model of the cosmos, includ-
ing the solar system, that became the astronomical dogma in Western civilization
for more than one thousand years.

According to the Ptolemaic model, Earth stands at the center of the universe,
and is orbited by the Moon, the Sun, Mercury, Venus, Mars, Jupiter, and Saturn. The
stars in the sky are all positioned on a celestial sphere surrounding these other
objects at a fixed distance from Earth. The planets follow circular orbits, with extra
“additions” on their orbital paths known as epicycles, which explain their occasion-
al retrograde motion through the sky. Ptolemy also cataloged more than one thou-
sand stars in the night sky. Although the Ptolemaic model of the solar system was
proven wrong by Galileo, Kepler, Newton, and other great scientists starting in the
seventeenth century, it was very important for the development of astronomy as a
modern science.



MEDIEVAL AND
RENAISSANCE ASTRONOMY

What influence did the Catholic Church have on astronomy in
medieval Europe?

Most historians agree that the immense power of the Catholic Church during the
Middle Ages stifled astronomical study in Europe during that time. One tenet of
Catholic dogma stated that space is eternal and unchanging; so, for example, when
people observed a supernova in 1054 c.E. its occurrence was recorded in other
parts of the world but not in Europe. Another part of Church dogma erroneously
declared that the Sun, Moon, and planets moved around Earth. By the 1500s, a
thousand years after the fall of Rome, the Catholic Church finally began to con-
tribute again to the science of astronomy, such as with the development of an
accurate calendar.

Who first began the challenge to the geocentric model of the
solar system?

Polish mathematician and astronomer Nicholas Copernicus (1473-1543; in Polish,
Mikolaj Kopernik) suggested in 1507 that the Sun was at the center of the solar sys-
tem, not Earth. His “heliocentric” model had been proposed by the ancient Greek
astronomer Aristarchus around 260 B.cC.E., but this theory did not survive past
ancient times. Copernicus, therefore, was the first European after Roman times to
challenge the geocentric model.

How did Copernicus present the heliocentric model of the solar system?

Copernicus wrote his ideas in De Revolutionibus Orbium Coelestium, which was
published just before his death in 1543. In this work, Copernicus presented a helio-
centric model of the solar system in

which Mercury, Venus, Earth, Mars,

Jupiter, and Saturn moved around the

Sun in concentric circles.

How did the heliocentric model of
the solar system advance after the
death of Copernicus?

Unfortunately, De Revolutionibus Orbium
Coelestium was placed on the Catholic
Church’s list of banned books in 1616,
where it remained until 1835. Before it
was banned, word of the heliocentric
model nonetheless spread among astron-
omers and scholars. Eventually, Galileo  Nicholas Copemicus. (Library of Congress)
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Galilei (1564-1642) used astronomical
observations to prove that the heliocen-
tric model was the correct model of the
solar system; Johannes Kepler (1571-
1630) formulated the laws of planetary
motion that described the behavior of
planets in the heliocentric model; and
Isaac Newton (1642-1727) formulated
the Laws of Motion and the Law of Grav-
ity, which explained why the heliocentric
model works.

Who was Galileo Galilei?

Italian scholar Galileo Galilei (1564—
Galileo Galilei. (Library of Congress) 1642) is considered by many historians

to be the first modern scientist. One of

the last great Italian Renaissance men,
Galileo was born in Florence and spent a good deal of his professional life there and
in nearby Padova. He explored the natural world through observations and experi-
ments; wrote eloquently about science and numerous other philosophical topics;
and rebelled against an established authority structure that did not wish to
acknowledge the implications of his discoveries. Galileo’s work paved the way for
the study and discovery of the laws of nature and theories of science.

How did Galileo contribute to our understanding of the universe?

Galileo was the first person to use a telescope to study space. Even though his tel-
escope was weak by modern standards, he was able to observe amazing cosmic
sights, including the phases of Venus, mountains on the Moon, stars in the Milky
Way, and four moons orbiting Jupiter. In 1609 he published his discoveries in The
Starry Messenger, which created a tremendous stir of excitement and controversy.

Galileo’s observations and experiments of terrestrial pheonomena were equally
important in changing human understanding of the physical laws of the cosmos.
According to one famous story, he dropped metal balls of two different masses from
the top of the Leaning Tower of Pisa. They landed on the ground at the same time,
showing that an object’s mass has no effect on its speed as it falls to Earth. Through
his works A Dialogue Concerning the Two Chief World Systems and Discourse on
Two New Sciences, Galileo described the basics of how objects move both on Earth
and in the heavens. These works led to the origins of physics, as articulated by Isaac
Newton and others who followed him.

What happened between Galileo and the Catholic Church?

Galileo’s support of the heliocentric model was considered a heretical viewpoint in
Italy at the time. The Catholic Church, through its Inquisition, threatened to tor-
ture or even kill him if he did not recant his writings. Ultimately, Galileo did recant



his discoveries and lived under house arrest for the last decade of his life. It is said
that, in a private moment after his public recantation, he stamped his foot on the
ground and said, “Eppe si muove” (“Nevertheless, it moves.”)

Who was Tycho Brahe?

Tycho Brahe (1546-1601), despite being a Danish nobleman, turned to astronomy
rather than politics. Granted the island of Hven in 1576 by King Frederick II, he
established Uraniborg, an observatory containing large, accurate instruments.
Uraniborg was the most technologically advanced facility of its type ever built.
Brahe’s measurements of planetary motions, therefore, were more precise than any
that had been previously obtained. This facility and these measurements helped
Brahe’s protégé, Johannes Kepler, determine the elliptical nature of the motion of
planets around the Sun.

Who was Johannes Kepler?

German astronomer Johannes Kepler (1571-1630) was very interested in the mathe-
matical and mystical relationships between objects in the solar system and geometric
forms such as spheres and cubes. In 1596, before working as an astronomer, Kepler
published Mysterium Cosmographicum, which explored some of these ideas. Later,
working with Danish astronomer Tycho Brahe and his data, Kepler helped establish
the basic rules describing the motions of
objects moving around the Sun.

How did Johannes Kepler
contribute to our understanding of
the universe?

Kepler worked with Tycho Brahe until
Brahe’s death in 1601. He succeeded
Brahe as the official imperial mathe-
matician to the Holy Roman Emperor.
This position gave him access to all of
Brahe’s data, including his detailed
observations of Mars. He used that data
to fit the orbital path of Mars using an
ellipse rather than a circle. In 1604, he
observed and studied a supernova, which
he thought was a “new star.” At its peak,
the supernova was nearly as bright as
the planet Venus; today, it is known as
Kepler’s supernova. Using a telescope he
constructed, he verified Galileo’s discov-
ery of Jupiter’s moons, calling them , ,
. . . A diagram by Johannes Kepler from his 1609 work Astro-

satellites. Later in his Career, Kepler nomia nova, depicting Mars orbiting the sun to illustrate two
published a book on comets and a cata-  of his laws of planetary motion. (Library of Congress)
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log of the motions of the planets called The Rudolphine Tables that was used by
astronomers throughout the following century. Kepler is perhaps most famous for
developing his three laws of planetary motion.

What is Kepler’s First Law of planetary motion?

According to Kepler’s First Law, planets, comets, and other solar system objects
travel on an elliptical path with the Sun at one focus point. The effect can be sub-
tle or profound; Earth’s orbit, for example, is very nearly circular, whereas the orbit
of Pluto is noticeably oblong, and the orbits of most comets are highly elongated.

What is Kepler’s Second Law of planetary motion?

According to Kepler’s Second Law, planetary orbits sweep out equal times in equal
areas. This means that a planet will move faster when it is closer to the Sun, and
slower when it is farther away. Future scientists such as Isaac Newton showed that
the Second Law is true because of an important property of moving systems called
the conservation of angular momentum.

What is Kepler’s Third Law of planetary motion?

According to Kepler’s Third Law, the cube of the orbital distance between a planet
and the Sun is directly proportional to the square of the planet’s orbital period.
Kepler discovered this law in 1619, ten years after the publication of his first two laws
of planetary motion. It is possible to use this third law to calculate the distance
between the Sun and any planet, comet, or asteroid in the solar system, just by meas-
uring the object’s orbital period.

Who was Christian Huygens?

Dutch astronomer, physicist, and math-
ematician Christian Huygens (1629—
1695) is one of the most important fig-
ures in the history of science. He was a
key transitional scientist between Galileo
and Newton. His work was crucial to the
development of the modern sciences of
mechanics, physics, and astronomy.
Huygens helped develop the Law of Con-
servation of Momentum, invented the
pendulum clock, and was the first person
to describe a wave theory of light. He
designed and built the clearest lenses
and most powerful telescopes of his time.

Using these tools, he was the first person to identify Saturn’s ring system, and he dis-
12 covered Saturn’s largest moon, Titan.

Christian Huygens. (Library of Congress)



Isaac Newton (inset) and an illustration he drew of the telescope he invented. (Library of Congress)

Who was Isaac Newton?

English mathematician, physicist, and astronomer Isaac Newton (1642-1727) is
considered to be one of the greatest geniuses who ever lived. He had to leave Cam-
bridge University in 1665 and work on his family farm when the university was
closed due to an outbreak of bubonic plague. During the next two years, he made a
series of remarkable advances in mathematics and science, including the calculus
and his laws of motion and universal gravitation. Newton returned to Cambridge
University in 1667, and eventually assumed the position of the Lucasian Professor-
ship of Mathematics. While there, he made fundamental discoveries about optics,
invented a new kind of telescope, and published his greatest work, the Principia, in
1687, with the encouragement and financial backing of his acquaintance, the
astronomer Edmund Halley.

In his later career, he won a seat in the British Parliament and was appointed
Master of the Royal Mint. He invented the idea of putting ridges around the edges
of coins so people could not shave the coins and keep the precious metals for them-
selves. The Queen of England knighted him in 1705, the first scientist to be given
such an honor. He was also elected head of the Royal Society, the most significant
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Why are Newton’s Laws of Motion important?

With the Principia, and the theories he described in it, Newton radically
changed our understanding of the universe and the interconnected-
ness of its components. After Newton’s Laws of Motion were accepted, it was
clear that the motion of objects in space followed the same natural rules as
the motion of objects on Earth. This realization altered the fundamental
relationship that humans felt with the sky and space. Things in space could
now be studied and interpreted as objects, rather than as unknowable gods
or supernatural entities. This helped lead to the entire enterprise of scientif-
ic research today.

academic body in the world at that time. Sir Isaac Newton died on March 31, 1727,
in London, England.

How did Newton contribute to our understanding of the universe?

In his work Philosophiae Naturalis Principia Mathematica (“Mathematical Princi-
ples of Natural Philosophy”), or just Principia, Newton articulated the law of uni-
versal gravitation and his three laws of motion. He also described, in other works,
major advances in many areas of knowledge. In optics, he showed that sunlight is
really a combination of many colors; in mathematics, he developed new methods
that form much of the modern foundation of mathematics, including the calculus,
which was also developed by German philosopher and mathematician Gottfried Wil-
helm von Leibniz. In cosmology, he supplied a theoretical framework that modern
astronomers used to calculate the density of an expanding universe; while in astron-
omy, he invented a kind of telescope that uses mirrors rather than lenses. It is the
basis of all major astronomical research telescopes built today.

What is Newton’s First Law of Motion?

According to Newton’s First Law, “Every body continues in its state of rest, or of
uniform motion in a right line, unless it is compelled to change that state by forces
impressed upon it.” This is also known as the law of inertia; it simply means that an
object tends to stay still, or stay in motion in a straight line, unless it is pushed or
pulled. This law is an expression in words of a fundamental property of motion
called the conservation of linear momentum. Mathematically, the momentum of an
object is its mass multiplied by its velocity.

What is Newton’s Second Law of Motion?

According to Newton’s Second Law, “The change of motion is proportional to the
motive force impressed and is made in the direction of the right line in which that
force is impressed.” This is also known as the law of force, and it defines force as the



change in the amount of motion, or momentum, of an object. Mathematically, the
force of an object is its mass multiplied by its acceleration.

What is Newton’s Third Law of Motion?

According to Newton’s Third Law, “To every action there is always opposed an equal
reaction: or the mutual actions of two bodies upon each other are always equal and
directed to contrary parts.” That means that to exert a force on an object the thing
doing the exerting must experience a force of equal strength in exactly the opposite
direction. This law explains, for example, why an ice skater goes backward when she
pushes another skater forward.

What is Newton’s Law of Gravity?

According to Newton’s Law of Universal Gravitation, every object in the universe
exerts a pulling force on every other object; this force between any two objects is
directly proportional to the masses of the two objects multiplied with one another,
and it is inversely proportional to the square of the distance between the two
objects. In other words, gravity follows what is known as the “inverse square law”:
a mathematical relationship that governs both the strength of gravity and the prop-
agation of light in space.

What was the importance of Newton’s Law of Gravity to astronomy?

Newton’s law of universal gravitation shows that the objects in the solar system
move according to a mathematically predictable set of rules. It shows scientifically
why Kepler’s three laws of orbital motion are true, and it allows astronomers to pre-
dict the locations and motions of celestial objects. When Edmund Halley, for exam-
ple, used the law to predict the 76-year orbital period of a well-known comet—a
prediction confirmed after Halley’s death—it marked a milestone in astronomy: the
final transformation from superstition and ignorance to science and knowledge.

EIGHTEENTH- AND NINETEENTH-
CENTURY ADVANCES

What significant scientific advances occurred in the 1700s that most
advanced astronomy?

In the 1700s, the study of mathematics beyond the calculus first established by
Leibniz and Newton led to the development of the branch of physics called
mechanics. Scientists began to understand the nature of electricity through exper-
iments in laboratories and with lightning. Opticians began to develop telescopes
that could let astronomers observe objects invisible to the unaided eye. And using
those telescopes, astronomers began to take systematic surveys of the sky, making
detailed sky catalogs.
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Who was Pierre-Simon de Laplace
and what did he contribute
to mechanics?

French mathematician and astronomer
Pierre-Simon de Laplace (1749-1827)
made a number of key contributions to
mathematics, astronomy, and other sci-
ences. Together with chemist Antoine-
Laurent Lavoisier, Laplace helped devel-
op our understanding of the interrela-
tionship of chemical reactions and heat.
In physics, Laplace applied the calculus,
recently invented by Isaac Newton and
Gottfried Wilhelm von Leibniz, to cal-
culate the forces acting between parti-
cles of matter, light, heat, and electrici-
ty. Laplace and his colleagues created systems of equations that explained the
refraction of light, the conduction of heat, the flexibility of solid objects, and the
distribution of electricity on conductors.

Pierre-Simon de Laplace. (Library of Congress)

In astronomy, Laplace was primarily interested in the movements of the objects
in the solar system and their complex gravitational interactions. He published his
results over many years in a multi-volume book called Traite de Mechanique
Celeste (“Celestial Mechanics”). The first volume of Celestial Mechanics was pub-
lished in 1799. Laplace also developed a nebular theory of the formation of the Sun
and our solar system, and, along with his colleague John Michel, he introduced the
idea of a “dark star,” which later came to be called a black hole. Because of his bril-
liance, and since his work expanded on the gravitational theories of Isaac Newton,
Laplace earned the nickname “The French Newton.”

Who was Joseph-Louis Lagrange and what did he contribute
to mechanics?

Joseph-Louis Lagrange (1736-1813) was an Italian mathematician who developed
some of the most important theories of mechanics, both regarding Earth and the
universe. Generally remembered as a French scientist because he spent the last part
of his career in Paris, his analysis of the wobble of the Moon about its axis of rota-
tion won him an award from the Paris Academy of Sciences in 1764. Lagrange also
worked on an overall description of the way that forces act on groups of moving and
stationary objects, a project that Galileo Galilei and Isaac Newton had begun years
before. He eventually succeeded in devising several key general mathematical tools
to analyze such forces. These were published in a 1788 work called Mechanique
Analytique (“Analytical Mechanics”). Lagrange went on to explore the interaction
between objects in the solar system as a complex system of objects; he discovered
what are called Lagrange points: places around and between two gravitationally



bound bodies where a third object could stay stationary relative to the other two.
This proves useful today for placing satellites in space.

In 1793, Lagrange was appointed to a commission on weights and measures,
and helped create the modern metric system. He spent his final working years try-
ing to develop new mathematical systems of calculus.

Who was Leonhard Euler and what did he contribute to mechanics?

The Swiss mathematician Leonhard Euler (1707-1783) was probably the most pro-
lific mathematician in recorded history. He helped unify the systems of calculus
first created independently by Leibniz and Newton. He made key contributions to
geometry, number theory, real and complex analysis, and many other areas of math-
ematics. In 1736, Euler published a major work in mechanics, appropriately called
Mechanica, which introduced methods of mathematical analysis to solve complex
problems. Later, he published another work on hydrostatics and rigid bodies, and
he did tremendous work on celestial mechanics and the mechanics of fluids. He
even published a 775-page work just on the motion of the Moon.

Who was Adrien-Marie Legendre and what did he contribute to mechanics?

The French mathematician Adrien-Marie Legendre (1752-1833) taught at the
French military academy with Pierre-Simon de Laplace, starting in 1775. In 1782
he won a prize for the best research project on the speed, path, and flight dynamics
of cannonballs moving through the air. Elected to the French Academy of Sciences
the next year, he combined his research on abstract mathematics with important
work on celestial mechanics. In 1794, Legendre wrote a geometry textbook that was
the definitive work in the field for nearly a century. In 1806, he published Nouwvelles
methods pour la determination des orbits des cometes (“New Methods for the
Determination of the Orbits of Comets”). Here he introduced a technique for find-
ing the equation of a mathematical curve using imperfect data. Legendre is best
known today for his work on elliptical functions and for inventing a class of func-
tions called Legendre polynomials, which are valuable tools for studying harmonic
vibrations and for finding mathematical curves that fit large series of data points.

Who created the New General Catalog?

The German-English astronomer Caroline Herschel (1750-1848) and her nephew
John Herschel (1792-1871) created the New General Catalog (NGC), a list of thou-
sands of astronomical objects that represent most of the best-known gaseous neb-
ulae, star clusters, and galaxies in the night sky.

What significant scientific advances occurred in the 1800s that most
advanced astronomy?

In the 1800s, the scientific understanding of electricity and magnetism grew to the
point where it was possible to generate controlled amounts of energy from electric-
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An illustration by Charles Messier from his famous catalog describing the path of Halley’s comet. (Library of Congress)

ity using generators, and to transport that electricity across large distances. This
research led to the understanding of electromagnetism as a force, the transference
of electromagnetic energy in the form of waves, and the manifestation of those
waves as the electromagnetic spectrum.

Scientists also made major advances in understanding the concept of energy
and how it can be manifested in many different forms such as motion, heat, and
light. The science of thermodynamics—the study of heat energy and how it is trans-
ferred—and its closely related branch of physics, statistical mechanics, were born.
These discoveries and their technological applications transformed all of human
society: the steam engine, the electric light, and the Industrial Revolution are just
a few examples of their impact. Their impact on astronomy was equally significant.

Who was James Clerk Maxwell and what did he contribute to physics?

The Scottish scientist and mathematician James Clerk Maxwell (1831-1879) made
huge discoveries in a number of areas. In 1861, he produced the first color photo-
graph. He studied the rings of Saturn, theorizing that they were composed of mil-
lions of tiny particles rather than solid or liquid structures. He also helped develop
the kinetic theory of gases; and his theory of electromagnetism tied together the
relationship between electricity and magnetism. Between 1864 and 1873, Maxwell
showed that light is actually electromagnetic radiation. A set of four equations
known as Maxwell’s Equations shows the most basic mathematical and physical
relationships between electricity, magnetism, and light.



Who created the Messier catalog?

F rench astronomer Charles Messier (1730-1817) was a famed discoverer of
comets. Discovering comets with a telescope was a very difficult task at
the time, and successes brought the discoverer great fame and prestige.
Messier discovered more than a dozen comets. He also discovered a number
of objects in the night sky that looked like they might be comets but were not.

Around 1770 Messier started to publish catalogs of the objects he had
found with his telescope. Other astronomers later added to the 45 objects
originally listed in the Messier catalog, as it became known. The modern ver-
sion of the Messier catalog contains 110 objects, many of which are the most
beautiful and interesting astronomical objects in the night sky.

Who was Rudolf Heinrich Hertz and what did he contribute to physics?

The German physicist Rudolf Heinrich Hertz (1857-1894) was a genius in both sci-
ence and languages (he learned Arabic and Sanskrit as a youth). Aside from his work
on electrodynamics, he conducted research on meteorology and contact mechanics
(what happens to objects when they are put against one another).

Hertz proved the existence of electromagnetic waves in 1888. Although visible
light was known to be electromagnetic in origin, Hertz produced electromagnetic
waves not visible to the human eye—radio waves—using a wire connected to an
induction coil, then detecting them using a loop of wire and a spark gap. Hertz built
upon Maxwell’s work, and in 1892 rewrote Maxwell’s equations of electrodynamics
in the elegant, symmetric form that is most commonly used today. Today, his work
is the scientific foundation of all wireless communications, and the unit of electro-
magnetic frequency is named in his honor.

Who was James Joule and what did he contribute to physics?

The English physicist James Prescott Joule (1818-1889) was the son of a wealthy
brewer. Although many of his discoveries were not widely accepted for many years,
by the end of his career he had made significant contributions to the understand-
ing of how different forms of energy (such as electrical, kinetic, and heat energy)
are related. Today, along with the German physician and scientist Julius Robert von
Mayer (1814-1878), Joule is credited with figuring out the mathematical conver-
sion factor between heat and kinetic energy. The physical unit for kinetic energy is
called the Joule in his honor (one Joule is equal to 0.239 calories).

Who was Lord Kelvin and what did he contribute to physics?

The British scientist William Thomson, Lord Kelvin (1824-1907), was a brilliant
scientist. The son of an engineering professor, Kelvin published more than 600 sci-
entific articles in his career on a wide variety of topics in the physical sciences. As
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an applied scientist, he invented a number of scientific instruments; one of them,
the mirror-galvanometer, was used in the first successful trans-Atlantic underwater
telegraph cable, which ran from Ireland to Newfoundland. His success in applied
science earned him fame, wealth, and a noble title: Baron Kelvin of Largs.

In theoretical science, Kelvin was a pioneer in tying together ideas about elec-
tricity and magnetism, heat and light, and thermal and gravitational energy. He
worked with James Joule (1818-1889) in formulating the first law of thermodynam-
ics, and concluded that there exists an “absolute zero” temperature (the lowest pos-
sible temperature in the universe). Today, the temperature scale based on absolute
zero is called the Kelvin scale in his honor.

MATTER AND ENERGY

What is energy?

Energy is that which makes things happen in the universe. It is that which is
exchanged between any two particles in order for those particles to change—their
motion, their properties, or anything else—in any way. Energy is everywhere
around us; it takes so many different forms that it is hard to pin down. Heat is ener-
gy; light is energy; everything that moves carries kinetic energy. Even matter itself
can be converted into energy, and vice versa.

What is matter?

Matter, the stuff out of which every object in the universe is made, is everything in
the universe that has mass. Mass is a quality that is hard to describe. Very roughly,
it is the “drag” through spacetime that an object experiences. An object with more
mass will move more slowly through spacetime than an object with less mass, if
both have the same amount of either momentum or kinetic energy.

What is the significance of the formula E = mc??

E = mc? was discovered by Albert Einstein in 1905. It is a major result of his Spe-
cial Theory of Relativity, which describes the relationship between how objects and
electromagnetic radiation move through space and how they move through time.
It means that the amount of energy in a piece of matter is equal to the mass of that
piece of matter multiplied by the speed of light squared. This is a huge amount of
energy, by the way, for even a tiny amount of matter; the energy contained in a
penny far exceeds the explosive power of the atomic bombs detonated in 1945 over
Hiroshima and Nagasaki combined.

What is light?

Light is a kind of energy. It travels as waves and is carried as particles called pho-
tons. Generally speaking, light is electromagnetic radiation. (Radiation carried by



Is matter the same as energy?

atter can change into energy, and energy can change into matter, but
they are not identical. As an analogy, think about the difference between
U.S. dollars and Canadian dollars; they are both money, and they can be con-
verted into one another with an exchange rate, but they are not exactly the
same thing. The exchange rate between matter and energy is given by the
famous equation E = mc?, which was discovered in 1905 by Albert Einstein.

massive particles, however, such as alpha rays and beta rays, is not light.) What is
interesting about light is that it can be treated as both a stream of particles and as
a wave of radiation. The double nature of light—known as “wave-particle duality”—
is a cornerstone of the branch of physics called quantum mechanics.

What are photons?

Photons are special subatomic particles that contain and carry energy but have
no mass. Photons, in fact, can be imagined as particles of light. Photons are pro-
duced or destroyed whenever electromagnetic force is transferred from one place
to another.

What are electromagnetic waves?

Electromagnetic waves are electromagnetic radiation, which is light. Usually, on
Earth, humans think of light just as the kind of radiation that our eyes can detect.

What kinds of electromagnetic radiation are there?

There are seven general kinds of electromagnetic radiation: gamma rays, X rays,
ultraviolet, visible, infrared, microwaves, and radio waves. Gamma rays, X rays, and
ultraviolet rays have shorter wavelengths than those of visible light; infrared waves,
microwaves, and radio waves have wavelengths longer than those of visible light.

What is the speed of an electromagnetic wave?

The speed of light is the same as the speed of an electromagnetic wave because they
are the same thing.

What is the speed of light?

Light travels through a vacuum at almost exactly 186,282.4 miles (299,792.5 kilo-
meters) per second, or 670 million miles (1.078 billion kilometers) per hour, or 5.8
trillion miles (9.2 trillion kilometers) per year! A beam of light can go from New
York to Tokyo in less than one-tenth of a second, and from Earth to the Moon in
less than 1.3 seconds.
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What is so special about the speed of light?

he speed of light is the maximum speed anything can obtain when travel-
ing through any given part of the universe. Nothing can travel faster than
light in a vacuum.

How have scientists measured the speed of light?

In the late 1500s, Galileo Galilei documented an experiment in which he tried to meas-
ure the speed of light by using lanterns on two distant hilltops. He was only able to say
that it was much faster than he could measure. In 1675 Danish astronomer Olaus Roe-
mer (1644-1710) used eclipses of the moons of Jupiter to measure the speed of light
to be 141,000 miles per second, or about 76 percent of the modern value. Roemer came
fairly close, but more importantly he showed that the speed of light was not infinite.
That discovery had important implications on all of physics and astronomy.

In the mid-1700s, English astronomer James Bradley (1693-1762) noticed that
some stars appeared to be moving because Earth was actually moving toward or
away from the starlight that was coming toward us. Using this phenomenon, called
the aberration of starlight, Bradley was able to measure the speed of light to an
accuracy of less than one percent error: 185,000 miles per second. In the 1800s, the
French scientist Jean-Bernard Le6n Foucault (1819-1868) used a laboratory setup
of two mirrors, one rotating and one unmoving, to measure the speed of light. As
the spinning mirror reflected a light beam back and forth from the stationary one,
it reflected the beam back at different angles. By using geometry, Foucault deter-
mined the speed of light to be just over 186,000 miles per second.

In 1926 American physicist Albert Abraham Michelson (1852-1931) repeated
Foucault’s experiment on a much larger scale. Using mirrors positioned 22 miles
apart on two mountains in California, he calculated light speed to be 186,271 miles
per second.

Does light ever change speed?

Yes, light can change speed and direction when it goes through different materials.
All materials that transmit light have a property called index of refraction. The
index of refraction is 1 for a perfect vacuum, 1.0003 for air, 1.33 for water, about 1.5
for various kinds of glass, and 2.42 for diamond. Light travels more slowly through
higher index-of-refraction materials than through lower ones.

What does it mean when we say the speed of light is constant?

Saying that the speed of light is constant means that any observer watching any par-
ticular beam of light will measure that beam to be moving at the same speed. It does
not matter whether the observer is moving toward, away, or not at all relative to the



How did the Michelson-Morley experiment work?

he Michelson-Morley experiment was based on a special experimental

technique called interferometry. A beam of light was sent to a silvered
mirror set at an angle; some of the light would travel through the mirror, and
the rest would bounce off the mirror. Each partial beam of light would then
bounce off other mirrors, recombine at the silvered mirror, and then return
to the original location of the light source. If the partial beams of light were
altered during their travel, the recombined light beam would show a measur-
able interference pattern.

Since the two light paths had different directions of travel, Michelson and
Morley hypothesized that they would interact differently with the luminifer-
ous ether, and thus produce an interference pattern. To their surprise, the
recombined beam showed no measurable interference. This null result
implied that, despite traveling in different directions for a time, the speed of
both beams had remained exactly the same. If any sort of luminiferous ether
existed in the universe, this result would not be possible.

beam; it also does not matter how fast the observer is moving. In other words, light
does not have the usual kind of relativity when it comes to the relative observed
speeds of objects; it follows a special theory of relativity, which was articulated by
Albert Einstein in 1905.

Who first obtained scientific evidence that the speed of light is constant?

Polish-born American physicist Albert Abraham Michelson (1852-1931) and Amer-
ican chemist Edward Williams Morley (1838-1923) conducted an experiment to
test the way light travels through the universe. In the late 1800s, scientists
thought that light waves traveled through a special substance called “luminiferous
ether” in much the same way that ocean waves move through water. The Michel-
son-Morley experiment was designed to test the properties of the luminiferous
ether. The result, however, was not at all what they or other scientists expected.
Instead, that experiment showed that the luminiferous ether does not exist and
that the speed of light is constant.

Who studied the results of the Michelson-Morley experiment?

After the results of the Michelson-Morley experiments were confirmed, many of the
leading physicists of the day carefully pondered their implications. The Irish math-
ematical physicist George Francis Fitzgerald (1851-1901), the Dutch physicist
Henrik Antoon Lorentz (1853-1928), and the French mathematician and physicist
Jules-Henri Poincaré (1854-1912) were three of the scientists particularly interest-
ed in explaining why this result came about. They were able to show that a specific
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mathematical relationship exists between the length of an object and speed at
which the object was moving; this relationship is known today as the Lorentz fac-
tor. By the early 1900s, Poincaré had even begun to think that the amount of time
an object experiences would change, depending on how fast the object was moving.
No coherent working theory, however, was developed until 1905.

Who finally explained the results of the Michelson-Morley experiment
with a working theory?

The German-born physicist Albert Einstein (1879-1955) explained the Michelson-
Morley experiment. In 1905—sometimes called Einstein’s “year of miracles”—he
published a series of scientific discoveries that forever changed the entire scientific
view of the universe. He explained a biological phenomenon called Brownian motion,
the electromagnetic phenomenon called the photoelectric effect, and the results of
the Michelson-Morley experiment. For this he devised a new “special theory” of rela-
tivity, showing that matter and energy were related by the equation E = mc2.

TIME, WAVES, AND PARTICLES

What is space?

Most people think of space as merely the absence of anything else—the “nothing” that
surrounds objects in the universe. Actually, space is the fabric in which everything in
the universe is embedded and through which all things travel. Imagine, for example, a
gelatin dessert with pieces of fruit suspended within it. The fruit represents the objects
in the universe, while the gelatin represents space. Space is not “nothing”; rather, it
surrounds everything, holds everything, and contains everything in the universe.

Space has three dimensions, usually thought of as length (forward-and-back-
ward), width (left-and-right), and height (up-and-down). It is possible to curve
space, though, so that a dimension might not represent a straight line.

What is time?

Time is actually a dimension, a direction that things in the universe can travel in
and occupy. Just as objects in the universe can move up and down; forward and
backward; or side to side, objects can also move through time. Unlike the three spa-
tial dimensions, however, different kinds of objects in our universe move through
time in only specific directions. Mathematically, it is correct to say that matter—
galaxies, stars, planets, and people—only move forward in time. Meanwhile, parti-
cles made of antimatter only move backward in time; and particles of energy—such
as photons, which have no mass—do not move in time.

What is spacetime?

Imagine a big sheet of flexible, stretchable fabric like rubber or spandex. This sheet
is like a two-dimensional surface, which can be dimpled, bent, twisted, or poked,



How do space and time relate to one another?

he three dimensions of space and one dimension of time are linked togeth-

er as a four-dimensional fabric called spacetime. In the early twentieth cen-
tury scientists such as Alexander Friedmann (1888-1925), Howard Percy
Robertson (1903-1961), and Arthur Geoffrey Walker (1909-2001) presented
the modern mathematical representation of how the four dimensions are
linked together; this equation is called the metric of the universe.

depending on what objects are placed on it. Spacetime can be thought of as a flexi-
ble, bendable structure just like this rubber sheet, except that it is four-dimension-
al and its lengths and distances are related mathematically by the Friedmann-
Robertson-Walker metric.

Who first explained the relationship between space and time?

The famous German-American scientist Albert Einstein (1879-1955) first realized
that, in order to explain the results of the Michelson-Morley experiment, travel
through space and travel through time must be intimately linked. His special the-
ory of relativity, published in 1905, showed that the faster an object moves through
space, the slower it moves through time. Einstein thought there must be a very
strong connection between space and time and that this connection was essential
to describe the shape and structure of the universe. He did not have the mathemat-
ical expertise, however, to show how the connection might work.

Einstein consulted his friends and colleagues to figure out the best way to proceed

in his research. Aided by the discoveries of the German mathematician Georg Riemann
(1826-1866), the Russian-German-Swiss mathematician Herman Minkowski (1864—
1909), and the tutelage of Hungarian-
Swiss mathematician Marcel Grossmann
(1878-1936), Einstein learned the mathe-
matical formulations of non-Euclidean
elliptical geometry and tensors. In 1914
Einstein and Grossmann published the
beginnings of a general theory of relativi-
ty and gravitation; Einstein went on to
complete the formation of the theory over
the next few years.

What is Einstein’s General Theory
of Relativity?

The main ideas in the general theory of
relativity are that space and time are knit  Albert Einstein. (Library of Congress)
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How do we know that the general theory of relativity is true?

N o scientific idea can be correctly called a proven scientific theory until it
is confirmed by experiments or observations. The general relativistic for-
mulation of gravity predicts that light, as well as matter, will follow the path
of space that is bent by massive objects. If general relativity was correct, then
the light from distant stars would follow a curved path through space caused
by the gravity of the Sun. The apparent positions of the stars in the part of the
sky near the Sun’s location, therefore, should be different from their apparent
positions when the Sun is not in that place.

To test this prediction, British astrophysicist Arthur Eddington (1882-
1944) organized a major scientific expedition in 1919 to observe the sky dur-
ing a solar eclipse. With the Moon shading the Sun’s bright light, astronomers
measured the relative positions of distant stars near the Sun’s position at that
time. Then they compared them to those positions measured at night, when
the Sun was not in the field of view. The apparent positions were indeed dif-
ferent, and the discrepancies were consistent with the results predicted by
Einstein’s theory. This observational confirmation of the general theory of rel-
ativity changed the field of physics forever. The discovery made news head-
lines, and Albert Einstein became an international celebrity.

together in a four-dimensional fabric called spacetime, and that spacetime can be bent
by mass. Massive objects cause spacetime to “dimple” toward the object (think of the
way that a bowling ball set on a trampoline causes the trampoline to dimple).

In the four-dimensional spacetime of the universe, if a less massive object
approaches a more massive object (for example, a planet approaches a star), the less
massive object will follow the lines of curved space and be drawn toward the more
massive one. Thinking of the bowling ball on the trampoline, if a marble rolls past
the bowling ball and into the dimpled part of the trampoline, then the marble will
fall in toward the bowling ball. According to the general theory of relativity, this is
how gravity works. Newton’s theory of universal gravitation, according to Einstein,
is almost completely correct in describing Aow gravity works, but it was not quite
complete in explaining why it works.

What is Einstein’s Special Theory of Relativity?

According to the special theory of relativity, the speed of a beam of light is the same,
no matter who observes it or how the observers are moving. This means that the
speed of light is the fastest speed at which anything can travel in the universe.

Furthermore, if the speed of a light beam is constant, that means that other
properties of motion must change. Since speed is defined as the distance traveled
divided by the elapsed time, this means that the distances and times experienced by



any object will change depending on how fast it is moving. The faster you move
through space, the slower you move through time.

Finally, since mass can be thought of as the amount of resistance that an object
has to motion, a moving object actually has more mass than when it is standing
still; the faster an object is moving, the higher the mass it has. When an object
reaches the speed of light, it is no longer matter, but it becomes energy. This is rep-
resented by the famous equation £ = mc?.

How do space and time relate to matter and energy?

Just as general relativity is the scientific theory that explains how space and time
work, quantum mechanics is the scientific theory that explains how matter and
energy work. There are many key connections between relativity and mechanics.
For example, there is the conversion relation between matter and energy, E = mc?.
Also, since matter causes gravity, it can be said that “spacetime tells matter how to
move, and matter tells spacetime how to curve,” as American physicist John
Archibald Wheeler (1911-) phrased it.

These two major scientific theories—general relativity and quantum mechan-
ics—do not intersect or overlap very much in terms of what aspects of the universe
they describe. In fact, describing certain physical phenomena using one theory some-
times contradicts how the phenomena are described with the other. Unifying these
two great theories is one of the topics at the frontier of scientific research today.

Is it possible for one person to travel more slowly through time than
another person?

It is possible for someone to travel more slowly through time relative to others. By
traveling faster than someone else (say, while on a bus or airplane), time will pass
by at a slightly slower rate than compared to someone standing still. The difference
in these cases, however, will be incredibly small. Even if one is flying in a jet plane
for twelve hours the total time difference is less than one ten-millionth of a second
compared to someone who remained on the ground. Traveling at the incredible
speed of 335 million miles per hour (half the speed of light) will result in the trav-
eler experiencing an elapsed time of 10 hours and 24 minutes for every 12 hours of
someone remaining stationary. But that speed is far, far beyond what our current
transportation technologies can provide.

What are gamma rays?

Gamma rays are electromagnetic waves whose wavelengths are shorter than about
10-? (one ten-billionth) of a meter. These rays are very energetic and penetrative, so
they can cause substantial radiation injuries to humans. Gamma rays are usually
produced by the most powerful processes in the universe, such as exploding stars
and supermassive black hole systems.
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What is the twin paradox?

f objects traveling at different speeds through space will experience the pas-

sage of time differently, then it is possible to imagine a situation in which
a pair of identical twins could wind up as two people of different ages. If one
of the twins were placed on a fast-moving vehicle at birth, and the other twin
were to stand relatively still, then they would age at different rates. This is
called the “twin paradox.”

What are X rays?

X rays are electromagnetic waves whose wavelengths range between about 10~ and
1078 (one ten-billionth and one hundred-millionth) of a meter. This kind of radia-
tion can penetrate the tissues of the human body, so it may be used to take pictures
of people’s internal systems and skeletons, for example, at a doctor’s office.

What are ultraviolet rays?

Ultraviolet rays are electromagnetic waves whose wavelengths range between about
10-® and 3.5 X 107 meters. This is the kind of radiation that causes suntans and
sunburns on human skin.

What are visible light waves?

Visible light waves are electromagnetic waves whose wavelengths range between
about 3.5 X 107 and 7 X 107" meters. This is the kind of electromagnetic radiation
that human eyes can detect; it can roughly be divided into seven colors: violet, indi-
g0, blue, green, yellow, orange, and red.

What are infrared waves?’

Infrared waves are electromagnetic waves whose wavelengths range between about
7 X 107 and 10~ meters. Humans cannot see this kind of radiation, but they can
sense it as heat. Because of our warm body temperature we produce radiation most-
ly in the form of infrared waves. That is how some kinds of “night-vision goggles”
work: they detect infrared waves coming from objects and people, even when there
is not enough visible light for humans to see well.

What are microwaves?’

Microwaves are electromagnetic waves whose wavelengths range between about
0.0001 and 0.01 meters. This kind of radiation can be used to heat water, such as in
microwave ovens, or for wireless communications, such as in cellular telephones.
Microwaves are also emitted by the universe itself. The residual heat from the



What is the difference between electromagnetic waves
and electromagnetic radiation?

lectromagnetic waves and electromagnetic radiation are the same thing,

but the terms are used in different contexts. Electromagnetic forces, as
carried by photons, can be considered either to be waves emanating outward
from a source, or as particles traveling outward from a source.

beginning of the universe leaves deep space at a temperature of about 2.7 Kelvin
(2.7 degrees above absolute zero), which causes space to emit microwave radiation.

What are radio waves?

Radio waves are electromagnetic waves whose wavelengths are longer than about
0.01 meters. On Earth, they can be used for communications, such as for radio or
television broadcasts. In the cosmos, they are produced in large amounts by strong
electromagnetic fields, fast-moving charged matter, or even by clouds of interstel-
lar hydrogen gas.

QUANTUM MECHANICS

How can light be both a particle and a wave?

Light can be represented either as unit particles (photons) or unit waves. This phe-
nomenon, known as wave-particle duality, is a fundamental tenet of quantum
mechanics, which describes the motion of particles on very small size scales.

What is quantum mechanics?

Quantum mechanics is a theory that describes the motion and behavior of matter
and energy on microscopic scales. The physical laws that describe how stars, plan-
ets, and people move around in the universe simply do not work when dealing with
atoms, molecules, and subatomic particles. Some of the basic concepts of quantum
mechanics include:

—Wave-particle duality: Light is both a wave and a massless particle. Particles
with mass can also be thought of as “matter waves.” As a consequence, even
though photons have no mass, they do have momentum and can produce force.
This is very different from Newton’s laws of motion, which require that objects
have mass in order to have momentum and force.

—Discrete positions and motion: On very tiny scales, matter cannot be in every
possible location. Rather, in the vicinity of any particle (for example, an atomic
nucleus), other particles can only be in certain locations and at certain distances,
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How did the concept of light’s particle-wave duality develop?

saac Newton championed the so-called “corpuscular theory,” the idea that

light is carried by particles. Christian Huygens, on the other hand, support-
ed the so-called “wave theory” of light. The debate went unsettled for more
than a century, until James Clerk Maxwell (1831-1879) established the theory
of electromagnetism and how electromagnetic force travels in waves. That the-
ory appeared to confirm that light was carried by waves. Soon afterward, how-
ever, the study of thermodynamics showed that the wave theory did not com-
pletely explain the behavior of light. Eventually, in 1900 and 1905 respective-
ly, Max Planck (1858-1947) and Albert Einstein showed that light energy could
indeed be explained as being carried by particles. The debate between the par-
ticle and wave theories of light was not settled for decades after this. Finally, a
theory was developed that struck a balance between the two ideas: quantum
mechanics, which explained that light was both a wave and a particle.

dictated by the properties of each particle. One way to think about it is to imag-
ine a person who is going up or down a flight of stairs, but it is only possible to
stand at the heights where there are steps, and not in mid-air between two steps.
Again, this is different from Newton’s laws, where objects can be any distance
from one another as long as the right amount of momentum or force is present.

—Uncertainty and fluctuation: On tiny scales, it is not possible to measure the

motion or the energy of any particle at any given location or time with perfect

accuracy. In fact, the more precisely a location or a time interval is measured,

the less precisely known is the amount of motion or energy. That means that,

for example, large flashes of energy could appear and disappear in tiny amounts

of time (much, much less than a trillionth of a second!), and we would never
notice because the time interval is too
short for us to observe the flashes. Sci-
entists hypothesize that a drastic ener-
gy fluctuation of this kind might have
occurred at the birth of our universe—
the Big Bang.

Who was Max Planck and what did
he contribute to our understanding of
matter and quantum mechanics?

German physicist Max Planck (1858-
1947) figured prominently in the devel-
opment of modern physics, especially in
the field of quantum mechanics. As he

Max Planck. (Library of Congress) studied how thermal radiation—elec-



tromagnetic waves emitted by hot
objects—worked, Planck was the first to
derive a mathematically correct way to
describe the spectral distribution of
energy from a thermally emitting
object. To do that, however, Planck used
a mathematical method that suggested
that light was comprised not of contin-
uous waves, but of particles or “pieces”
of light called quanta. His theory soon
proved to be a fundamental property of
light. Today, the main research organi-
zation in his native Germany is known
as the Max Planck Society, and the
national laboratories of natural sciences
in Germany are called the Max Planck
Institutes in his honor.

Ernest Rutherford. (Library of Congress)

Who was Ernest Rutherford and what did he contribute to our
understanding of matter and quantum mechanics?

New Zealand physicist Ernest Rutherford (1871-1937) contributed greatly to the
understanding of matter, especially its microsocopic structure, and to the under-
standing of radioactivity. Rutherford is credited with creating the names “alpha,”
“beta,” and “gamma” rays to describe different kinds of radioactive emissions. In his
most famous experiment, he tried to figure out the structure of atoms by firing
radioactive particles at a thin sheet of gold atoms. He expected the particles to be
slightly deflected by the atoms; instead, to his surprise, very few particles were
deflected at all, and some of them bounced right back as if they had hit a solid wall.
Rutherford interpreted this result to mean that atoms consist of a large volume of
emptiness, occupied by tiny negative charges, and a very small but very dense
nucleus that contained positive charge. Rutherford’s experimental result was the
strongest evidence that matter is actually built of atoms.

How did Albert Einstein contribute to our understanding of matter and
quantum mechanics?

In 1905 Albert Einstein not only published his special theory of relativity, but also
two other theories that became part of the fundamental understanding of matter in
the universe. In one of the two theories, he explained that Brownian motion—the
seemingly random jiggling motions of microscopic fat globules suspended in milk
or water—were caused by individual atoms and molecules moving around the sus-
pension, striking the globules and causing them to move. In the other theory, he
explained that the photoelectric effect—in which light of certain colors striking
sheets of metal would produce electric currents, whereas light of other colors would
not—was caused by light acting as both a wave and a particle. The Brownian motion
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Who eventually helped settle the theory of
quantum mechanics, and when did it happen?

ost scientists agree that it was not until about 1937 that quantum

mechanics was finally considered the correct way to describe the behav-
ior of matter and energy on microscopic scales. Scientists such as the English
physicist Paul Dirac (1902-1984), German physicist Wolfgang Pauli (1900—
1958), French physicist Louis de Broglie (1892-1987), Austrian physicist Ernest
Schroedinger (1887-1961), and the German physicist Werner Heisenberg
(1901-1976) all worked to help establish the mathematical framework for the
theory and decipher the details of quantum phenomena. Overall, no single
person can be credited with the discovery of quantum mechanics. As with
many triumphs of science, many brilliant people worked for a very long time
to figure out how it all came together.

result further helped prove the existence of atoms; and the photoelectric effect
result showed that new physical ideas, such as quantum mechanics, were necessary
to explain the nature and behavior of light.

How has quantum mechanics advanced in recent years?

As with all important scientific theories, quantum mechanics has advanced a great
deal since its initial formulation and confirmation. The original quantum theory
has advanced to the point today where scientists have described what the standard
models of subatomic particles in the universe are (such as fermions, bosons, quarks,
leptons, and so forth) and their very complex behaviors and interactions (quantum
electrodynamics, quantum chromodynamics, and more). The fundamental nature
of matter and energy is still being studied today, and many more exciting discover-
ies and advances are sure to come in the future.



CHARACTERISTICS OF THE UNIVERSE

What is the universe?

The universe is all of space, time, matter, and energy that exist. Most people think
of the universe as just space, but space is just the framework, the “scaffolding” in
which the universe exists. Furthermore, space and time are intimately connected in
a four-dimensional fabric called spacetime.

Amazingly, some hypotheses suggest that the universe we live in is not all there
is. In this case, there is more than just space, time, matter, and energy. Other
dimensions exist, and possibly other universes. None of those models, however,
have yet been confirmed.

Why does the universe exist?

That, for better or worse, is not answerable by science alone. Astronomy can describe,
however, a theory that explains how the universe began.

How old is the universe?

The universe is not infinitely old. According to modern astronomical measure-
ments, the universe began to exist about 13.7 billion years ago.

Is the universe infinite?

It has not yet been scientifically determined exactly how large the universe is. It
may indeed be infinitely large, but we have no way yet to confirm this possibility
scientifically. 33
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Scientists estimate that the universe is about 13.7 billion years old. (VASA/JPL-Caltech/A. Kashlinsky)

What is the structure of the universe?

The structure of the universe—as opposed to the structure of matter in the uni-
verse—is determined by the shape of space. The shape of space is, surprisingly,
curved. On a very large scale—millions or even billions of light-years across—space
has a three-dimensional “saddle shape” that mathematicians refer to as “negative cur-
vature.” In our daily lives, however, it is such a tiny effect that we do not notice it.

On smaller scales—that of planets, stars, and galaxies—the structure of the
universe can be altered by massive objects. This alteration manifests itself as the
curvature of space and time, as explained by the general theory of relativity.

How big is the universe?

Here on Earth, in the Milky Way galaxy, there is a limit to how far out into the uni-
verse humans can observe, regardless of what technology is used. Imagine, for
example, being on a ship in the middle of the ocean. If you look in all directions, all
you see is water, out to a certain distance. But Earth’s surface extends far beyond
that horizon limit. The farthest limit to our viewing is called the cosmic horizon,
which is about 13.7 billion light-years away, or about 80 billion trillion miles, in
every direction. Everything within that cosmic horizon is called the observable uni-
verse. In many cases, for the sake of brevity, astronomers refer to the “observable
universe” as merely the “universe.”

As for the universe beyond the cosmic horizon, there is still no scientific way to
measure its size. There is no reason to think there is or is not a boundary far away.
However, it is possible for the universe to be limited in size and still not have an edge.
Think of the surface of our planet, for example. Earth’s surface area is finite, but
there is nowhere on Earth where you could reach the “end” of Earth in a boat and
fall off our planet. In a huge, three-dimensional way, our universe, might be similar.

What are the possible shapes of the universe?

There are three general categories of possible shapes of the universe: open, flat, and
closed. These adjectives refer to the kind of curvature that space has overall. Mas-
sive objects cause space to bend and curve; the universe itself is a massive object, so
the entire cosmos is curved, too.



What is the difference between a
closed universe, a flat universe,
and an open universe?

Closed universe—A closed universe
curves in upon itself, so that its total
volume could be limited. A two-dimen-
sional example might be the surface of a
sphere; there is no sharp edge, but the
overall shape is bounded. As a closed
universe expands, the edges of any given
volume of space “pinch” inward, so that
the expansion will ultimately end and
might reverse into a contraction called

the Blg Crunch. The universe is incredibly vast, stretching out billions of

Flat universe—A flat universe has light-years in every direction and containing billions of

. . galaxies. (VASA/JPL-Caltech/A. Kashlinsky)

no net curvature. A two-dimensional
example might be the surface area of a
cube. All the small curves caused by massive objects average out to zero; length,
width, and height are straight lines and extend all the way across the universe. As a
flat universe expands, the edges of any given volume of space will stay straight, and
the expansion will continue indefinitely.

Open universe—An open universe curves outward, so that its total volume can-
not be limited. A two-dimensional example might be an equestrian saddle; the cur-
vature bends away from the center of the shape, and would keep going without limit
if the surface were extended. As an open universe expands, the edges of any given
volume of space “bow” outward, so the expansion will not end.

ORIGIN OF THE UNIVERSE

How did the universe begin?

The scientific theory that describes the origin of the universe is called the Big Bang.
According to the Big Bang theory, the universe began to exist as a single point of
spacetime, and it has been expanding ever since. As that expansion has occurred,
the conditions in the universe have changed—from small to big, from hot to cold,
and from young to old—resulting in the universe we observe today.

Who were the first scientists to formulate the Big Bang theory?

In 1917 Dutch astronomer Willem de Sitter (1872-1934) showed how Albert Ein-
stein’s general theory of relativity could be used to describe an expanding universe.
In 1922, Russian mathematician Alexander Friedmann (1888-1925) derived an
exact mathematical description of an expanding universe. In the late 1920s, the Bel-
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gian astronomer Georges-Henri Lemaitre (1894—-1966) independently rediscovered
Friedmann’s mathematical formulation. Lemaitre deduced that if the universe were
indeed expanding, and has been doing so for its entire existence, then there would
have to be a moment in the distant past when the whole universe occupied just a
single point. That moment, and that point, would be the origin of the cosmos.
Lemaitre’s work, and that of de Sitter and Friedmann, were eventually confirmed
through observations; since Lemaitre was a Jesuit priest as well as an astronomer,
he has sometimes been called “the father of the Big Bang.”

Who developed the idea of a “hot” Big Bang?

The Russian-born American physicist George Gamow (1904-1968) furthered the
Big Bang model by including the distribution of energy in the universe. If such a
bang had occurred, he argued, the universe would have been incredibly hot very
soon after the bang—somewhere in the area of trillions upon trillions of degrees.
As the universe expanded, the heat in the universe would become distributed over
a larger volume, and the temperature would go down. After one second, the aver-
age cosmic temperature would drop to about a billion degrees; after half a million
years, the average temperature would be a few thousand degrees; and so on. Even
after billions of years had passed, however, Gamow showed that this background
heat would persist. After about 15 billion years, it would appear as a background
radiation field that would be just a few degrees above absolute zero. Gamow predict-
ed that this cosmic background radiation could be detected by its microwave radi-
ation. In 1965 the cosmic microwave background radiation was indeed discovered.

Is the Big Bang a theory or a fact?

It is a theory. Scientifically speaking, that makes it more powerful than fact. Facts are
single pieces of information, while theories incorporate many, many facts into a con-
ceptual model, which is then confirmed by a process of prediction, observation, and
experiment. In science, individual facts can be weak and often turn out to be wrong,
whereas theories are not easily disproved and are strongly supported by evidence.

The Big Bang theory has solid scientific evidence to support it, and its fundamen-
tal concepts have been scientifically proven to be correct. However, like all major the-
ories in science, there are many details yet unproven and many questions still unan-
swered. These many important unknowns will continue to lead scientists to search for
answers and make new discoveries, as they try to understand the cosmos.

According to the Big Bang theory, what happened when the
universe began?

The Big Bang theory does not explain why the Big Bang actually happened. A well-
established hypothesis is that the universe began in a “quantum foam”—a formless
void where bubbles of matter, far smaller than atoms, were fluctuating in and out
of existence on timescales far shorter than a trillionth of a trillionth of a trillionth
of a second. In our universe today, such quantum fluctuations are thought to occur,



What was there before the Big Bang?

t is not scientifically possible to ask what came “before” the Big Bang. That

is because time itself did not exist until the Big Bang occurred. Just as there
is nothing “north” of the North Pole, because Earth does not extend any far-
ther north, there was nothing “before” the first instant of time.

However, if you can imagine the existence of more than one universe—a
possible consequence of membrane theory or string theory—then it is possi-
ble that other universes, with other dimensions of space and time, could have
existed before the universe.

but they happen so quickly that they never affect what happens in the cosmos. But
if, 13.7 billion years ago, one particular fluctuation appeared but did not disappear,
suddenly ballooning outward into a gigantic, explosive expansion, then it is possi-
ble that something like today’s universe could have been the eventual result.

In another, more recently proposed hypothesis, the universe is a four-dimen-
sional spacetime that exists at the intersection of two five-dimensional structures
called membranes. Picture two soap bubbles that come in contact with one anoth-
er and stick together: the “skin” where the bubbles intersect is a two-dimensional
result of the interaction between two three-dimensional structures. If the mem-
brane hypothesis is correct, then the Big Bang event marked the moment the two
membranes made contact. Neither of these models has any kind of experimental or
observational confirmation yet.

How close to the initial instant of the Big Bang can the behavior of the
universe be traced?

The Big Bang event itself is a singularity, where (and when) the currently under-
stood laws of physics cannot describe what is going on. This means that the behav-
ior of the universe can only be traced back to a time after the Big Bang, when the
laws of physics first begin to apply. By combining the minimum size and time scales
that are described by the two major theories that describe the universe—general
relativity and quantum mechanics—scientists have deduced that the earliest time
that the behavior of the universe can be traced is about 10* seconds after the Big
Bang. That is a ten-millionth of a trillionth of a trillionth of a trillionth of a second!
This earliest, all-but-unknowable period of cosmic history is called the Planck time,
after the German physicist, and pioneer of quantum theory, Max Planck.

What was the size of the universe at the Planck time?

The size of the universe at the Planck time was approximately the distance light can
travel within that time interval. That means that the diameter of the universe was
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Has the universe always expanded
at the same rate since the Big Bang?

he current formulation of the Big Bang theory, as well as recent observa-

tional evidence obtained by astronomers, shows that the universe has not
always expanded at the same rate. Very soon after the Planck time, the uni-
verse went through a hyperinflationary period that suddenly increased the
diameter of the universe by at least a factor of ten billion billion; this is called
the inflationary model. Long after the hyperinflation ended, the expansion
returned to an almost-constant rate, slowed down very slightly, and then bil-
lions of years ago started speeding up. Right now, the expansion rate of the
universe is slowly but surely increasing. We live in an accelerating universe.

10-%° meters, or about a billionth of a trillionth of a trillionth of an inch. This length
is known as the Planck length.

How massive and how dense was the universe at the Planck time?

By using much of the same reasoning with which the Planck time and Planck
length are derived, it is also possible to calculate the mass and density of the uni-
verse at the Planck time. It turns out that the Planck mass minus the mass of the
universe 10~ seconds after the Big Bang is about a thousandth of a milligram.

That does not sound like much by terrestrial standards. Remember, though,
that mass is contained within a volume that is less than a hundredth of a billionth
of a billionth the diameter of an atomic nucleus. So the density of that primordial
universe is an incredible 10% times the density of water. Nothing in our universe
today that we know of, including the densest known black holes, even remotely
approaches that kind of density. Energy this concentrated must certainly behave in
ways almost unimaginable in the current universe, and that is almost certainly
reflected in everything that happened in the infant cosmos.

When and how did matter first form?

After the Planck time, the universe expanded rapidly, and all the energy rushed out-
ward to fill that expanding volume; as a result, the universe began to cool down. By
about a millionth of a second after the Big Bang, the temperature of the universe
was still well above a trillion degrees. But the energy density had probably dropped
enough that subatomic particles of matter could come into existence for brief peri-
ods of time, reverting back and forth between matter and energy. This state of the
universe, informally called the “quark-gluon soup,” may not even be the earliest
appearance of matter in the universe. Still, it is the hottest and earliest cosmic state
scientists have been able to simulate so far, using huge supercolliders that can gen-



erate microscopic bursts of tremendous
energy density.

Why is the inflationary model
important in the modern Big Bang
theory?

The inflationary model was proposed in

the early 1970s to explain two key

observations about the universe. First,

the matter and energy in the universe

appears to be statistically the same in

every direction, as far as astronomers

are able to observe. This means that

parts of the universe that do not share a An artist’s conception of the universe rapidly expanding after
cosmic horizon today—that is, parts the Big Bang. (iStock)

that should not have to be the same—

somehow shared a cosmic horizon long

ago in the past. (This is called the “horizon problem.”) Second, the geometry of the
universe is remarkably close to “flat” when, again, there is no reason why such a
special geometry should exist. (This is called the “flatness problem.”)

As it is currently modeled, the inflationary period in the early universe
addresses both the horizon problem and the flatness problem. The hyperinfla-
tion was so fast that it carried parts of space that used to share a cosmic hori-
zon away from each other, so that in the present universe they would be statis-
tically identical, even though they were no longer close enough to achieve bal-
ance with one another. In addition, the hyperinflation happened in such a way
that it forced all of space to become a “flat” geometric structure. Although the
model seems to explain what has been observed about the universe, it does not
explain why it happened, nor exactly how much larger the universe grew dur-
ing that time.

EVIDENCE OF THE BIG BANG

What evidence is there for the Big Bang based on the motion of objects
in the universe?

The expanding universe is a solid piece of observational evidence that the universe
began as the Big Bang theory describes. If space is getting larger all the time, then
that means the universe is larger now than it was yesterday. Similarly, it was larg-
er yesterday than it was last month, and larger last month than last year. By contin-
uing backward in time, it is possible to follow the trend all the way down to the
point where the entire universe was just a point. Based on the expansion rate of the
universe, that point was at a time about 13.7 billion years ago.
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Who discovered the cosmic microwave background?

n the 1960s, astronomers Arno Penzias (1933—) and Robert Wilson (1936-)

were conducting research at Bell Telephone Laboratories in Holmdel, New
Jersey. For their telescope they were using a very sensitive, horn-shaped
antenna that was originally developed to receive weak microwave signals for
use in wireless communications. While they were testing this antenna, Pen-
zias and Wilson detected a ubiquitous microwave static that came from all
directions in the sky. After examining four years of data, and checking care-
fully to be sure there was no interference or malfunction in the equipment,
they interpreted their “static” as a real signal, coming from outer space in
every direction. After consulting with astrophysics colleagues at Princeton,
they realized that they had indeed detected the cosmic microwave back-
ground. They published their results in 1965, and it was immediately recog-
nized as scientific evidence confirming the Big Bang theory.

What evidence is there for the Big Bang based on the nature of matter in
the universe?

The distribution of elements by mass in the early universe—75 percent hydrogen,
25 percent helium, and a tiny trace of other, heavier elements—matches the pre-
dictions of a hot Big Bang. This kind of elemental distribution probably came about
because, as the universe cooled and expanded, there was only a very short amount
of time (about three minutes!) when conditions in the universe could support the
creation of atomic nuclei from subatomic particles.

What evidence is there for the Big Bang based on the nature of energy in
the universe?

Perhaps the most convincing evidence confirming the Big Bang theory is the cos-
mic microwave background radiation: the leftover energy from the hot, early uni-
verse that still fills space and permeates the cosmos in every direction. Scientists
had predicted that such background radiation would indicate that the temperature
of space would be several degrees above absolute zero. The detection of the back-
ground radiation showed that the temperature was very close to 3 degrees Kelvin—
a spectacular success of the scientific method.

What follow-up study of the cosmic microwave background solidly
confirmed the Big Bang theory?

In 1992 NASA launched the Cosmic Background Explorer (COBE) satellite. Its pur-
pose was to study the nature of the cosmic microwave background radiation.
Instruments on COBE confirmed that the radiation detected by Penzias and Wilson



Three views of the universe from observatories show the stars and galaxies as they appear in the visible light spectrum, in
infrared, and how the microwave background appears. This microwave background provides evidence of the Big Bang,
according to astronomers. (NASA/JPL-Caltech/A. Kashlinsky)

in 1967 was a nearly perfect profile of the temperature of the universe, and that the
cosmic microwave background temperature was almost exactly 2.73 degrees Kelvin
(about 454.7 degrees below zero Fahrenheit). Furthermore, careful analysis showed
that there are tiny variations of temperature in the background radiation: these
variations were barely a few ten-thousandths of a degree Kelvin and are the fos-
silized signature of the original miniscule fluctuations of the matter and energy
density in the early universe from nearly 13.7 billion years ago. Those fluctuations
seeded the changes that have since caused the universe to age and evolve from what
it once was—a kernel of spacetime nearly uniformly filled with energy—into what
it is today—a vastly variegated tapestry of dense and sparse regions, sprinkled with
galaxies, stars, planets, and more.

EVOLUTION OF THE UNIVERSE

Who first showed that the universe is expanding?

The same astronomer who showed that galaxies exist outside the Milky Way also
demonstrated that the universe is expanding. Edwin Hubble continued to study
galaxies after his pioneering measurement of the distance to the Andromeda Galaxy.
He examined the relationship between the motion of a galaxy and the distance the
galaxy is away from Earth. He discovered that the farther away a galaxy is, the faster
it moves away from us, which is the telltale sign of an expanding universe.

What is the Hubble Constant?

The expansion rate of the universe is called the Hubble Constant in honor of Edwin
Hubble (1889-1953). Currently the best measured value of the Hubble Constant is
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How does the Doppler effect work for sound?

N amed for the ninetheeth-century physicist Christian Johann Doppler
(1803-1853), the Doppler effect occurs when a source of sound is moving
toward or away from a listener. If the source is moving toward the listener, the
sound wave’s wavelength decreases, and the frequency increases, making the
sound higher-pitched. Conversely, if the source is moving away from the listen-
er, the sound wave’s wavelength increases, and the frequency decreases, making
the sound lower-pitched. The next time a car or train passes by you on the
street, listen to the sound it is making as it approaches and then moves away.

about 73 kilometers per second per megaparsec. That means that, if a location in
space is one million parsecs from another location, then in the absence of any other
forces or effects the two locations will be moving apart from one another at the
speed of 163,000 miles (263,000 kilometers) per hour.

How did Hubble use the Doppler effect to measure the universe?

Hubble measured the galaxies’ Doppler effect—the shift in the observed color of
objects moving toward or away from an observer—by mounting a machine called a
spectrograph on a telescope. He split the light from distant galaxies into its compo-
nent parts and measured how far the wavelengths of emitted light shifted toward
longer wavelengths.

How does the Doppler effect work for light?

When an object emitting light—or any kind of electromagnetic radiation, for that mat-
ter—moves toward someone, the wavelength of its emitted light is decreased. Con-
versely, when the object moves away, the wavelength of its emitted light is increased.
For visible light, the bluer part of the spectrum has shorter wavelengths, and the red-
der part of the spectrum has longer wavelengths. Thus, the Doppler effect for light is
called a “blueshift” if the light source is coming toward an observer, and a “redshift” if
it is moving away. The faster the object moves, the greater the blueshift or redshift.

Who first discovered the Doppler effect for light from an
astronomical source?

The first astronomer to observe a Doppler shift from a distant object was Vesto
Melvin Slipher in 1912. Slipher (1875-1969) used telescopes to photograph and
study large fuzzy patches of gas and dust, called nebulae, which were thought to be
within the Milky Way galaxy. Much to everyone’s surprise, Slipher found that many
of these patches were made of stars, which suggested that they could be distant
galaxies like the Milky Way.



How does Hubble’s original expansion rate compare
to the modern value of the Hubble Constant?

t is way off—about seven times greater than the modern value. Even so,

Edwin Hubble’s measurement methods made sense, and his general con-
clusion—the correct formula that distance to an object is directly proportion-
al to its velocity away from the observer—is a relation known today as the
Hubble Law. As a result, astronomers today still give him credit for the dis-
covery of the expanding universe.

In 1903 Slipher accepted a scientific position at the Lowell Observatory in
Flagstaff, Arizona. He was brought to Flagstaff by the astronomer Percival Lowell to
investigate these nebulae. Lowell thought that some of these cloud-like structures,
particularly the ones that had spiral patterns, might be the beginnings of other
solar systems within our galaxy. Slipher’s job was to study the spectra of the nebu-
lae so they could be carefully analyzed.

Studying the remarkable spectrum of the Andromeda nebula, Slipher dis-
covered it did not match the spectrum of any known gas. Rather, it was more
like the spectrum made by starlight. Even more amazing, the colors of that
starlight appeared to be blueshifted. Slipher concluded that the Andromeda
nebula was actually moving toward Earth at a remarkable speed of about half a
million miles per hour. Over the following years, Slipher analyzed the spectra of
12 other spiral nebulae. He found that some were moving toward Earth and
some were moving away. Furthermore, these nebulae were moving at remark-
able speeds of up to 2.5 million miles per hour (1,100 kilometers per second).
He concluded that these objects were not nebulae at all, but entire systems of
millions or billions of stars, so distant that they had to be galaxies. Slipher’s pio-
neering work was later confirmed by Edwin Hubble, who used Cepheid variables
as standard candles to prove that the great nebula in Andromeda was in fact the
Andromeda Galaxy.

What rate of expansion did Edwin Hubble measure for
the universe?

Edwin Hubble’s original measurement of the expansion rate of the universe was
about 500 kilometers per second per kiloparsec.

Aside from cosmic expansion, what other forces might move
objects in the universe?

Aside from being carried along by cosmic expansion, the only other force in the uni-
verse that can make large objects like planets, stars, and galaxies move large dis-
tances is gravity.
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What is the universe expanding into?

The whole universe is expanding. That means that all of space is expanding, and
every location in space is moving away from every other location in space, unless
there is mass nearby creating gravity. So our three-dimensional space cannot be
expanding into another three-dimensional space.

One way to think of this is to imagine a balloon being inflated. The balloon is a
curved, two-dimensional piece of elastic rubber that is expanding as it is inflated. It
is not expanding into another two-dimensional surface, however. Rather, the bal-
loon is expanding into a three-dimensional space. By adding one dimension to this
example, the result is a three-dimensional space that can be thought of as expand-
ing into an extra dimension. In the case of the universe, this is the four-dimension-
al spacetime that comprises the cosmos.

BLACK HOLES

What objects in the universe have the strongest gravity?

The most massive objects in the universe exert the most gravity. However, the
strength of a gravitational field near any given object also depends on the size of the
object. The smaller the object, the stronger the field. The ultimate combination of
large mass and small size is the black hole.

What is a black hole?

One definition of a black hole is an object whose escape velocity equals or exceeds
the speed of light. The idea was first proposed in the 1700s, when scientists hypoth-
esized that Newton’s law of universal gravitation allowed for the possibility of stars
that were so small and massive that particles of light could not escape. Thus, the
star would be black.

What does relativity have to do with black holes?

The idea of black or dark stars was interesting, but it was not explored scientifically
for more than a century after the notion was proposed in the 1700s. After 1919, when
the general theory of relativity was confirmed, scientists started to explore the impli-
cations of gravity as the curvature of space by matter. Physicists realized that there
could be locations in the universe where space was so severely curved that it would
actually be “ripped” or “pinched off.” Anything that fell into that location would not
be able to leave. This general relativistic idea of an inescapable spot in space—a hole
where not even light could leave—Iled physicists to coin the term “black hole.”

How can astronomers find black holes if they cannot see them?

The key to finding black holes is their immense gravitational power. One way to find
black holes is to observe matter moving or orbiting at much higher speeds than



Astronomers can detect black holes by searching for sources of X-ray radiation.The image compiled using data from the
Spitzer Space Telescope and Hubble Space Telescope shows X-ray sources indicating black holes; the image on the right shows
the same section of space in normal, visible light. (NVASA/JPL-Caltech/Yale)

expected. By carefully mapping the motion, and then applying Kepler’s third law of
orbital motion, it is possible to measure the mass of an object even without seeing
the object itself.

The deep gravitational field of a black hole can also produce a tremendous
amount of light nearby and around itself, even if the hole itself is dark. Matter
falling into a black hole runs into a lot of other material that has collected around
the hole. Just as a meteorite or spacecraft gets hot as it enters Earth’s atmos-
phere, the infalling matter gets hot from the frictional drag too, sometimes
reaching temperatures of millions of degrees. That hot material glows brightly
and emits far more X-ray radiation and radio waves than would normally be
expected from such a small volume of space. By searching for these tell-tale emis-
sions, astronomers can deduce the presence of black holes even though they can-
not see the holes themselves.

What kinds of black holes are there?

Two categories of black holes are known to exist, and a third kind has been hypoth-
esized but not yet detected. One kind, known loosely as a stellar black hole or low-
mass black hole, is found wherever the core of a very massive star (usually 20 or
more times the mass of the Sun) has collapsed. The other known kind, called a
supermassive black hole, is found at the centers of galaxies and is millions or even
billions of times more massive than the Sun.

The third kind of black hole, called a primordial black hole, is found at random
locations in space. It is hypothesized that these black holes were created at the
beginning of cosmic expansion as little “imperfections” in the fabric of spacetime.
However, no such black hole has yet been confirmed to exist.
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Do black holes really exist?

Yes, black holes most certainly exist. Astronomers were not sure whether
or not black holes did exist for many years after their properties were
hypothesized. Starting in the 1970s, observational evidence began to show
conclusively that black holes do populate the galaxy and the universe. Today,
thousands of black holes are known to exist, and the total population of black
holes may number in the many billions.

What is the structure of a black hole?

The center of the black hole—the actual “rip” or “pinch” in the fabric of space-
time—is called the singularity. It is a single point that has no volume but infinite
density. Amazingly, the laws of physics as we understand them simply do not work
at the singularity of a black hole the way they do in the rest of the universe.

Surrounding the singularity is a boundary called the event horizon. This is the
place of no return, where the escape velocity for the black hole is the speed of light.
The more massive the black hole is, the farther the event horizon is from the sin-
gularity, and the larger the black hole is in size.

Can anything escape a black hole?

According to British physicist Stephen Hawking (1942-), energy can slowly leak out
of a black hole. This leakage, called Hawking radiation, occurs because the event
horizon (boundary) of a black hole is not a perfectly smooth surface, but “shim-
mers” at a subatomic level due to quantum mechanical effects. At these quantum
mechanical scales, space can be thought of as being filled with so-called virtual par-
ticles, which cannot be detected themselves but can be observed by their effects on
other objects. Virtual particles come in two “halves,” and if a virtual particle is pro-
duced just inside the event horizon, there is a tiny chance that one “half” might fall
deeper into the black hole, while the other “half’ would tunnel through the shim-
mering event horizon and leak back into the universe.

What does Hawking radiation do to black holes?

Hawking radiation is a very, very slow process. A black hole with the mass of the Sun,
for example, would take many trillions of years—far longer than the current age of
the universe—before its Hawking radiation had any significant impact on its size or
mass. Given enough time, though, the energy that leaks through a black hole’s event
horizon becomes appreciable. Since matter and energy can directly convert from one
to another, the black hole’s mass will decrease a corresponding amount.

According to theoretical calculations, a black hole having the mass of Mount Ever-
est—which, by the way, would have an event horizon smaller than an atomic nucle-



us—would take about 10 to 20 billion
years to lose all its energy, and thus mat-
ter, back into the universe due to Hawk-
ing radiation. In the final instant, when
the last bit of matter is lost, the black hole
will vanish in a violent explosion that may
release a huge blast of high-energy
gamma rays. Perhaps astronomers may
someday observe just such a phenome-
non and confirm the idea of Hawking
radiation as a scientific theory.

What happens when a black

hole spins?

ole Sp s Physicist Stephen Hawking (seated) visits the CERN particle
When a black hole rotates, the shape  physics laboratory in Geneva, Switzerland. Hawking first
and structure of the event horizon can theorized that black holes could emit radiation that would,

. . after billions of years, eventually cause the black hole to

change. If a black hole? is not rotating, disappear. (M. Brice, CERN)
then the event horizon is a perfect sphere
centered on its singularity. As a black
hole spins, the event horizon flattens into a sort of thick doughnut shape, and a
structure called the ergosphere can develop. Here, light beams do not escape the

black hole but instead orbit around the singularity.

What happens if a spinning black hole has electric charge?

When charged particles spin around and around, electromagnetic fields are pro-
duced. Since black holes contain large amounts of mass in small volumes, the speed
of the spin can be enormous, and the density of the electrical charge can be enor-
mous as well. The combination produces some of the strongest magnetic fields any-
where in the universe.

In this situation, when matter falls toward the black hole it not only gets
superhot but also supermagnetized. While much of the falling material disap-
pears into the black hole never to be seen again, some of it will be channeled
into the magnetic fields and fired outward along superpowerful, magnetically
focused jets. Depending on how massive and strongly charged the black hole is,
these jets could propel matter into space at 99 percent the speed of light or
more and extend for thousands or even millions of light-years. These relativis-
tic jets emanating from black hole systems are some of the most dramatic struc-
tures in the cosmos.

How big are black holes?

The singularity at the center of any black hole has no volume. The size of the event
horizon—the boundary of no return—of a black hole, on the other hand, varies
depending on the black hole’s mass. The mathematical relationship between the
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Can black holes do anything other than just
attract other matter with their gravity?

ccording to a well-known quote from American physicist John Archibald

Wheeler (1911-), “A black hole has no hair.” That means that by their
very nature black holes only have very basic properties; they do not have any
complex structures the way stars or galaxies might. The only properties that
black holes are thought to have are mass (weight), rotation (spin), and elec-
tric charge.

mass of a black hole and the size of its event horizon was derived by the German
astrophysicist Karl Schwarzschild (1873-1916). The radius of a black hole’s event
horizon is named the Schwarzschild radius in his honor.

Generally speaking, the Schwarzschild radius of a stellar black hole is about a
hundred miles, while the Schwarzschild radius of a supermassive black hole ranges
from a few million to a few billion miles. (For reference, the average distance
between the Sun and Pluto is about three billion miles.) If the Sun were squeezed
small enough to become a black hole, its Schwarzschild radius would be about
three miles; and if Earth were squeezed small enough to become a black hole, its
Schwarzschild radius would be about three-quarters of an inch.

Where are some black holes located in our galaxy?
The table below lists some known black holes in the Milky Way galaxy.

Black Holes in the Milky Way Galaxy

Name Probable Mass Approx. Distance from Earth
in solar masses in light-years
A0620-00 9-13 3,000-4,000
GRO J1655-40 6-6.5 5,000-10,000
XTE J1118+480 6.4-7.2 6,000-6,500
Cygnus X-1 7-13 6,000-8,000
GRO J0422+32 3-5 8,000-9,000
GS 2000-25 7-8 8,500-9,000
V404 Cygnus 10-14 10,000
GX 339-4 5-6 15,000
GRS 1124-683 6.5-8.2 17,000
XTE J1550-564 10-11 17,000
XTE J1819-254 10-18 less than 25,000
4U 1543-475 8-10 24,000

Sagittarius A* 3,000,000 Center of the Milky Way



What would happen to a person who fell into a black hole?

hat depends on the size of that black hole. If a human fell into a small

black hole with a high density, very strong tidal forces would cause sub-
stantial physical destruction to his or her body. The front of the body would
be accelerated so much more vigorously than the rear that the atoms and
molecules would be pulled apart from one another. The unfortunate person
would flow into the black hole as a stream of subatomic particles.

However, if someone fell into a supermassive black hole with a low densi-
ty, there would be no such tidal forces to contend with. In that case, the rela-
tivistic effects of being near the event horizon of a black hole would become
apparent. As the person fell closer and closer to the event horizon, his or her
speed would get closer and closer to the speed of light, and the faster the speed,
the slower one moves through time. Eventually, the person would move so
slowly through time that he or she would effectively freeze, never reaching the
event horizon. In fact, the event horizon will grow outward to meet the per-
son. As it did so, the person’s body would change from matter into energy, fol-
lowing the formula E = mc?, and disappear into the black hole forever.

How dense are black holes’

Based on Karl Schwarzschild’s formula for the radius of a black hole’s event hori-
zon, the density of a black hole depends very strongly on its mass. A black hole the
mass of Earth, for instance, would have more than 200 trillion trillion times the
density of lead. On the other hand, a black hole that is one billion times the mass
of the Sun would have an average density much lower than the density of water.

Could a giant black hole someday consume the entire universe?

No, a giant black hole will not consume our universe. Remember, black holes are deep
gravitational structures, not cosmic “vacuum cleaners,” and they do not “suck” things
in. Picture a manhole in a construction zone on a busy city sidewalk: if someone falls
in, he or she may not come back out again, but if one avoids the hole and its environ-
ment then there is no danger. That is the same way a black hole works. No matter how
massive a black hole is, there is always a limit to its gravitational influence, and mat-
ter that lies beyond that limit will not be affected by the black hole at all.

WORMHOLES AND COSMIC STRINGS

What is a wormhole?

According to current hypotheses, a wormhole is an imperfection in spacetime that
has two ends. Instead of a black hole, which only has one point singularity in space-
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Could wormholes be used to travel faster than light?

Mathematically, it is possible to manipulate the equations of Einstein’s
general theory of relativity to create a wormhole that could stretch
across a large distance in space. Then, if the known laws of physics do not
apply in the wormhole, it might be mathematically possible to go from one
end to the other in an amount of time shorter than a beam of light would take
to traverse that same distance. However, those same manipulated equations
suggest that nothing larger than microscopic particles could get through a
wormhole without being destroyed by the extreme conditions within.

time, a wormhole could have one point where matter can only enter and another
point where matter can only exit.

Do wormholes really exist?

No wormhole has ever been detected. Science fiction writers like to invoke worm-
holes as useful ways to violate the known laws of physics (for instance, making
objects disappear into nothingness or appear out of nowhere, for no apparent rea-
son), but real wormholes, if they exist, would destroy anything on a terrestrial scale
that is near one of its openings.

What is a cosmic string?

According to current hypotheses, a cosmic string is a giant vibrating strand or
closed loop of matter; it is almost like a black hole, but long and thin, rather than
a point or sphere. Cosmic strings may have been produced by gravitational shifts in
the early universe. They could be envisioned as “creases” left in an otherwise
smooth transition from the initial phases of cosmic evolution. They might also be
described as “wrinkles” in the texture of the universe, moving and wiggling around
in spacetime. A cosmic string may be many light-years long, but far thinner than
the width of a human hair, and may contain the mass of billions upon billions of
stars. A cosmic string may also carry an extremely strong electrical current.

Do cosmic strings really exist?

No cosmic string has ever been detected. Every once in a while, observational evidence
suggests that a cosmic string might have been seen, but these observations have never
been confirmed. It may be possible that the universe may have contained many cosmic
strings early in its history, but almost all of them may have decayed away by now.

Can cosmic strings be used to travel backward in time?

The American astrophysicist J. Richard Gott (1938-) has published a book describ-
ing a special kind of time machine that might be possible using cosmic strings. In



a nutshell, if there are two straight cosmic strings passing close by to one another
as they move about in the universe, the spacetime between the two strings will be
heavily distorted by the strings’ gravitational influence, and time could loop around
in a strange configuration. If an object can somehow follow that loop in exactly the
right way, it could wind up taking a wild, corkscrew path through time so that it
would end up in a location in spacetime before where it started. Research into the
theoretical possibilities of such a “Gott time machine” continues, but again, no cos-
mic strings have ever been detected, let alone two.

DARK MATTER
AND DARK ENERGY

What is dark matter?

In the 1930s, astronomer Fritz Zwicky (1898-1974) noticed that, in the Coma clus-
ter of galaxies, many of the individual galaxies were moving around so fast that
there had to be a tremendous amount of gravitational pull toward the center of the
cluster; otherwise, the galaxies would literally fling themselves out of the cluster.
The amount of matter that needed to

exist in the cluster to produce that

much gravity far exceeded the amount

of matter observed in all the galaxies in

the cluster put together. This extra mat-

ter became known as “dark matter.”

In 1970 astronomer Vera C. Rubin
(1928-) and physicist W. Kent Ford
showed that stars in the Andromeda
Galaxy were moving so fast that for the
stars to stay in the galaxy there had to
be a tremendous amount of matter sur-
rounding and enveloping the entire
galaxy like a giant cocoon. Since this
matter is not visible to telescopes by the
light it emits, but rather only by the
gravity it exerts, this, too, is an example
of evidence for dark matter.

After decades of further study, dark
matter has now been confirmed as an
important constituent of matter around
galaxies, in clusters of galaxies, and
throughout the universe as a whole. Anartist’s drawing of the Spitzer observatory observing the
According to the latest measurements object OGLE-2005-SMC-001, a dark body that can only be
f th . h ” detected by analyzing light sources around it. Such objects
about 80 percent of the matter in the are evidence of dark matter in the universe. (NASA/JPL-

universe is dark matter. Caltech/R. Hurt)
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What is dark energy?

When Albert Einstein, Willem de Sitter, Alexander Friedmann, Georges-Henri
Lemaitre and others were working on the nature of the universe in the early twen-
tieth century, Einstein introduced a mathematical term into his equations to keep
a balance between cosmic expansion and gravitational attraction. This term became
known as the “cosmological constant,” and seemed to represent an unseen energy
that emanated from space itself.

After Edwin Hubble and other astronomers showed that the universe was
indeed expanding, the cosmological constant no longer appeared to be necessary,
and so it was not seriously considered again for decades. Then, starting in the
1990s, a series of discoveries suggested that the “dark energy” represented by the
cosmological constant does indeed exist. Current measurements indicate that the
density of this dark energy throughout the universe is much greater than the den-
sity of matter—both luminous matter and dark matter combined.

Though astronomers have measured the presence of this dark energy, we still
have no idea what causes this energy, nor do we have a clue what this energy is
made of. The quest to understand the cosmological constant in general, and dark
energy in particular, is one of the great unsolved questions in astronomy today.

What is dark matter made of?

Nobody has any real idea of what dark matter is. There exist some educated guess-
es, such as a new class of “weakly interacting massive particles” (WIMPs) or huge
agglomerations of them (“WIMPzillas”); another class of “charged undifferentiated
massive particles” (CHUMPs); or very light, neutral subatomic particles called neu-
tralinos. No dark matter particle has ever been detected, however, so these possibil-
ities are still nothing more than educated guesses.

How does dark matter affect the shape of the universe?

Dark matter in the universe exerts a gravitational pull in the expanding universe.
The more dark matter there is in the universe, the more likely it would be that the
universe would have a closed geometry, and that the universe would end in a Big
Crunch.

How does dark energy affect the shape of the universe?

Dark energy apparently counteracts gravity by making space expand more energet-
ically. If the amount of dark energy in the universe is, as astronomers think, pro-
portional to the amount of space, then the continuing expansion of the universe
means that the total amount of dark energy keeps increasing. Since the total
amount of mass in the universe is not increasing, that means that the expansive
effect of dark energy will ultimately overcome the contractive effect of dark matter.
The more dark energy there is, the more open the geometry of the universe will
tend to be, and the faster the expansion rate of the universe will increase over time.



Have astronomers determined the matter
and energy density of the universe?

ased on measurements of the gravitational effects of dark matter and

luminous matter in the distant universe, astronomers have measured ()
(that is, Qpy + Q) to be about 0.3. Meanwhile, based on detailed observations
of distant Cepheid variables and Type Ia supernovae, astronomers have
deduced that the expansion rate of the universe is increasing. That means that
A is greater than zero. Finally, based on careful study of the cosmic
microwave background, astronomers have confirmed that the universe has a
flat geometry, meaning that {) + A = 1. Carrying the precision of these meas-
urements to two decimal places, the current measurements show that ) =
0.27 and A = 0.73. If these numbers hold true, then our universe is destined
to expand forever and there will be no Big Crunch.

How do astronomers describe the concentration of matter in
the universe?

Astronomers use the Greek capital letter omega () to represent the concentration,
or density, of matter in the universe. Sometimes, a subscript M is added ({)y) to
make clear that this is the concentration of matter; at other times, two subscripts
are used to distinguish the concentration of dark matter (Qpy) and of “baryonic” or
non-dark matter ().

If dark energy does not exist, then the matter density in the universe alone
determines the geometry and final fate of the cosmos. In that case, there are three
possibilities. If () is larger than one, then the universe would have a closed geome-
try and ultimately collapse in a Big Crunch. If it is equal to one, then the universe
would have a flat geometry and would expand forever. If it is less than one, then the
universe would have an open geometry and would also expand forever.

How do astronomers describe the concentration of dark energy in
the universe?

Astronomers use the Greek capital letter lambda (A) to represent the concentra-
tion, or density, of dark energy in the universe. Sometimes, because dark energy
also affects the geometry of the universe, the dark energy density is represented by
a subscripted component of omega (£,).

If dark energy does indeed exist, then the combined effect of the matter and
energy density in the universe determines the geometry of the universe. Thus, if ()
+ A) or, equivalently, (2, + Qy) is smaller than one, then the universe is open; if
it is greater than one, then the universe is closed; and if it is equal to one, then the
universe has flat geometry.
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Did all the forces of the universe used to be one force?

According to current theories, there are four fundamental forces in the
universe: gravity, electromagnetism, the strong nuclear force, and the
weak nuclear force. Each kind of force behaves differently and interacts with
matter in different ways. In the fractions of a second after the Big Bang, how-
ever, matter and energy did not exist in the forms they do today, so it is pos-
sible that the forces did not either. If a single force once existed that acted on
everything the same way, the separation of that force into its component parts
may have supercharged the early cosmos with energy, powering the period of
hyperinflation that is the key idea of the inflationary model of the universe.

MULTI-DIMENSION THEORIES

What caused the hyperinflation of the universe?

Nobody knows why hyperinflation occurred in the early universe. One possibility is
that, as the universe aged and cooled down, the fundamental forces in the universe
began splitting apart from one another, and one of those splits released titanic
amounts of energy that powered inflation.

What is spontaneous symmetry breaking?

Spontaneous symmetry breaking is a physical phenomenon by which something
balanced becomes permanently unbalanced. One example might be a ball sitting on
top of a hill: it is exactly balanced, but if the ball suddenly rolls down the hill to the
bottom, then the system is no longer balanced; since the ball will not roll uphill by
itself, the system is now permanently unbalanced. Most of us can think of symme-
try from, say, the example of paper folding. From a more general point of view, sym-
metry can be viewed as a measure of the order or complexity of a system: for exam-
ple, a crystal.

Theoretical cosmologists hypothesize that the fundamental forces of the uni-
verse split off from one another in a form of spontaneous symmetry breaking. If a
single, unified force existed with a certain “symmetry” just after the Big Bang, and
if that symmetry were somehow “broken” so that the unified force were fractured,
then the result might be several fundamental forces. Also, there would be a huge
release of stored-up energy that might power hyperinflationary expansion or other
kinds of activity in the early universe.

What is supersymmetry?

Supersymmetry is part of a hypothetical model of how the universe works. It gives
one explanation of how the universe might have evolved into its current state and



How can 10 or 11 dimensions exist in the universe?

One hypothetical model that explains how so many dimensions can exist
in our universe is the idea of compactification. Picture a big oil or natu-
ral gas pipeline stretching across a vast plain: when one stands next to it, it
clearly has the three dimensions of length, depth, and height. By moving away
a few feet, it increasingly seems like the pipeline has only length and height;
moving still farther away, it may seem like it only has one dimension: length.
In a sense, two of the pipeline’s three dimensions have now been “compacti-
fied.” They are still there, but they are too small to be observed. The same con-
cept might apply to dimensions beyond those of observable space and time.
This idea has been around for decades. However, it might be impossible to
confirm the existance of other dimensions because scientists would have to
observe size scales smaller than the Planck length to see the amount of com-
pactification necessary for the universe to behave as it does.

suggests that the universe is unified under a single symmetric framework. One
prediction of the supersymmetric model is that, for every kind of fundamental par-
ticle in the universe, there are symmetric partner particles or “sparticles” that
exist as well, but these are not readily observable. So far, no sparticle has yet been
detected. For this and other reasons, supersymmetry in the universe has not yet
been confirmed.

What is the “Grand Unified Theory”?

Some scientists think that all the physical laws of the universe might be described
by a single theory. One well-known scientist to study this “Grand Unified Theory”
idea was none other than Albert Einstein. He failed to create such a theory, but he
laid the groundwork for others who have been plugging away at it ever since. Many
of these models for a theory of everything are promising, but they are very complex
and still in their scientific infancy.

What is the best known “Theory of Everything” that is currently being
examined?

String theory is the name of the best-known hypothetical model that tries to
unify all the behavior of everything in the universe. The basic idea is that the par-
ticles in our universe are only four-dimensional parts of multi-dimensional
structures called strings. In this model, when particles interact in our universe,
they are really interacting on many dimensions. The results, even though they
may appear to be completely new particles, are just different “vibrational modes”
of the same strings.
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How can scientists prove that any of these theories are true?

hat is a huge obstacle in theoretical cosmology today. Scientists have pro-

posed some experiments that might confirm some of the predictions of
these cosmological hypotheses, but the technology required to conduct them
successfully does not yet exist. For example, one formulation of membrane
theory suggests that when a very massive star explodes in a supernova, a tiny
fraction of a percent of its energy might escape the universe and “leak” onto
one of the membranes. But supernovae are rare—one occurs in our Milky
Way only every century or so—and our modern telescopes and instruments
cannot possibly measure the total energy released by a supernova with near-
ly enough precision.

According to string theory, how many dimensions are there in the universe?

Currently, the most accepted model of string theory contains eleven dimensions.
This 11-dimensional “supersymmetric bulk” can spawn or anchor 10-dimensional
strings, which interact and create a 4-dimensional result that is our universe.

What is a ’brane?

A membrane, or 'brane for short, is a multi-dimensional structure that perhaps
exists in something like a supersymmetric bulk described above. Membranes can
move around in the bulk—Iike a huge jellyfish floating and swirling around in a
vast ocean—and interact with (that is, “bump into”) one another, possibly causing
vast releases or exchanges of energy. A cosmological model that invokes ’branes is
often called a membrane theory or M theory. There are even different kinds of
‘branes, which are given names like m-"branes, n-’branes, or p-’branes.

According to membrane theory, where is the universe located?

Hypothetically, it is possible to think of two five-dimensional membranes that con-
tact one another in one or more dimensions. The multidimensional intersection of
those ’branes could be, for example, a point, a line, a surface, or even a four-dimen-
sional spacetime. One idea, then, is that our universe, which is a four-dimensional
spacetime, exists because two membranes intersected, launching the expansion of
space and the beginning of time. That moment of intersection would thus be the
Big Bang, and the universe would then be at the intersection of two ’branes.

How might studying the smallest particles help resolve the origin of
the universe?

One important area in the study of the Big Bang and the origin of the universe is
particle physics. By generating and studying the smallest, most energetic subatom-



ic particles in huge particle accelerators, physicists can glimpse, if briefly, the con-
ditions that might have existed in the early universe. This can be done, for example,
by crashing atomic nuclei together that are moving at 99 percent or more of the
speed of light, and then seeing what comes out of the wreckage.

THE END OF THE UNIVERSE

Why does it matter what shape the universe is?

The shape of the universe affects what the final fate of the universe will be. The uni-
verse is currently expanding, and if the geometry of the universe is closed, then the
expansion would most likely slow gradually, then eventually stop, reverse into a
contraction, and result in a “Big Crunch” in which the universe ends as a super-
tiny, superhot point like a Big Bang in reverse. If the geometry of the universe is flat
or open, then the universe will most likely expand forever.

What is the current prediction of our universe’s fate?

Current observations show that the universe has flat geometry, and that there is a
lot of dark energy in the universe. In fact, since A = 0.73, that means that 73 per-
cent of the “stuff” in the universe is dark energy, which keeps getting more and
more plentiful as the universe continues to expand. So the expansion rate of the
universe is increasing, and we live in an accelerating universe.

Will the universe ever end?

By “end,” if one means that time will stop and the cosmos will cease to exist, then
no, the universe will not end. After a very long time, the universe will reach a stage
where literally nothing will happen. All the matter will be formless and disorderly,
and all the energy will be so sparsely distributed that there will be no significant
interactions of any kind, subatomic or otherwise. So, in a sense, that is also an “end”
to the universe—not a fiery or definitive end, but an infinitely long period of cold,
dark nothingness.

What do scientists believe will ultimately happen to matter and energy in
the universe?

The acceleration of the expansion of the universe is carrying all matter ever farther
apart on cosmic scales. Eventually, gravity will not be able to overcome that expan-
sion to form new, large structures. Some calculations even suggest that within a
few billion years distant galaxies will no longer be observable to us. Then, all the
stars in the universe will consume their raw materials and burn out, leaving stellar
corpses throughout the cosmos. Those corpses—mostly white dwarfs and neutron
stars—and all the other baryonic matter in the universe will then, if current ideas
of particle physics are correct, undergo proton decay and disintegrate. Finally, the
black holes in the universe will emit Hawking radiation until they evaporate com-
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pletely. All that will be left will then be dark matter, dark energy, and a whole lot of
disordered subatomic particles that pretty much do nothing.

When will the universe ultimately “die”?

If current theories are correct, then all the stars will burn out within a million tril-
lion years; all protons will decay within a million trillion trillion trillion years; and
all black holes—even the supermassive ones—will evaporate within a million tril-
lion trillion trillion trillion trillion trillion trillion trillion years. The universe is pre-
dicted to die, in other words, in about a googol (10'%) years, give or take a factor of
a hundred.



FUNDAMENTALS

What is a galaxy?

A galaxy is a vast collection of stars, gas, dust, and dark matter that forms a
cohesive gravitational unit in the universe. In a way, galaxies are to the universe
what cells are to the human body: each galaxy has its own identity, and it ages
and evolves on its own, but it also interacts with other galaxies in the cosmos.
There are many, many different kinds of galaxies; Earth’s galaxy is called the
Milky Way.

How many galaxies are there in the universe?

Thanks to the finite speed of light and the finite age of the universe, we can only see
the universe out to a boundary called the cosmic horizon, which is about 13.7 bil-
lion light-years in every direction. Within this observable universe alone, there exist
an estimated 50 to 100 billion galaxies.

What kinds of galaxies are there?

Galaxies are generally grouped by their appearance into three types: spiral, ellipti-
cal, and irregular. These groups are further subdivided into categories like barred
spiral and grand design spiral, giant elliptical and dwarf spheroidal, and Magellanic
irregular or peculiar.

Galaxies are also often categorized by characteristics other than their appear-
ance. For example, there are starburst galaxies, merging galaxies, active galaxies,
radio galaxies, and many more.
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Spiral galaxy NGC 4414. (NASA, The Hubble Heritage Team, STScl, AURA)

How are galaxies classified or organized?

In the 1920s the pioneering astronomer Edwin Hubble, who devoted his life to
studying galaxies, proposed a way to classify galaxies based on their shapes. He pro-
posed a “sequence” of galaxy types: from EO (sphere-shaped elliptical galaxies) to E7
(cigar-shaped ellipticals), SO (Ienticular galaxies) to Sa and SBa (spiral galaxies with
large bulges and bars), Sb and SBb (spirals with medium-sized bulges and bars),
and Sc and SBc (spirals with small bulges and bars). The sequence is known as the
Hubble sequence, and it is often shown visually as a Hubble “tuning fork diagram.”

What is an elliptical galaxy?

An elliptical galaxy is a galaxy that appears to be an ellipse from our point of view.
The ellipticity of the galaxy—how round or flat it is—varies greatly in ellipticals, so
they can look like anything from perfect spheres to long cigars. Based on observa-
tions and theoretical models, astronomers think that the three-dimensional shape of
elliptical galaxies are triaxial; that is, they each can have a length, width, and height
that are all different from one another. So ellipticals can be shaped like gigantic bas-
ketballs, rugby balls, ostrich eggs, cough drops, Tic-Tacs, and anywhere in between.

What is a spiral galaxy?

A spiral galaxy is a galaxy that appears to have spiral-shaped structures, or arms,
that contain bright stars. As it turns out, those spiral arms are not solid structures,



but rather spiral density waves: ridges in a disk of spinning dust and gas that are
denser than the regions surrounding them. Spiral galaxies have star-filled, ellip-
soid-shaped bulges at their centers; a star-filled, thin disk of spinning gas surround-
ing the bulge; and a sparsely populated stellar halo that envelops both the disk and
the bulge.

What is a barred spiral galaxy?

Some spiral galaxies have spiral arms that emanate not at the center of the galaxy
but at some distance away from the center. The bulges of these galaxies are actual-
ly elongated, bar-shaped structures that contain billions of stars. These kinds of spi-
rals are called barred spiral galaxies.

What is a lenticular galaxy?

A lenticular galaxy is a lens-shaped galaxy that has strong elements of both ellipti-
cal and spiral galaxies. It can be viewed as either an elliptical galaxy with a disk sur-
rounding its outer edge, or as a spiral galaxy with a very large bulge and almost no
spiral arm structure. A very striking

visual example of a lenticular galaxy is

the object called Messier 104, which is

nicknamed “The Sombrero.”

What is an irregular galaxy?

An irregular galaxy is a galaxy that does
not fit well into the standard categories
of elliptical, spiral, or barred spiral
galaxies. Two examples of irregular
galaxies are the Large Magellanic Cloud
and Small Magellanic Cloud, which are
visible from Earth’s southern hemi-
sphere. Irregular galaxies can have some
spiral or elliptical structure, while also
having other kinds of components, such
as wispy trails of stars and gas.

What is a peculiar galaxy?

A peculiar galaxy is a galaxy that could
probably fit into one of the other gener-
al categories of galaxies—elliptical or

spiral—except for some kind of peculi-
arity. Some examples include a long tail
of stars, an unusually shaped disk, a sec-
ond bulge, or even a whole other galaxy
overlapping it or crashing into it. Many

NGC 4650A, an example of a peculiar galaxy, is the result
of two galaxies crashing into one another. In this amazing
example of such an instance, the result has been
described as a “polar ring” galaxy because it appears as if
one galaxy is traveling through a ring formed by the
second. (NASA, The Hubble Heritage Team, STScl, AURA)
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How do galaxies maintain their spiral or elliptical shapes?

he motion of the stars and gas in the galaxies determines how galaxies

maintain their shapes. In elliptical galaxies, the stars must move in random
directions in all kinds of differently shaped orbits, like a swarm of bees buzzing
around a central point. In spiral galaxies, the stars must revolve in nearly cir-
cular, stable orbits around a single point and are in the shape of a thin, order-
ly disk. If that orderly revolution is disrupted—for example, by a collision from
another galaxy—then the disk shape will be disrupted as well. It could be per-
manently destroyed to be replaced by a chaotic ellipsoidal swarm.

peculiar galaxies look the way they do because they are in the process of colliding,
interacting, or merging with other galaxies.

Why do galaxies have different shapes?

Originally, when Edwin Hubble created his tuning fork diagram, he hypothe-
sized that galaxies followed a sequence as they aged: all galaxies would be ellip-
tical at first, and then flatten out over time as they spun. This idea was dis-
proven, however.

Modern computer simulations and mathematical calculations now show that
all galaxies form by the collection of smaller clumps of matter—subgalactic
“clumps” that fall together into a single gravitational unit. If lots of little clumps
collect, it usually becomes a spiral galaxy; but if there are some very large
clumps that come together toward the end of the process, then it usually results
in an elliptical galaxy. This model of galaxy shape-forming appears to be gener-
ally correct, but a number of details still need to be worked out to make a coher-
ent theory.

How big are galaxies?

Galaxies range greatly in size and mass. The smallest galaxies contain perhaps 10 to
100 million stars, whereas the largest galaxies contain trillions of stars. There are
many more small galaxies than large ones. The Milky Way, which has at least 100 bil-
lion stars, is on the large end of the scale; its disk is about 100,000 light-years across.

What is a dwarf galaxy?

Dwarf galaxies, as the name suggests, are galaxies that have the least mass and
fewest stars. The Large Magellanic Cloud, a galaxy that orbits the Milky Way, is con-
sidered a large dwarf galaxy; it contains, at most, about one billion stars. Like larg-
er galaxies, dwarf galaxies come in many forms, including dwarf ellipticals, dwarf
spheroidals, and dwarf irregulars.



Massive galaxies may have formed while the universe was young when galaxy collisions were more common. In this artist’s
rendering, a super-massive galaxy with high amounts of dust emits radio jets from a central black hole. (NVASA/JPL-
Caltech/T. Pyle)

How are galaxies distributed throughout the universe?

Observations show that galaxies are distributed unevenly throughout the universe.
Instead of all galaxies being about the same distance apart, the majority of galaxies
are collected along vast filamentary and sheetlike structures many millions of light-
years long. These filaments and sheets connect at dense nodes—clusters and super-
clusters—of galaxies, and the net result is a three-dimensional weblike distribution
of matter in the universe nicknamed the Cosmic Web. Between the filaments and
sheets are large pockets of space with relatively few galaxies; these sparse regions
are called voids.

What is a group of galaxies?

A group of galaxies usually contains two or more galaxies the size of the Milky Way
or larger, plus a dozen or more smaller galaxies. The Milky Way and Andromeda
galaxies are the two large galaxies in the Local Group. There are a few dozen small-
er galaxies in the group, including the Magellanic Clouds, the dwarf elliptical
Messier 32, the small spiral galaxy Messier 33, and many small dwarf galaxies. The
Local Group of galaxies is a few million light-years across.
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Why are galaxies distributed in a weblike pattern throughout
the universe, rather than completely randomly?

heoretical calculations show that a weblike structure to the mass in the

universe would naturally develop through gravitational interactions over
many billions of years, as long as there were tiny fluctuations in the energy
and matter distribution in the early universe some 13.7 billion years ago.
Computational astrophysicists have created detailed models in which they
create an initial distribution of matter throughout space, including fluctua-
tions that mimic those observed in the cosmic microwave background. Then
they let the model fast-forward through time to see what the distribution of
matter becomes after billions of years. The model results are statistically very
similar to what the current universe looks like.

What is a cluster of galaxies?

A cluster of galaxies is a large collection of galaxies in a single gravitational field.
Rich clusters of galaxies usually contain at least a dozen large galaxies as massive
as the Milky Way, along with hundreds of smaller galaxies. At the center of large
clusters of galaxies there is usually a group of elliptical galaxies called “cD” galax-
ies. Clusters of galaxies are usually about ten million light-years across. The Milky
Way galaxy is near, but not in, the Virgo cluster, which itself is near the center of
the Virgo supercluster.

What is a supercluster of galaxies?

Superclusters of galaxies are the largest collections of massive structures. They
occur at the nodes of large numbers of matter filaments in the cosmic web, and are
up to a hundred million or more light-years across. There are usually many clus-
ters of galaxies in a supercluster, or a single very large cluster at its center, along
with many other groups and collections of galaxies that are collected in the super-
cluster’s central gravitational field. Superclusters contain many thousands—and
sometimes millions—of galaxies. The Milky Way galaxy is located on the outskirts
of the Virgo supercluster.

What is a field galaxy?

A field galaxy usually refers to a galaxy that has few or no neighboring galaxies.
Many field galaxies are actually members of small groups of galaxies, but no field
galaxies are parts of rich clusters of galaxies. The vast majority—about 90 percent—
of all galaxies in the universe are considered by astronomers to be field galaxies.

What kinds of galaxies are the most common?

That depends on the galaxies’ environment. Among field galaxies and group galax-
ies, spiral galaxies are much more common than elliptical galaxies. In rich clusters,



What is a cD galaxy?

Central dominant, or “cD,” galaxies are giant elliptical galaxies that appear
at the centers of rich clusters of galaxies. Astronomers think they are
formed when many small galaxies collide with one another, combining to form
a huge single galaxy. The cD galaxies in the center of the Virgo cluster are each
many times the mass of the Milky Way and contain perhaps a trillion stars each.

however, the opposite is true. Interestingly, the further back in the history of the
universe we look, the more common irregular and peculiar galaxies are. At all times
in cosmic history, there have always been many more faint, dwarf galaxies than
luminous, large galaxies like the Milky Way.

What are some well-known galaxies?

The table below lists some of the galaxies that are well known to both professional
and amateur astronomers.

Some Well-Known Galaxies

Common Name Catalog Name Galaxy Type
Andromeda Galaxy Messier 31 spiral
Antennae NGC 4038/4039 interacting
Cartwheel Galaxy ESO 350-40 spiral ring
Centaurus A NGC 5128 elliptical
Flagellan G515 peculiar elliptical
Messier 49 NGC 4472 elliptical
Messier 61 NGC 4303 barred spiral
Messier 87 NGC 4486 elliptical
Mice NGC 4676 interacting
NGC 1300 ESO 547-31 barred spiral
Pinwheel Galaxy Messier 101 spiral
Sombrero Galaxy Messier 104 lenticular
Southern Pinwheel Messier 83 spiral
Triangulum Galaxy Messier 33 spiral
Whirlpool Galaxy Messier 51 spiral

THE MILKY WAY

What is the Milky Way galaxy?

The Milky Way is the galaxy we live in. It contains the Sun and at least one hundred bil-
lion other stars. Some modern measurements suggest there may be up to 500 billion
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When viewed at night from a location free of clouds or light pollution, the Milky Way resembles a milky spray of light across
the sky. (iStock)

stars in the galaxy. The Milky Way also contains more than a billion solar masses’ worth
of free-floating clouds of interstellar gas sprinkled with dust, and several hundred star
clusters that contain anywhere from a few hundred to a few million stars each.

What kind of galaxy is the Milky Way?

Figuring out the shape of the Milky Way is, for us, somewhat like a fish trying to
figure out the shape of the ocean. Based on careful observations and calculations,
though, it appears that the Milky Way is a barred spiral galaxy, probably classified
as a SBb or SBc on the Hubble tuning fork diagram.

Where is the Milky Way in our universe?

The Milky Way sits on the outskirts of the Virgo supercluster. (The center of the
Virgo cluster, the largest concentrated collection of matter in the supercluster, is
about 50 million light-years away.) In a larger sense, the Milky Way is at the center
of the observable universe. This is of course nothing special, since, on the largest
size scales, every point in space is expanding away from every other point; every
object in the cosmos is at the center of its own observable universe.

Within the Milky Way galaxy, where is Earth located?

Earth orbits the Sun, which is situated in the Orion Arm, one of the Milky Way’s
spiral arms. (Even though the spiral arms of the Milky Way or any other galaxy are



Why is our galaxy called the Milky Way?

B arred spiral galaxies are comprised of a disk that has the vast majority of
stars in the galaxy, and a bar-shaped bulge at the center that also contains
a large concentration of stars. In Earth’s night sky, the disk of the galaxy
stretches all the way around the sky and is about as wide as an outstretched
hand. If one looks up at it with the unaided eye, it appears as a starry stream
of light stretching from one side of the sky to the other. Ancient Chinese
astronomers called this band of light the “Silver River,” while ancient Greek
and Roman astronomers called it a “Road of Milk” (Via Lactea). This was
translated into English as the “Milky Way.” When astronomers realized that
we live in a galaxy, the name Milky Way was used to refer not just to this band
of stars, but also to the entire galaxy.

not solid structures, the size scale of the galaxy is so large that the density wave will
last for millions of years; it is therefore appropriate to say we are “in” the arm at this
period in cosmic history.) Earth and the Sun are about 25,000 light-years away from
the galactic center.

How large is the Milky Way?

Current measurements indicate that the stellar disk of the Milky Way is about
100,000 light-years across and 1,000 light-years thick. If the Milky Way disk were
the size of a large pizza, then the solar system might be a microscopic speck of
oregano halfway out from the center to the edge of the crust. The bar-bulge struc-
ture of the Milky Way is about 3,000 light-years high and maybe 10,000 light-
years long.

If you take into account the dark
matter in the Milky Way, its size increas-
es dramatically. Based on current meas-
urements, at least 90 percent of the mass
in the Milky Way’s gravitational field is
made up of dark matter, so the luminous
stars, gas, and dust of the galaxy are
embedded at the center of a huge, rough-
ly spherical dark matter halo more than
a million light-years across.

How fast is Earth moving within
the Milky Way galaxy?

Earth (and the SOlfll‘ SyStem) l’s mOV- An artist’s conception of our barred spiral galaxy and the
ing through the Milky Way’s disk in a location of the Sun within it. (VASA/JPL-Caltech/R. Hurt)
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Can we see the whole Milky Way?

Every star we see in the night sky is part of the Milky Way, as is the Sun and
everything in the solar system. The original “Milky Way,” which is the disk
of our galaxy viewed edge-on, is visible at night, when one is away from city
lights, depending on the time of year and time of night. Much of the galaxy is
blocked from our view here on Earth, however. Dusty gas clouds create barri-
ers that scatter and block much of the light in the Milky Way from reaching
us. Using infrared, microwave, and radio astronomy techniques, it is possible
to penetrate much of this dusty fog. But overall, at least half of the stars and
gas in the Milky Way are not viewable from our vantage point.

stable, roughly circular orbit around the galactic center. The latest astronom-
ical measurements indicate that our orbital velocity around the center of the
Milky Way is about 450,000 miles per hour (200 kilometers per second). That
is almost a thousand times the cruising speed of most commercial jetliners.
Even so, the Milky Way is so huge that one complete orbit takes about 250 mil-
lion years.

What were some of the earliest studies of the Milky Way?

In the early 1600s, Galileo Galilei first examined the Milky Way through a telescope
and saw that the glowing band of light was made up of a huge number of faint stars
that were apparently very close together. As early as 1755, the German philosopher
Immanuel Kant suggested that the Milky Way is a lens-shaped collection of stars
and that there may be many such collections in the universe. The German-English
astronomer William Herschel (1738-1822), who is perhaps best known for his dis-
covery of the planet Uranus, was also the first astronomer to conduct a scientific
survey of the Milky Way.

What is the warp in the Milky Way galaxy?

Unfortunately, unlike certain popular science fiction shows, the “warp factor” in
the Milky Way is not a way to travel faster than the speed of light. The disk of the
Milky Way galaxy is actually not perfectly flat. Aside from its slight thickness, it
is also somewhat warped in sort of the same way a spinning pizza crust tossed
into the air warps and wobbles as it rotates. Of course, since our galaxy is far big-
ger than a pizza, the warp takes millions of years to make its way around the disk
even once.

Astronomers think that the gravitational effects of one or more dwarf galaxies
falling into the much larger Milky Way caused the warp. Such a relatively small
impact would not destroy the disk structure of our galaxy but could have caused the
disk to buckle a little bit.



THE MILKY WAY'S NEIGHBORHOOD

What other galaxies are near the Milky Way galaxy?

“Near” is a relative term when it comes to galaxies. Within a few million light-years
of the Milky Way are several dozen galaxies that make up the Local Group. Some of
those galaxies, such as the Sagittarius dwarf galaxy, are almost in physical contact
with the Milky Way’s outskirts.

What is the largest galaxy in the Local Group?

The Andromeda galaxy, which is slightly larger than the Milky Way, is the largest
galaxy in the Local Group. Andromeda is also known as Messier 31, or M31, because
it is the thirty-first object listed in the famous catalog of night-sky objects compiled
by Charles Messier in 1774.

When was Andromeda discovered?

On a perfectly clear, moonless night, the Andromeda galaxy can just barely be
seen by the naked eye. So it is likely that ancient astronomers knew of its exis-
tence, but did not understand what it was. According to French astronomer
Charles Messier, who put the great nebula in Andromeda as the thirty-first object
in his famous Messier catalog, the first European astronomer who discovered
Andromeda was Simon Marius. Marius observed the Andromeda galaxy through a
telescope in 1612; he was probably the first person to do so. According to non-
European records, however, the ancient Persian astronomer Al-Sufi observed the
Andromeda galaxy as early as 905 c.E. without the aid of a telescope. Al-Sufi called
it the “little cloud.”

Views of the Andromeda galaxy using both infrared and visible light. (NVASA/JPL-Caltech/K. Gordon)
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How similar is the Andromeda galaxy to our own?

he Andromeda galaxy shares many characteristics with the Milky Way. It is

a large spiral galaxy, like the Milky Way; it appears to be roughly the same
age as the Milky Way; and it contains many of the same types of objects as the
Milky Way, including a supermassive black hole at its center. Andromeda is
somewhat larger than the Milky Way, but it is still close to 100,000 light-years
(or about 600,000 trillion miles, or one million trillion kilometers) across.

What other galaxies populate the Local Group of galaxies?

The three dozen or so galaxies in the Local Group other than Andromeda and the
Milky Way are all dwarf galaxies. They vary in size from about one-half to one-thou-
sandth the diameter of Andromeda and the Milky Way; they contain only a few mil-
lion to a few billion stars each (compared to Andromeda and the Milky Way, which
contain hundreds of billions of stars). The largest of these Local Group dwarf galax-
ies are the Large Magellanic Cloud and the Small Magellanic Cloud, which orbit the
Milky Way, and Messier 32 and Messier 33, which orbit Andromeda. Other well-
known Local Group dwarfs include IC 10, NGC 205, NGC 6822, and the Sagittarius

dwarf galaxy. The table below lists some of the Local Group galaxies.

Local Group Galaxies

Galaxy Galaxy Distance Absolute
Name Type (kiloparsecs) Visual Magnitude
Milky Way barred spiral 0 -20.6
Sagittarius dwarf elliptical 24 -14.0
Large Magellanic Cloud irregular 49 -18.1
Small Magellanic Cloud irregular 58 -16.2
Ursa Minor dwarf elliptical 69 -89
Draco dwarf elliptical 76 -8.6
Sculptor dwarf elliptical 78 -10.7
Carina dwarf elliptical 87 -9.2
Sextans dwarf elliptical 90 -10.0
Fornax dwarf elliptical 131 -13.0
Leo II dwarf elliptical 230 -10.2
Leo I dwarf elliptical 251 -12.0
Phoenix irregular 390 -9.9
NGC 6822 irregular 540 -16.4
NGC 185 elliptical 620 -15.3
IC 10 irregular 660 -17.6
Andromeda II dwarf elliptical 680 -11.7
Leo A irregular 692 -11.7
IC 1613 irregular 715 -14.9




What important astronomical event occurred recently
in the Large Magellanic Cloud?

o n February 23, 1987, Supernova 1987A appeared in the Large Magellan-
ic Cloud. It was discovered almost immediately by two astronomers, Ian
Shelton and Oscar Duhalde, at Las Campanas Observatory in Chile. This event
was significant to astronomers because it was the closest supernova—a titan-
ic stellar explosion—to have been observed in hundreds of years. The event
has given astronomers one of the most valuable stellar laboratories ever to
examine how stars are born, live, and die. Supernova 1987A is still being care-

fully studied today.

Galaxy Galaxy Distance Absolute
Name Type (kiloparsecs) Visual Magnitude
NGC 147 elliptical 755 -14.8
Pegasus irregular 760 -12.7
Andromeda III dwarf elliptical 760 -10.2
Andromeda VII dwarf elliptical 760 -12.0
Messier 32 elliptical 770 -16.4
Andromeda spiral 770 -21.1
Andromeda IX dwarf elliptical 780 -8.3
Andromeda I dwarf elliptical 790 -11.7
Cetus dwarf elliptical 800 -10.1
LGS 3 irregular 810 -9.7
Andromeda V dwarf elliptical 810 -9.1
Andromeda VI dwarf elliptical 815 -11.3
NGC 205 elliptical 830 -16.3
Triangulum spiral 850 -18.9
Tucana dwarf elliptical 900 -9.6
WLM irregular 940 -14.0
Aquarius irregular 950 -10.9
Sagittarius DIG dwarf irregular 1,150 -11.0
Antlia dwarf elliptical 1,150 -10.7
NGC 3109 irregular 1,260 -15.8
Sextans B irregular 1,300 -14.3
Sextans A irregular 1,450 -14.4

What is the Large Magellanic Cloud?

The Large Magellanic Cloud, or LMC, is the largest dwarf galaxy that orbits our own
Milky Way galaxy. It is an irregular disk galaxy that is similar in shape to the Milky
Way, and we see it sort of edge on, so it looks like an oblong-shaped cigar to view-
ers on Earth. The LMC is about 30,000 light-years across and 170,000 light-years
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Located in the Small Magellanic Cloud, N81 is a cluster of
about 50 stars within a mere 10 light-year distance of one
another. Such unusual phenomena within both the Large

and Small Magellanic Clouds make them irregular galaxies.

(NASA, ESA, Mohammad Heydari-Malayeri Paris

away from Earth. It is named after the
explorer Ferdinand Magellan, who in
1519 was the first European to record
its existence.

What is the Small
Magellanic Cloud?

The Small Magellanic Cloud (SMC), like
its bigger compatriot the Large Magel-
lanic Cloud (LMC), is a small irregular
galaxy that orbits the Milky Way galaxy.
It is a roughly disk-shaped galaxy about
20,000 light-years across and about
200,000 light-years away. Like the LMC,
the SMC is forming stars at a rate much
faster than that of the Milky Way. It is
thus an important target for astron-
omers who are studying the formation

Observatory France ) . )
and aging of stars and galaxies.

Who first determined that the Small Magellanic Cloud is a separate galaxy?

American astronomer Harlow Shapley (1885-1972) earned his doctoral degree at
Princeton University in 1913, working with Henry Norris Russell (1877-1957), who
was famous for the Hertzsprung-Russell diagram. Shapley and Russell studied
eclipsing binary stars, systems of two stars orbiting around one another in such a
way that one star would regularly block the other star from our view. Later, while
working at the Mount Wilson Observatory in Pasadena, California, he studied other
kinds of variable stars, including RR Lyrae and Cepheid variable stars, which could
be used as “standard candles” to measure distances. With them, he measured the
distances to many of the globular star clusters that orbit around the Milky Way. By
mapping out the positions of the globular clusters, Shapley showed that the disk of
our Milky Way galaxy was some 100,000 light-years across—much larger than had
been previously thought—and that our sun and solar system was off to one side of
the Milky Way, rather than at its center.

In 1921 Shapley became the director of the Harvard College Observatory.
There, he began to study variable stars in the Large and Small Magellanic Clouds.
In 1924 he used those variable stars as standard candles to show that the Small
Magellanic Cloud was at least two hundred thousand light years away from Earth,
and thus must be a small galaxy of its own, rather than part of the Milky Way.

What were the Shapley-Curtis debates of 1920?

During the first two decades of the twentieth century, Harlow Shapley believed that
the Milky Way was the only major galaxy in the universe. Other scientists, such as



Why is the Small Magellanic Cloud important
in the history of observational cosmology?

he American astronomer Henrietta Swan Leavitt (1868-1921) and the Dan-

ish astronomer Ejnar Hertzsprung (1873-1967) studied Cepheid variable
stars in the Small Magellanic Cloud in 1913. That work led to the first period-
luminosity relation calculation for Cepheid variables and their potential use as
standard candles for determining distances beyond the Milky Way. A decade
later, Edwin Hubble used their work to determine that Andromeda was far out-
side the Milky Way, leading to the birth of modern extragalactic astronomy.

Heber Curtis (1872-1942), thought that the “spiral nebulae” were in fact galaxies like
our own. To bring light to this very important scientific question of the time, a series
of scientific debates were held in Washington, D.C., in 1920 between Shapley and Cur-
tis. Each person laid out the scientific issue in his own way and compared the evi-
dence of one position versus the other. In the end, Harlow Shapley was wrong and
Heber Curtis was right: the Milky Way is indeed one galaxy among billions in the uni-
verse. Even though Shapley was wrong, he still is considered a great scientist today.

GALAXY MOVEMENT

How do astronomers measure distances to galaxies?

The original measurement of the distance from Earth to the Andromeda galaxy,
which was done by Edwin Hubble in the 1920s, has been refined over the past cen-
tury. Today, except for specific distance measurements to test particular astronom-
ical methods, most astronomers use the Hubble Law—the relationship between
redshift and distance—to measure the distance to distant galaxies.

How does the Hubble Law work?

Edwin Hubble showed that the farther away a galaxy is from the point of observation,
the faster it moves away because of the expansion of the universe. The Hubble Law
gives the basic conversion factor between the redshift and the distance. Using the cur-
rent best measurement of the Hubble Constant (the expansion rate of the universe),
and adjusting for the geometry of the universe, astronomers simply measure the red-
shift of any galaxy and then use the conversion factor to get the distance to that galaxy.

What is the relation between the redshift and the Doppler shift when
observing very distant objects?

As Vesto Slipher, Edwin Hubble, and other pioneering astronomers showed nearly
a century ago, Doppler shifts in astronomy indicate the motions of objects toward
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At large distances does redshift become different
from the Doppler shift?

N ot exactly. When observing distant galaxies, the measured redshift can
still be converted to the corresponding Doppler shift using the relativis-
tic Doppler formula. However, at those very large distances, the measured
redshift relates only very little to the motion of the galaxy through space;
rather, it relates almost completely to cosmological expansion—sizes, dis-
tances, and ages.

or away from the observer. “Blueshift” is Doppler shift of objects moving toward an
observer, while “redshift” is Doppler shift of objects moving away. Since the expand-
ing universe carries galaxies faster and faster away as distances increase, the red-
shift gets higher and higher as well. Beyond a distance of about one billion light-
years, the redshift gets so large that Einstein’s special theory of relativity becomes
a factor in the motion, and the usual formula converting redshift into Doppler shift
no longer holds. In those cases, a more complicated equation called the relativistic
Doppler formula must be used.

How is cosmological redshift calculated?

Cosmological redshift is calculated by (1) figuring out how much the observed
wavelength is shifted from the rest wavelength, and (2) expressing that shift as a
ratio of the rest wavelength. Although it sounds complicated, it really is not. It
turns out that this redshift number is very useful when deriving properties of dis-
tant galaxies, such as age and distance.

Here is an example for illustration. Say an astronomer is measuring the spec-
trum of a distant galaxy. If the unredshifted rest wavelength of a spectral feature is
100 nanometers, but for this galaxy the feature appears at 200 nanometers, then the
measured redshift is one. If the feature appears at 300 nanometers, the redshift is
two; if it is at 400 nanometers, the redshift is three; and so on.

How does redshift relate to age as well as distance of galaxies?

Astronomers have deduced that the redshift of an object is not merely a represen-
tation of how fast it is moving away from us, but also how much the universe has
expanded since the light we see from a distant object actually left that object. If an
astronomer observes that light from a galaxy has a redshift of one, then that light
left that galaxy when the universe was half its current diameter; if the redshift is
two, then the universe was one-third its current diameter; if the redshift is three,
then the universe was one-fourth its current diameter. This pattern continues all
the way out to the edge of the observable universe: as the redshift approaches infin-
ity, then the size of the universe approaches zero, which is the Big Bang. That



means that redshift is a way to measure the cosmological age of any distant object
one is observing. An astronomer can relate any fractional size of the universe with
a certain number of years before the present day, and thus compute the age of the
universe at the time the object is being observed.

What is look-back time?

Light—that is, any kind of electromagnetic radiation—travels through space at
more than 186,000 miles per second. That means that if we see an object 186,000
miles away, it took one second for the light from that object to reach us. This, in
turn, means that we are actually seeing the object as it existed one second ago. This
effect is called look-back time.

For astronomical distances, look-back time can be a significant effect. The look-
back time for the Sun is eight minutes; the look-back time for the planet Jupiter is
almost an hour; and for the Alpha Centauri star system, the look-back time is near-
ly four and a half years.

AGE OF GALAXIES

How does look-back time affect observations of galaxies?

Galaxies are really, really far away from Earth compared to planets or stars. So look-
back times to galaxies can be a substantial fraction of the total age of the universe.
Every light-year of distance creates a look-back time of one year. If a galaxy is five
billion light-years away, then we are seeing the galaxy as it existed five billion years
ago, which is before our planet was even formed.

How do astronomers use look-back time to study the universe?

In a sense, look-back time is unfortunate because we can only guess how distant
galaxies look today. But on the flip side, astronomers can use look-back time to
study how the universe has aged and evolved since the distant past. That is because
we directly observe how distant galaxies looked back in the past—we do not need to
rely on fossils or subjective writings, as biologists and historians might. It is as if we
took a picture of a town or city many years ago and then compared it with another
photograph taken recently to see how it has changed. With this tool, astronomers
can figure out how the universe has evolved and changed going back to a time
almost as early as the Big Bang 13.7 billion years ago.

How far away are the farthest galaxies?

The most distant galaxies measured to date are at redshifts between 6 and 7, which
puts them between 12 billion and 13 billion light-years away. Since the distance to the
cosmic horizon is 13.7 billion light-years, that means that astronomers have looked
more than 90 percent of the distance out to the edge of the observable universe.
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Is there anything further away than the farthest galaxies?

ccording to current astronomical theories, there may be objects even

more distant. But because of the effect of look-back time, these distant
objects are also the oldest objects, so they may either be too faint to be detect-
ed with modern telescopes, or they may have existed during a time when the
universe was still not fully transparent.

The most distant objects found so far are galaxies. Until only a few years
ago, the most distant objects known were quasi-stellar objects (QSOs), which
we now know reside in galaxies anyway. These days, both QSOs and non-QSO
galaxies regularly vie for the title of most distant known objects.

How old are the oldest galaxies?

Because of the phenomenon of look-back time, the most distant galaxies yet
observed are also the oldest galaxies yet observed. Those galaxies have redshifts
between 6 and 7, indicating they are both almost 13 billion light-years away and
almost 13 billion years old.

When did galaxies form?

Since the most distant—and thus, earliest—known galaxies in the universe have
confirmed redshifts of between 6 and 7, the first galaxies must have formed even
earlier than that. Current models of galaxy formation indicate that the first galax-
ies were probably assembled between redshift 10 and 20, or a little more than 13 bil-
lion years ago.

What is a quasi-stellar object, or QS0?

A quasi-stellar object (QSO) is the general term given to an “active galactic nucle-
us” (AGN) that has very high luminosity. QSOs are so named because in typical
astronomical images taken in visible light they usually look like stars, or stars with
a little bit of fuzz or structure surrounding them. In fact, they are not stars at all,
but they are so luminous compared to their host galaxy that they drown out the
light from it.

Is the Milky Way galaxy an old galaxy?

The Milky Way galaxy is certainly old—at least 10 billion years old—but current
studies show that the Milky Way is not among the very oldest galaxies, which
formed more than 13 billion years ago.



GALACTIC DUST AND CLOUDS

What is the interstellar medium?

The interstellar medium is the matter that exists within galaxies, between and
among—but not including—the stars. Almost all of the interstellar medium is
comprised of gas and microscopic dust particles.

How much interstellar medium is there in galaxies?

About one percent of the luminous mass of a galaxy like the Milky Way (that is,
excluding the non-baryonic dark matter) is interstellar medium. The rest of the
mass consists primarily of stars and the end stages of stellar evolution, including
white dwarfs, neutron stars, and black holes.

How dense is the interstellar medium?

On average, the interstellar medium in our region of the Milky Way galaxy has a den-
sity of about one atom of gas per cubic centimeter. By contrast, Earth’s atmosphere
at sea level contains about 10 gas molecules per cubic centimeter. There is also
about one dust particle per 10,000,000 cubic meters in the local interstellar medium.

In some places, the interstellar medium can be much denser. When there is a
large enough concentration of gas and dust in a given place, the interstellar medi-
um can form clouds that are thousands of times denser than one atom per cubic
centimeter. Even so, these interstellar clouds are millions of times less dense than
the best laboratory vacuum chambers can produce on Earth.

What does the interstellar medium look like?

It can appear in an amazing variety of forms and colors. Much of the interstellar
medium is invisible; in fact, it will block the view of distant astronomical objects.
However, through various physical processes, the interstellar medium can collect
in special configurations and produce beautiful nebulae with remarkable shapes
and sizes. The names of some of these nebulae reveal some of their charm: the
Rosette, the Cat’s Eye, the Hourglass, the Clownface, and the Veil.

What is a molecular cloud?

A molecular cloud is a cloud that contains molecules—constructs of multiple atoms.
The fact that the clouds contain molecules is very interesting in its own right. What
is even more interesting, though, is that if an interstellar cloud can contain mole-
cules it means that the cloud also harbors the conditions for the birth of new stars.

Are molecules in the interstellar medium only found in molecular clouds?

No. They exist in the interstellar environments surrounding stars, too. Gas mol-
ecules in space, however, are much more fragile than atomic gas. Ultraviolet
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If the interstellar medium is so thin,
how can we see nebulae at all?

ven though interstellar gas clouds are incredibly thin by terrestrial stan-

dards, they make up in size what they lack in density. Interstellar nebulae
can be many light-years wide, so the total amount of gas we see from a dis-
tance can far exceed even the thickest cloud in Earth’s atmosphere, making
them quite visible.

radiation from stars, for example, readily destroys molecules, breaking them up
into atoms again. So the density of dust in molecular clouds helps to shield the
molecules floating inside them, and allows them to stay together for long peri-
ods of time.

How big are molecular clouds?

Molecular clouds can be enormous compared to stars. The largest ones are called
“giant molecular clouds” and can be many light-years across. Giant molecular
clouds can contain thousands or even millions of times as much mass as the
Sun; they may also contain a number of dense core regions, each with 100 to
1,000 Suns’ worth of gas. This is the raw material needed to build entire clusters
of new stars.

Where can the interstellar medium be found in galaxies?

Elliptical galaxies generally do not have very much interstellar medium com-
pared to spiral galaxies. The Milky Way, for example, is a spiral galaxy, and con-
tains an amount of interstellar medium several billion times the mass of the
Sun. An elliptical galaxy about the same size as the Milky Way, in comparison,
would likely not have even half that amount. Irregular galaxies have the largest
proportion of their mass as interstellar medium. In most galaxies, the majority
of their interstellar gas and dust collects in the disks of the galaxies rather than
in bulges or halos.

How does the interstellar medium affect astronomical observations?

The interstellar medium is, of course, itself a target for astronomical study. Howev-
er, it can also complicate astronomical observations substantially. Think about sun-
sets on Earth. For some reason, the Sun looks much redder than it does during the
middle of the day. That is because when the Sun is low in the sky it shines through
dustier air; the dust in the sky tends to absorb proportionately more blue light and
allow proportionately more red light to shine through. This effect of dust is called
extinction, and it both changes the observed colors of astronomical objects and
obscures them from view.



Is interstellar dust similar to household dust?

N o. Interstellar dust is typically much smaller, and it is made of very differ-
ent material, compared to house dust here on Earth. While house dust typ-
ically is made up of things like dirt, sand, cloth fibers, crumbs, animal and plant
residue, and even microscopic living creatures, interstellar dust is composed
primarily of carbon and silicate (silicon, oxygen, and metallic ions) material,
which is sometimes mixed with frozen water, ammonia, and carbon dioxide.

Why is the interstellar medium important?

Every large thing in the universe is made up of smaller components. To make things
like stars, planets, plants, and people, enough of the interstellar medium has to come
together and interact—physically, chemically, and even biologically—to create
them. In other words, we here on Earth are part of the interstellar medium. So to
understand our origins and ourselves, we must understand the interstellar medium,
which includes the basic building blocks of everything we see in the cosmos.

NEBULAE, QUASARS,
AND BLAZARS

What is a nebula?

A nebula, derived from the Latin meaning “mist,” is any cloud or collection of inter-
stellar medium in one location in space. Nebulae are produced in many different
ways. For example, they can be gathered
together by gravity, dispersed by stars, or
lit up by a powerful radiation source
nearby. As beautiful as nebulae are, how-
ever, most of them nonetheless contain
only a few thousand atoms or molecules
per cubic centimeter. This is many times
sparser than even the best laboratory
vacuum chambers on Earth can achieve.

How many kinds of nebulae

are there?

There are numerous kinds of nebulae,

which bear informal as well as formal ) ) )
The nebula NGC 604, located in the galaxy Messier 33, is

name.s' Gen?rally’ types (_)f nebulae are 1,500 light-years across. (NASA, Hui Yang University of
described either by their appearance finois)
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(for example, dark nebulae, reflection nebulae, and planetary nebulae) or the phys-
ical processes that create them (such as protostellar nebulae, protoplanetary nebu-
lae, or supernova remnants).

What are dark nebulae?

Dark nebulae are, well, dark. They look like black blobs in the sky. They are general-
ly dark because they contain mainly cold, high-density, opaque gas, as well as enough
dust to quench the light from stars behind them. One example of a dark nebula is the
Coal Sack Nebula, located near the constellation Crux (The Southern Cross).

What is a reflection nebula?

A reflection nebula is lit by bright, nearby light sources. The dust grains in them act
like countless microscopic mirrors, which reflect light from stars or other energetic
objects toward Earth. To the human eye, reflection nebulae usually look bluish.
This is because blue light is more effectively reflected in this way than red light.

What is an emission nebula?

An emission nebula is a glowing gas cloud with a strong source of radiation—usu-
ally a bright star—within or behind it. If the source gives off enough high-energy
ultraviolet radiation, some of the gas is ionized, which means the electrons and
nuclei of the gas molecules become separated and fly freely through the cloud.
When the free electrons recombine with the free nuclei to become atoms again, the
gas gives off light of specific colors. Which colors they emit depends on the temper-
ature, density, and composition of the gas. The Orion Nebula, for example, glows
mostly green and red.

What are some of the best-known gaseous nebulae?
The table below lists some famous nebulae.

Some Well-Known Gaseous Nebulae

Common Name Catalog Name Nebula Type

Crab Nebula Messier 1 supernova remnant
Dumbbell Nebula Messier 27 planetary nebula
Eagle Nebula Messier 16 star forming region
Eskimo Nebula NGC 2392 planetary nebula
Eta Carina Nebula NGC 3372 star forming region
Helix Nebula NGC 7293 planetary nebula
Horsehead Nebula Barnard 33 dark nebula
Hourglass Nebula MyCn 18 planetary nebula
Lagoon Nebula Messier 8 star forming region
Orion Nebula Messier 42 star forming region

Owl Nebula Messier 97 planetary nebula



Common Name Catalog Name Nebula Type

Ring Nebula Messier 57 planetary nebula
The Coal Sack N/A dark nebula

Trifid Nebula Messier 20 star forming region
Veil Nebula NGC 6992 supernova remnant
Witch Head Nebula IC 2118 reflection nebula

What is a quasar?

The term “quasar” is short for “quasi-stellar radio source.” The term came into gener-
al usage in the 1960s, when astronomers studying cosmic radio sources noticed that
many of them looked like stars on photographs. Subsequent studies showed that they
were not stars at all, but rather active galactic nuclei. Nowadays, the word “quasar” is
often used to mean any quasi-stellar object (QSO), whether or not it emits radio waves.

When and how were quasars first found?

In the 1950s and 1960s, astronomers in Cambridge, England, began to use the most
sensitive radio telescopes of the day to map the entire sky. There have been several
“Cambridge catalogs,” each deeper and more detailed than the last. The common
practice in modern astronomy is that, when an object is detected using one band of
electromagnetic radiation, the same object is searched for in other bands as well to

An artist’s concept of a quasar in a distant galaxy. (NASA/JPL-Caltech/T. Pyle (S5C))
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What are blazars and BL Lacertae objects?

L Lacertae was a radio source that, originally, was identified as a special

kind of variable star. But after 3C 273 was shown to be a quasar,
astronomers revisited the study of BL Lacertae and realized that it was a
quasar, too. However, it was one that varied a great deal, and very unpre-
dictably, in its brightness. Today, objects like BL Lacertae are called blazars.
Their spectral characteristics are very different from quasars like 3C 273, and
they emit a much higher fraction of their energy at gamma ray and X-ray
wavelengths than most other QSOs. This phenomenon probably occurs
because we see the central supermassive black hole at a different angle.

get a more comprehensive understanding of the object through all of its different
types of light emission.

The third Cambridge (3C) catalog contains hundreds of radio sources, and
astronomers took visible-light photographs of these sources to see what they would
look like to our eyes. The 273rd object in the 3C catalog looked like a star. But when
astronomers subsequently studied more carefully the light it emits, it was discov-
ered that 3C 273 was actually an active galaxy far away from the Milky Way. In fact,
3C 273 was the first quasar ever discovered and identified as a distant “active galac-
tic nucleus” (AGN).

How were quasars first identified as distant, super-bright objects?

In 1962 the Dutch-American astronomer Maarten Schmidt (1929-), examining the
spectrum of 3C 273, realized that its pattern of emission lines was very much like that
of some Seyfert galaxies, but more extreme. Furthermore, those emission lines were
shifted far toward the red wavelengths of the electromagnetic spectrum. As Edwin
Hubble had shown, such a redshift signature indicated that the object was likely to be
very far away in the universe. Using the redshift, Schmidt showed that 3C 273 was
nearly two billion light-years away from Earth. Another calculation showed that the
object was far more luminous than the Milky Way galaxy; including its radio emission,
3C 273 was emitting more light each second than the Sun would in more than a mil-
lion years. Soon, other radio sources in the 3C catalog were shown to be quasi-stellar
objects, quasars that were all at distances billions of light-years away from Earth.

How bright can quasars (and QSOs in general) get?

The brightest quasars (and, in general, QSOs) are many thousands of times brighter
than all the stars in our Milky Way galaxy put together.

What does a quasar really look like?

Imagine a supermassive black hole that is millions or billions of miles across and is
at the center of a rapidly spinning disk of superhot gas. Around the disk and the



black hole is a thick, doughnut-shaped torus of thicker, cooler gas. Matter falling
toward the black hole accumulates in the torus and slowly swirls into the gas disk
on its way to the black hole. Finally, right near the black hole, two super-energetic
jets of matter shoot outward, above and below the disk, with matter traveling at
nearly the speed of light. These jets extend thousands, even millions of light-years
out into space. That is the basic picture of a quasar, or quasi-stellar object (QSO).

BLACK HOLES IN GALAXIES

Aside from stars and the interstellar medium, what else do galaxies contain?

Galaxies often have large magnetic fields that run through and around their disks
or bulges. Although at any particular location, the fields may be weak, the overall
effect of those fields can be tremendous, affecting the motion of charged particles
and interstellar medium throughout galaxies. Galaxies can also contain black holes.

Does the Milky Way contain a supermassive black hole?

It most certainly does. The center of the Milky Way is in the direction of the con-
stellation Sagittarius; right at the center, there is an object called Sag A* (pro-
nounced “Sagittarius A-star”) that emits much more X-rays and radio waves than
expected for a star-sized body. After mapping the motions of stars near Sag A* for
more than a decade, astronomers concluded that Sag A* is an invisible object that
is more than three million times the mass of the Sun. The only kind of object like
that in the universe is a supermassive black hole.

Does every galaxy contain a black hole?

There are two general categories of black holes that have been observed: stellar
black holes and supermassive black holes. Every galaxy that has contained very hot,
luminous stars—stars 20 times or more the mass of the Sun—almost certainly con-
tains stellar black holes.

Does every galaxy contain a supermassive black hole?

No, but based on current observations, the majority of galaxies do contain one.
Among nearby galaxies, more than 90 percent of all galaxies that have been meas-
ured so far appear to contain a supermassive black hole.

ACTIVE GALAXIES

What is an “active galaxy,” or an “active galactic nucleus” (AGN)?

If a supermassive black hole exists at the nucleus of a galaxy, it may accumulate
matter from the stars and gas that surround it. If this matter is accumulated rapid-
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ly—at a rate of a few Earth-masses per second or greater—tremendous amounts of
energy can be generated as the matter falls toward the black hole. The energy that
is released in this way can be much greater than that of the nuclear fusion of a star.
In fact, such a supermassive black hole system can radiate more energy in a few sec-
onds than our Sun can produce in thousands or even millions of years. These sys-
tems are called active galactic nuclei, or AGNs.

Who first discovered and studied active galaxies?

The American astronomer Carl Seyfert (1911-1960) is credited with the discovery
of active galaxies. Seyfert’s general area of astronomical expertise was determining
the spectroscopic properties, colors, and luminosities of stars and galaxies. In 1940,
he went to work as a research fellow at the Mount Wilson Observatory in California,
the same institution where Edwin Hubble made his most famous discoveries about
galaxies. By 1943 Seyfert had discovered a number of spiral galaxies with exception-
ally bright nuclei. These galaxies had unusual spectral signatures that had extreme-
ly strong and broad emission lines, indicating that very energetic activity was going
on inside their nuclei. Today, those types of active galaxies are called Seyfert galax-
ies in his honor.

How many different kinds of active galaxies are there?

AGNSs can occur in any type or shape of galaxy—spiral, elliptical, or irregular.
Depending on exactly how the energy radiates from the AGN, they can have very dif-
ferent appearances. This has led to a wide variety of types of AGN, such as Seyfert
Type 1 and Seyfert Type 2 galaxies, radio galaxies, BL Lac objects, blazars, and radio-
loud and radio-quiet quasars. Sometimes, to simplify matters, astronomers refer to
very luminous AGN of all types as simply “quasars” or “quasi-stellar objects”
(QSOs). AGNs are sometimes not particularly luminous, emitting substantially less
light than the rest of their host galaxy. In these cases, they are called “low-luminos-
ity AGNs” and, again, may have many different characteristics.

What determines the luminosity of an AGN?

Sometimes the amount of intervening material—either in our galaxy, or in the AGN
host galaxy—can diminish the amount of light we see from an active nucleus. That
does not affect, however, the AGN’s luminosity, or the total amount of energy that it
emits. The single most important determinant of an AGN’s luminosity is the rate at
which matter falls toward its central supermassive black hole. Low-luminosity AGNs
might have only a few Earth-masses’ worth of material falling onto the central black
hole per year. The most luminous AGNs, on the other hand, are accreting (gathering
mass by infalling matter) at a rate equivalent to swallowing a million Earths per year.

What are radio galaxies?

Radio galaxies are simply galaxies—usually very ordinary-looking elliptical galaxies
when viewed by visible light—that radiate an unusually large amount of radio



waves. Often, the total energy of the radio wave emission far exceeds that of the
galaxy’s visible light emission. The majority of the radio wave emission usually
comes from huge, puffy “lobes” or narrow “jets” that can be much larger than the
visible galaxy itself. The excess radio emission is probably produced when much of
the energy generated by an AGN is carried away by highly energetic streams of mat-
ter, which then interact with the interstellar medium in and around the host galaxy
and cause copious emissions of radio waves.

What is the unified model of active galactic nuclei?

After decades of studying active galactic nuclei, astronomers have put together a
single, unified model that might explain why all AGNs look the way they do. Basi-
cally, all AGNs have the same basic structure: they have a QSO sitting in the mid-
dle of a galaxy. Depending on whether we are looking down the barrel of a super-
energetic jet, or right into the side of the gas torus, or at some angle in between,
the QSO will have a different spectroscopic signature from our point of view. Fur-
thermore, the QSO host galaxy could be spiral, elliptical, or peculiar, and we could
be seeing the QSO through a screen of interstellar dust, or lots of gas, or a lot of
stars of differing colors and luminosities. The host galaxy would therefore con-
tribute its own components to the spectroscopic signature of an AGN. Depending
on what is in the way, and what part of the QSO we can see, each AGN looks unique.
Actually, they are all basically the same.

MORE ACTIVE GALAXIES
AND QUASARS

How many AGNs and QSOs are there in the universe?

According to current observations, about 5 to 10 percent of all large galaxies in the
nearby universe contain AGNs or QSOs. The brighter the QSO, the rarer it is. Only
a small fraction of QSOs, for example, are as luminous as 3C 273. The farther back
one goes in the history of the universe, however, the higher the incidence of QSOs
becomes. This is an important piece of evidence that the universe is aging and
evolving over time.

If they are so uncommon, why are AGNs and QSOs important in the universe?

First of all, AGNs and QSOs are very energetic, often hundreds or thousands of
times more luminous than any other galaxies in the universe. That means that they
have a substantial influence on what goes on in their vicinity of the cosmos. QSOs,
for example, may have played an extremely important part in the history of the uni-
verse some 12 billion years ago by ionizing (and thus rendering transparent) much
of the obscuring interstellar gas spread throughout the cosmos at that time. With-
out this crucial ionization process, we would not be able to see through the foggy
gas today, and astronomy would be a much more difficult occupation to pursue.
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How are AGNs and QSOs useful as natural astronomical aids?

SOs and AGNs are such bright yet compact objects that they shine like

cosmic searchlights. Thus, they are relatively easy to detect even if they
are very far away. When we observe a distant QSO, then, all the material
between it and us is lit up. We can search the spectra of QSOs to see if there
is evidence of matter that we cannot see directly, except with the illumination
of the QSO light.

Secondly, current observations show that the vast majority of large galaxies
in the universe contain supermassive black holes. That means that most galax-
ies have the raw ingredients to host an AGN or QSO, and possibly every large
galaxy has undergone (or will undergo) AGN or QSO activity at some point in its
lifetime. This makes them an extremely important part of the aging process of
galaxies, so the more we understand them, the more we understand how the uni-
verse ages.

How bright can such a QSO searchlight appear in the sky?

Here on Earth, no QSO or AGN is visible to the unaided eye. The brightest QSO as
seen from Earth is 3C 273. It is about two billion light-years from Earth, which
makes it a challenge for most small amateur telescopes to find. Compared to other
distant objects, however, QSOs are brilliantly bright and relatively easy to detect
with large astronomical telescopes. Several quasars known to be more than 11 bil-
lion light-years from Earth are more easily visible than the Sun would be if it were
only 1,000 light-years away.

What is a quasar absorption line?

If the spectrum of a quasar (or, more generally, an AGN or QSO) contains an absorp-
tion feature that was not produced by the quasar itself, that means that the quasar’s
light has shined through some material or object that absorbed some of that light.
This kind of “quasar absorption line” can be studied by the effect it has on the
quasar light, even if the absorbing object cannot be directly viewed by its own light
emissions.

What causes a quasar absorption line?

A quasar absorption line is usually caused by the interstellar medium within or sur-
rounding a galaxy. The quasar’s light goes through the medium, and the atoms in
the medium absorb the quasar’s light at specific wavelengths.

Occasionally, the interstellar medium that causes a quasar absorption line is
associated with not a single galaxy, but a group or cluster of galaxies. It is also some-
times possible that the body of interstellar medium involved may be a large, free-



An artist’s concept of two active galaxies with active nuclei containing black holes. The idea that galaxies without a central
bulge like the one on the right could not contain black holes has been proven to be erroneous. (VASA/JPL-Caltech)

floating intergalactic cloud. One particular kind of quasar absorber is called a
Lyman-alpha cloud, which is a cloud of intergalactic gas that is much smaller than
a typical galaxy and has almost no dust or heavy elements in it.

What is the Lyman-alpha forest?

When the spectrum of a QSO contains a very large number of absorption lines, the
majority of those absorption lines are usually caused by Lyman-alpha clouds. These
sub-galaxy-sized clumps of gas populate the distant universe at different redshifts.
Each cloud produces a single absorption line caused by hydrogen atoms called the
Lyman-alpha line (hence the name “Lyman-alpha cloud”). If there are enough
Lyman-alpha clouds between us and the QSO, a large swath of the QSO spectrum
can literally look “chopped up” by all the Lyman-alpha lines produced by these
clouds, appearing at all different redshifts. The effect is that of a forest of trees
sprouting up and down in the spectrum—hence the name Lyman-alpha forest.

What can astronomers learn from the Lyman-alpha forest?

Since each absorption line in the Lyman-alpha forest of a QSO spectrum represents
a single gas cloud, it is possible to count the number of Lyman-alpha clouds at each
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redshift along the line of sight between the QSO and Earth. These clouds are not
luminous enough to be observed directly, but they are important constituents of
matter in the universe. Understanding the population of Lyman-alpha clouds,
therefore, helps astronomers understand how gaseous matter is distributed
throughout the cosmos. From studying the Lyman-alpha forest in numerous QSO
spectra, astronomers have already deduced that there is about as much gaseous
matter in the universe as there is stellar matter. In other words, the wispy and
almost insubstantial interstellar and intergalactic medium is as significant a part of
the cosmos as all the stars in all the galaxies in the universe.



STARS

STAR BASICS

What is a star?

A star is a mass of incandescent gas that produces energy at its core by nuclear
fusion. Most of the visible light in the universe is produced by stars. The Sun is
a star.

How many stars are there in the sky?

Without the interference of light from ground sources, a person with good eyesight
can see about 2,000 stars on any given night. If both hemispheres are included, then
about 4,000 stars are visible. With the help of binoculars or telescopes, however, the
number of visible stars increases dramatically. In our Milky Way galaxy alone, there
are more than 100,000,000,000 stars, and in our observable universe there are at
least a billion times that number.

What is the closest star to Earth?

The Sun is the closest star to Earth. It is 93 million miles away from Earth on aver-
age.

Other than the Sun, what is the next closest star to Earth?

The closest star system to Earth is the multiple star system Alpha Centauri. The
faintest star in that system, known as Proxima Centauri, has been measured to be
4.3 light-years away from Earth. The main star in Alpha Centauri is about 4.4 light-
years away. The table below lists other nearby stars.
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Stars Closest to the Sun

Name Spectral Type Distance in Light-Years
Proxima Centauri* M5V (red dwarf) 4.24
Alpha Centauri A* G2V (sun-like) 4.37
Alpha Centauri B* KOV (orange dwarf) 437
Barnard’s Star M4V (red dwarf) 5.96
Wolf 359 M6V (red dwarf) 7.78
Lalande 21185 M2V (red dwarf) 8.29
Sirius A1V (blue dwarf) 8.58
Sirius B DA2 (white dwarf) 8.58
Luyten 726-8A M5V (red dwarf) 8.73
Luyten 726-8B M6V (red dwarf) 8.73
Ross 154 M3V (red dwarf) 9.68
Ross 248 M5V (red dwarf) 10.32
Epsilon Eridani K2V (orange dwarf) 10.52
Lacaille 9352 M1V (red dwarf) 10.74
Ross 128 M4V (red dwarf) 10.92
EZ Aquarii M5V (red dwarf) 11.27
Procyon A F5V (blue-green dwarf) 11.40
Procyon B DA (white dwarf) 11.40
61 Cygni A K5V (orange dwarf) 11.40
61 Cygni B K7V (orange dwarf) 11.40
Struve 2398 A M3V (red dwarf) 11.53
Struve 2398 B M4V (red dwarf) 11.53
Groombridge 34 A M1V (red dwarf) 11.62
Groombridge 34 B M3V (red dwarf) 11.62

*These stars are in the Alpha Centauri system.

What is an asterism?

An asterism is a group of stars in the sky that, when viewed from Earth, create an
outline of some recognizable shape or pattern. Two well-known asterisms are the
Big Dipper, which many astronomers use to point out the location of the North
Star, and the Summer Triangle, which is marked by three of the most prominent
stars in the Northern Hemisphere’s summer night sky.

MAPPING THE STARS

What is a constellation?

A constellation is akin to an asterism, but it is usually much more complicated, con-
taining more stars or larger areas of the sky. A few asterisms are constellations: the
asterism called the Southern Cross, for example, is the constellation Crux (the Cross).
Modern constellations are mostly named after mythological themes, such as gods,



legendary heroes, creatures, or struc-
tures. Although most constellations
resemble the figures after which they are
named, others are not as recognizable.
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The constellations encompass the
entire celestial sphere and provide a
visual reference frame. Astronomers can
plot the stars and other objects in the
universe using constellations, charting
the apparent movement that is caused
by Earth’s own rotation and orbit.

How many constellations
are there?

The current, internationally agreed-

upon map of the sky contains 88 con-

stellations. Some well-known constella-

tions include Aquila (the Eagle), Cygnus

(the Swan), Lyra (the Harp), Hercules

and Perseus (two mythological heroes),

Orion the Hunter and Ophiucus the  One of the most recognizable constellations is Orion the
Knowledge-seeker (two other mytho- Hunter. (Courtesy of Howard McCallon)

logical characters), Ursa Major and Ursa

Minor (the Big Bear and Little Bear), and the constellations of the zodiac. The table
below lists well-known constellations.

Well-Known Constellations

Well-Known Stars

Name Common Name in the Constellation

Aquila The Eagle Altair

Auriga The Charioteer Capella

Bootes The Hunter Arcturus

Canis Major The Big Dog Sirius

Canis Minor The Little Dog Procyon

Carina The Keel Canopus

Crux The Southern Cross Acrux

Cygnus The Swan Deneb

Gemini The Twins Castor, Pollux

Leo The Lion Regulus

Lyra The Harp Vega

Orion The Hunter Rigel, Betelgeuse, Bellatrix
Ursa Major The Big Bear Dubhe, Alcor, Mizar

Ursa Minor The Little Bear Polaris (The North Star) 91
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Who came up with the names of the constellations?

he naming of constellations dates back to ancient civilizations. In 140

C.E. the ancient Greek astronomer Claudius Ptolemy cataloged 48 con-
stellations visible from Alexandria, Egypt. All but one of those 48 are still
included in present-day catalogs, and that one (Argo Navis, the Argonauts’
Ship) was subdivided in the 1750s into four separate constellations. Many
new constellations were named in later centuries, mostly in previously
uncharted parts of the sky in the Southern Hemisphere. (Some of those con-
stellations have since been abandoned.) Many of the constellations original-
ly had Greek names; these names were later replaced by their Latin equiva-
lents by which they are still known today.

Who made the first astronomical star catalogs and charts?

Hipparchus, an ancient Greek astronomer of the second century B.C.E., is best
remembered for his astronomical measurements and the instruments he created to
make them. Hipparchus constructed an atlas of the stars visible without a telescope
and categorized them by brightness. The first major astrometric satellite, which
used parallax to measure the positions of and distances to more than 100,000 stars,
was named Hipparcos in his honor.

Star catalogs increased dramatically in size after telescopes were invented.
James Bradley (1693-1762) was England’s Astronomer Royal from 1742 until his
death 20 years later. He prepared an accurate chart of the positions of over 60,000
stars. German astronomer Johann Elert Bode (1747-1826), who became director of
the Berlin Observatory in 1786, published an enormous catalog of stars and their
positions in 1801.

Who made the first scientific map of the southern constellations?

In 1676 English astronomer Edmund Halley (1656-1742) traveled to Saint Helena,
an island off the west coast of Africa, and established the first European observato-
ry in the Southern Hemisphere. There, he made the first scientific map of the
southern constellations, recording the positions of 381 stars.

What is the astronomical significance of constellations?

Scientifically, a constellation does not have any significance. Stars, nebulae, or
galaxies in the same constellation may or may not have anything in common, aside
from the fact that they are nearby in the sky as viewed from Earth. They may even
be separated by a greater distance than objects in two different constellations.

That said, astronomers very often refer to objects being “in” or “toward” a certain
constellation. That means—and only means—that those objects can be found by



looking toward that particular constellation, as viewed from Earth. To say that a par-
ticular object is located “in” a constellation does not take into account at all the actu-
al distance of that object from Earth, or from any other object in that constellation.

What is the North Star?

The North Star is any star near the spot in the sky called the north celestial pole:
the place that Earth’s rotational axis is pointing toward. Right now, and for the past
several centuries, a Cepheid variable star called Polaris has been very close to the
pole, and thus has served as a good north star. Earth’s rotational axis changes its
pointing location across the sky over the millennia, however. Thousands of years
ago, while ancient Egyptian culture thrived, the North Star was a dimmer star
called Thuban. Between then and now, there have been stretches of many centuries
when there was no useful North Star at all.

Is there a South Star?

Right now, there is no easily visible star near the south celestial pole. There are
many asterisms and celestial objects relatively near the pole, so it is possible to tri-
angulate between them and roughly find the location of the south celestial pole.

DESCRIBING AND MEASURING STARS

What are the brightest stars in the night sky?

The brightest stars in the night sky as viewed from Earth are Sirius, the “Dog Star,”
in the constellation Canis Major (the Big Dog); Canopus, in the constellation Cari-
na (the Keel); and Rigel Kentaurus, more commonly known as Alpha Centari, in the
constellation Centaurus (the Centaur). These three stars are not, however, the three
stars in the night sky that emit the most light; they are the three stars that emit the
most light that reaches Earth.

The table below lists the brightest stars we can see from Earth.

The Brightest Stars as Seen from Earth

Spectral ApparentV Distance
Name Constellation Type Magnitude (in light-years)
Sun N/A G2V (yellow dwarf) -26.72 0.0000158
Sirius Canis Major A1V (blue dwarf) -1.46 8.6
Canopus Carina A9IT (blue giant) —0.72 310
Arcturus Bootes K1III (red giant) —0.04(variable) 37
Alpha Centauri A Centaurus G2V (yellow dwarf) -0.01 4.3
Vega Lyra A0V (blue dwarf) 0.03 25
Rigel Orion B8I (blue supergiant) 0.12 800

Procyon Canis Minor F5V (blue-green dwarf) 0.34 11.4
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Spectral ApparentV Distance

Name Constellation Type Magnitude (in light-years)
Achernar Eridanus B3V (blue dwarf) 0.50 140
Betelgeuse Orion M2I (red supergiant) 0.58(variable) 430
Agena Centaurus B1III (blue giant) 0.60(variable) 530
Capella A Auriga G6III (yellow giant) 0.71 42
Altair Aquila A7V (blue dwarf) 0.77 17
Aldebaran Taurus K5III (red giant) 0.85(variable) 65
Capella B Auriga G2III (yellow giant) 0.96 42
Spica Virgo B1V (blue giant) 1.04(variable) 260
Antares Scorpio MI1I (red supergiant) 1.09(variable) 600

How far are the farthest stars?

Among the 4,000 or so stars in the night sky that are visible to the unaided eye, the
most distant among them are several thousand light-years away. The light from
more distant stars is visible, however, when many of them are associated together
in a star cluster or nearby galaxy. It is possible to see, for example, the combined
starlight of the Large Magellanic Cloud (about 170,000 light-years away), the Small
Magellanic Cloud (about 240,000 light-years away), or even the Andromeda galaxy
(about 2.2 million light-years away) with unaided eyes. Using telescopes, we can see
starlight from galaxies that are more than 12 billion light-years away.

Who first accurately measured the distance to a star?

German mathematician and astronomer Friedrich Wilhelm Bessel (1784-1846) was
20 years old when he recalculated the orbit of Halley’s comet and mailed his find-
ings to astronomer Heinrich Olbers (the man famous for the paradox named in his
honor). When Bessel was 26, he was appointed director of the Koenigsburg Obser-
vatory, a position which he held until his death in 1846. During his career, Bessel
cataloged the positions of more than 50,000 stars. To study perturbations (small dis-
turbances) of planetary motions in the solar system, he developed a series of math-
ematical equations that helped describe complex overlapping motions and vibra-
tions. Today these equations are called the Bessel functions in his honor, and are
indispensable tools in the fields of applied mathematics, physics, and engineering.
Using innovative techniques, he measured the apparent motions of a large number
of stars more accurately than ever before.

How do astronomers describe the brightness of stars?

It is useful to describe the brightness of stars in terms of their flux, the measure of
how much light arrives here on Earth from that star, or by their luminosity, the
measure of how much energy they radiate. Astronomers, however, also use a histor-
ical description of a star’s brightness known as magnitude.

Ancient Greek astronomers established the original magnitude system, where-
by the brightest stars visible to the naked eye were categorized as “1st magnitude,”



How was the first accurate measurement
of the distance to a star achieved?

In 1838 Friedrich Bessel adapted techniques used to measure the motions of
stars to calculate the parallax of the star 61 Cygni. With that information,
he was able to measure the distance to that star to within a few percent accu-
racy of the modern value. He calculated the distance to 61 Cygni to be about
10 light-years, much farther than the distance between any objects in the
solar system. Bessel’s discovery opened the door to the proper study of stars
not just as points of light but as tangible objects in space.

the next brightest stars “2nd magnitude,” and so forth. The faintest, barely visible
stars were labeled “6th magnitude.” After telescopes were invented, many more
stars fainter than 6th magnitude were discovered. Astronomers thus extended the
magnitude beyond first and sixth magnitudes, following a mathematical formula on
a logarithmic scale.

Due to this historical origin of the magnitude system, brighter objects have a
lower magnitude number, while fainter objects have a higher magnitude number.
This means that negative magnitudes are brighter than positive magnitudes. Like a
lot of things with long histories, the astronomical magnitude system is backwards
and counterintuitive, but it works and persists to this day.

What is the difference between absolute magnitude and
apparent magnitude?

The original magnitude system is a flux-based system: the more light that reaches
an observer on Earth, the lower its magnitude number. This is called apparent mag-
nitude, because it is the apparent brightness of the star as seen from Earth.

The absolute magnitude system is a luminosity-based system: the more light
that is emitted by a star regardless of where it is, the lower its magnitude number.
It is defined as follows: the absolute magnitude of a star is what the apparent mag-
nitude of the star would be if it were at a distance of 10 parsecs (about 32.6 light-
years). Since flux and luminosity are related to one another by the distance between
a light source and the observer, the difference between the apparent magnitude (m)
and absolute magnitude (M) of a star is called its distance modulus (m-M).

HOW STARS WORK

Why do stars shine?

Stars shine because nuclear fusion occurs in their core. Nuclear fusion changes
lighter elements into heavier ones and can release tremendous amounts of energy
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If nuclear fusion did not occur in the Sun, could it still shine?

or a while, the Sun could still shine without fusion. The Sun was original-

ly formed when a large amount of matter fell toward a common center of
gravity. As that matter compressed into a dense ball of gas, it grew very hot
and began radiating heat and light—that is, it began to shine—even before
nuclear fusion began to occur. If there were no nuclear fusion in the Sun, the
collapse and compression of the Sun’s gases would continue to generate ener-
gy until it all fell together into a single point.

According to calculations first made by Lord William Thomson Kelvin
(1824-1907) and Hermann von Helmholtz (1821-1894) in the late-nineteenth
century, this kind of energy generation by collapsing gases would have allowed
the Sun to shine at its current luminosity for millions of years. But the ener-
gy could not have lasted the 4.6 billion years that we know the Sun has been
shining. Without nuclear fusion, the solar system would have gone dark long
before life first appeared on Earth.

in the process. The most powerful nuclear weapons on Earth are powered by nuclear
fusion, but they are puny compared to the nuclear explosiveness of the Sun.

How does nuclear fusion work in stars?

Atomic nuclei cannot just combine randomly. Rather, only a small number of spe-
cific fusion reactions can occur, and even then only under very extreme circum-
stances. In the Sun’s core temperatures exceed 27 million degrees Fahrenheit (15
million degrees Celsius) and pressures exceed 100 billion Earth atmospheres. In
these circumstances, there is a minute chance—Iless than a billion to one!—that, in
any given year, a proton will fuse with another nearby proton to form a deuteron,
also known as a deuterium nucleus or “heavy hydrogen” nucleus. The deuteron
then fuses quickly with another proton to produce a helium-3 nucleus. Finally, after
waiting around on average for another million years or so, two nearby helium-3
nuclei can fuse to form a helium-4 nucleus and release two protons.

In this multi-step sequence, called the “proton-proton chain,” hydrogen is trans-
formed into helium-4, and a tiny bit of matter is converted into energy. Even though
it is very hard for any given pair of protons to fuse into a deuteron, there are so many
protons in the core of the Sun that more than one trillion trillion trillion such fusion
reactions occur there each second. The amount of mass converted into energy is
thus huge—about 4.5 million tons per second—and provides enough outward push
to keep the Sun in a stable size and shape, and shine its stellar glow out into space.

Who first explained how nuclear fusion works?

Hans Albrecht Bethe (1906-2005) first explained the process of nuclear fusion.
Born in Strasbourg, Germany, he studied in Britain and the United States, then



Are stars solid, liquid, or gas?

tars are mostly comprised of a special state of gas called plasma: gas that

is electrically charged. Many people refer to plasma as the “fourth” state
of matter. Other examples of plasma that we might observe in daily life
include the air where a lightning bolt is traveling through, or the gas inside
a fluorescent light bulb.

joined the physics faculty of Cornell University in 1935. There he worked on the
theory of how quantum mechanical systems operate at high temperatures. In May
1938, Bethe published his findings explaining how nuclear fusion could work at the
heart of the Sun, and how it could produce enough energy to make the Sun shine.
Bethe’s work in theoretical nuclear physics made him particularly valuable in the
development of the first atomic bomb. He was deeply involved in the Manhattan
Project during World War II, and was one of the pioneering scientists to work at Los
Alamos National Laboratories in New Mexico. After the war, he continued to con-
duct pioneering research in the physics of stars and the processes that go on inside
them. For his immense contributions to science, Hans Bethe was awarded the
Nobel Prize in physics in 1967.

Do stars have electric currents running through them?

Yes. The electric currents are far stronger than anything man-made, and they cre-
ate the Sun’s magnetic fields. There are some magnetic fields inside the Sun, and
one very big field outside the Sun that extends into space for billions of miles.

What happens in the radiative zone of the Sun?

The energy produced by nuclear fusion at the core of the Sun travels outward as radi-
ation—photons traveling through the solar plasma. Although the photons travel at
the speed of light, the plasma in a star is so dense that the photons keep running into
particles and bouncing away in an unpredictable pattern called a random walk. The
bouncing around is so extreme, that it takes an average of one million years for the
solar light to travel the 250,000 miles (400,000 kilometers) through the radiative
zone. In the vacuum of space, light can travel that distance in less than two seconds.

What happens in the convective zone of the Sun?

The convective zone begins at a depth of about 90,000 miles (150,000 kilometers)
below the surface of the Sun. In the convective zone, the temperatures are cool
enough—under 1,800,000 degrees Fahrenheit (1,000,000 degrees Kelvin)—that
the atoms in the plasma there can absorb the photons coming outward from the
Sun’s radiative zone. The plasma gets very hot, and begins to rise upward out of the
Sun. The motion of the plasma creates convection currents, like those that happen
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in Earth’s atmosphere and oceans, which carry the Sun’s energy to the photosphere
on seething rivers of hot gases.

This is how the convection works. As the temperature of the gas that has
absorbed energy at the bottom of the convection zone increases, the gas expands,
becoming less dense than its surroundings. These bundles of hot gas, because they
are less dense, float up toward the surface of the convection layer like hot air bal-
loons rising up into the air on a cold morning. At the top of this layer, they radiate
away their excess energy, becoming cooler and denser, and then they sink down
again through the convection layer. The effect is a continuous cycle of “conveyor
belts” of hot gas moving up and cooler gas moving down.

What happens in a star’s photosphere?

The photosphere is the layer of a star’s atmosphere that we see when viewing the
Sun in visible light. It is sometimes referred to as the “surface” of a star. It is a few
hundred miles thick, and it is made up of planet-sized cells of hot gas called gran-
ules. These gas cells are in constant motion, continuously changing size and shape
as they carry heat and light through from the Sun’s interior to its exterior.
Sunspots, regions of intense magnetic activity, also occasionally appear in the pho-
tosphere and last from hours to weeks.

What happens in a star’s chromosphere?

The chromosphere, the thin and usually transparent layer of the Sun’s atmosphere
between the photosphere and the corona, is a highly energetic plasma that is punc-
tuated with flares—bright, hot jets of gas—and faculae consisting of bright hydro-
gen clouds called plages. The chromosphere is generally not visible except with
ultraviolet or X-ray telescopes.

The chromosphere is around 1,000 to 2,000 miles thick. It has some unexpect-
ed physical properties. For example, while the density of the gas decreases from the
inner edge of the chromosphere to the outer edge, the temperature of the gas
increases dramatically—from about 7,250 to 180,000 degrees Fahrenheit (4,000 to
100,000 degrees Celsius)—even though the distance to the Sun is actually increas-
ing. At its outer limit, the chromosphere breaks up into narrow gas jets called
spicules and merges into the Sun’s corona.

What happens in the Sun’s corona?

The corona is a very thin, but very large, layer of gas that extends from a star’s pho-
tosphere and chromosphere out to a distance of about 10 million miles away from
the Sun. It is much dimmer than the rest of the Sun, and can only be seen when
the Sun is blocked from view—either by a scientific instrument called a corona-
graph, or naturally during a solar eclipse.

Even though it is thinner than the best laboratory vacuums on Earth and so far
away from the Sun’s core, the corona is very energetic and very hot, with its plas-



Who discovered the Sun’s chromosphere?

Dominique—Frangois-Jean Arago (1786-1853) was the leading French
astronomer for the first half of the nineteenth century. Among Arago’s
achievements in astronomy is his discovery of the Sun’s chromosphere. He
also offered a pioneering explanation for the twinkling of stars, and conduct-
ed research that helped lead one of his assistants, Urbain Jean Joseph Lever-
rier, to discover the planet Neptune. Arago made important contributions to
the understanding of electromagnetism and optics, as well.

ma reaching temperatures of millions of degrees. Astronomers are still trying to fig-
ure out how the corona gets so hot. Current research suggests that the strong elec-
trical currents and magnetic fields in and around the Sun transfer tremendous
amounts of energy to the corona, either generally or by special “hotspots” that form
for short periods of time and then disappear again.

Do other stars have layers like a core, radiative zone, convective zone,
photosphere, chromosphere, and corona?

Yes, but in different ratios of thickness depending on the star’s temperature, mass,
and age. Very hot, young stars can even be completely radiative and have no con-
vective zone; very cool stars, on the other hand, can be completely convective and
have no radiative zone. The coronae around stars can also vary tremendously,
depending on the strengths of the magnetic fields around the stars.

SUNSPOTS, FLARES,
AND SOLAR WIND

What is a sunspot?

Sunspots, when viewed by visible light, appear as dark blemishes on the Sun.
Most sunspots have two physical components: the umbra, which is a smaller,
dark, featureless core, and the penumbra, which is a large, lighter surrounding
region. Within the penumbra are delicate-looking filaments that extend outward
like spokes on a bicycle wheel. Sunspots vary in size and tend to be clustered in
groups; many of them far exceed the size of our planet and could easily swallow
Earth whole.

Sunspots are the sites of incredibly powerful, magnetically driven phenomena.
Even though they look calm and quiet in visible light, pictures of sunspots taken in
ultraviolet light and in X rays clearly show the tremendous energy they produce and
release, as well as the powerful magnetic fields that permeate and surround them.
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Why do sunspots appear dark?

unspots are slightly cooler temperature (about 2,000 degrees Fahrenheit

[1,100 degrees Celsius] cooler) than their surrounding photospheric gas,
and so in the bright back-lighting, sunspots appear dark. Do not be fooled,
though; a sunspot is still many thousands of degrees, and the amount of elec-
tromagnetic energy that courses through sunspots is tremendous.

What is a solar prominence?

Prominences are high-density streams of solar gas projecting outward from the
Sun’s surface (photosphere) into the inner part of the corona. They can be more
than 100,000 miles long and can maintain their shapes for days, weeks, or even
months before breaking down.

What is a solar flare?

Solar flares are sudden, powerful explosions on the surface of the Sun. They usual-
ly occur when large, powerful sunspots have their magnetic fields too tightly twist-
ed and torqued by the hot, swirling plasma in the Sun. The magnetic field lines
unwind and break suddenly, and the matter and energy that had been contained
rushes outward from the Sun. Solar flares can be many thousands of miles long,
and they can contain far more energy than all of the energy consumption of all of
human history on Earth.

What is a coronal mass ejection?

A coronal mass ejection is a huge blob of solar material—usually highly energetic
plasma—that is thrown outward into space in a huge solar surface explosion. Coro-
nal mass ejections are associated with solar flares, but the two phenomena do not
always occur together. When coronal mass ejections reach the space near Earth,
artificial satellites can be damaged by the sudden electromagnetic surge caused by
the flux of these charged particles.

What is the solar wind?

The solar wind is the flow of electrically charged particles outward from the Sun.
Aside from stormy outbursts like solar flares, it streams gently from the Sun’s coro-
na throughout the solar system. The solar wind can vary in its speed and intensity,
just like wind on Earth; it is, however, streaming plasma and not moving air.

How do we see the effects of the solar wind in the solar system?

One easily visible effect of the solar wind can be seen in the tail of a comet. When a
comet enters the inner solar system, the increased temperatures cause it to lose a



An 80,000-mile-long solar flare erupts from the Sun in this image taken by NASA's Solar and Heliospheric Observatory.
(NASA)

small portion of its outer layers, which sublimates from solid to gas. The loosened
material is swept back away from the Sun, forming the comet’s tail. The electrical-
ly neutral particles are pushed back by the Sun’s radiation pressure—the momen-
tum of sunlight itself—while the electrically charged particles are pushed back by
the solar wind. Sometimes, these two components separate slightly, and we can see
both a “dust tail” and an “ion tail.”

How fast does the solar wind travel?

The flow of plasma out from the Sun is generally continuous in all directions, typ-
ically moving at speeds of several hundred kilometers per second. It can, however,
gust out of holes in the solar corona at 2,200,000 miles per hour (1,000 kilometers
per second) or faster. As the solar wind travels farther from the Sun, it picks up
speed, but it also rapidly loses density.

How far does the solar wind travel?

The Sun’s corona extends millions of miles beyond the Sun’s surface. The plasma of
the solar wind, however, extends billions of miles farther—well beyond the orbit of
Pluto. Beyond there, the plasma density continues to drop. There is a limit, called
the heliopause, where the influence of the solar wind dwindles to just about noth-
ing. The region inside the heliopause—which is thought to be some 8 to 14 billion
miles (13 to 22 billion kilometers) from the Sun—is called the heliosphere.

Do all stars have spots, prominences, flares, mass ejections, and winds?

Yes, in varying degrees all stars have these characteristics. The Sun, compared to
most stars we know, is relatively quiet in its stormy activity. That is very good news
to living things on Earth, which generally cannot survive too much disruption.
Some stars have huge flares constantly erupting from them; others actually have
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What effect does solar activity have on life here on Earth?

By the time the solar wind reaches the distance of Earth’s orbit, its densi-
ty is only a handful of particles per cubic inch. Even so, it is enough to
have caused substantial radiation damage to life on Earth over the several bil-
lion years of Earth’s history, if not for Earth’s protective magnetosphere.

When solar activity is particularly strong, such as during a solar flare, the
stream of charged particles can increase dramatically. In that case, these ions
can strike molecules in the upper atmosphere, causing them to glow. Those
eerie, shimmering lights are called the aurora borealis (Northern Lights) and
aurora australis (Southern Lights). During this time, Earth’s magnetic field
can temporarily weaken, causing our atmosphere to expand; this can affect
the motion of satellites in high-Earth orbit. In extremely strong periods of
solar flux, electrical power grids can be affected.

most of their surface covered with spots. If there were planets orbiting those stars,
the electromagnetic results in the environments there would almost certainly not
support life as we know it.

STAR EVOLUTION

What is stellar evolution?

Stellar evolution is the term used to describe the aging process of stars. The theo-
ry of stellar evolution is broad and complicated, and is one of the most important
ideas in all of astronomy. It is remarkably analogous to the study of aging in
humans: we are born, go through immature stages, then are mature for a long time,
and then undergo further and final changes toward the end of our lives until we
finally die.

What is a main sequence star?

A “main sequence star” is a star that is currently in the main mature period of its
life cycle. Main sequence stars are converting hydrogen into helium and are in an
equilibrium state.

Are there stars not on the main sequence?

Yes. Whereas most stars in any given population of stars are on the main
sequence—that is, going through the longest equilibrium period of their life
cycle—a small percentage of stars in that population are not. This includes pre-
main sequence, or “infant” stars, and post-main sequence, or “elderly” stars. Stars
change and age throughout their existence.



How did the main sequence get its name?

he main sequence is the most prominent feature in an astronomical diag-

nostic tool called the Hertzsprung-Russell diagram. When astronomers
want to study a population of stars, they measure the luminosity (or flux) and
the temperature (or color) of each star, and plot the results on a diagram.
Ejnar Hertzsprung (1873-1967) and Henry Norris Russell (1877-1957) were
the first to make this kind of diagram, showing that the vast majority of data
points fall in a narrow, diagonal zone in the diagram—a “main sequence.”

How do astronomers use the H-R diagram to study populations of stars?

The H-R (Hertzsprung-Russell) diagram plots the luminosity or magnitude of
stars on the vertical axis and the photospheric temperature, color, or spectral
type of those same stars on the horizontal axis. In a typical population of stars,
the vast majority of stars will appear on a narrow diagonal band called the main
sequence; the sequence runs from hot-and-luminous stars to cool-and-dim stars.
Stars that are cool yet luminous, usually red giant stars, are not on the main
sequence; stars that are hot yet dim, usually white dwarf stars, are also not on
the main sequence. Stars not on the main sequence are generally in the end of
their life cycles, and their locations on the diagram indicate the stage of life cycle
they are in.

Among the many ways to analyze the H-R diagram, looking at the bright and
dim limits of the main sequence can help determine the age of the population; the
number of different kinds of non-main sequence stars can help determine the evo-
lutionary history of the population; and an extra band of stars parallel to the main
sequence could indicate the presence of a second population of star mixed in with
the first. Almost every detail of where the data points are on the H-R diagram can
provide a valuable piece of evidence about the nature of a complex stellar population.

What is a color-magnitude diagram?

A color-magnitude diagram is a type of Hertzsprung-Russell diagram that plots the
apparent magnitude of stars on the vertical axis and the color of those same stars
on the horizontal axis. They are particularly useful for studying populations of stars
in clusters.

What is a Wolf-Rayet star?

Named after the two astronomers who discovered the first example of this class of
object, a Wolf-Rayet star is a high-mass star that is very young. It is pretty much a
main sequence star, but it is so young that it has not reached a steady equilibrium;
very strong stellar winds are gusting off the surface of the star, creating a wildly
fluctuating, dynamic environment.
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A diagram illustrating the formation of a protoplanetary disk containing considerable amounts of water. Disks such as these
are easier to detect from Earth when the disk is oriented face-on toward the observer. (VASA/JPL-Caltech/T. Pyle)

What is a T Tauri star?

Named after the first object of its class, a T Tauri star is an intermediate-mass star
that is very young. It is probably so young that nuclear fusion has not yet begun at
its core, or maybe has just begun. The material surrounding the core has not yet
settled into equilibrium, so much of it is still falling in toward the star’s center.
Meanwhile, the infall is creating huge amounts of energy that comes outward from
the center in the form of strongly gusting stellar winds. Because of this the center
of the star is obcured from view by all the swirling dust and gas.

What is a protostar?

A protostar is the name given to the class of objects that are stars that are not quite
on the main sequence. In other words, one might call them “baby stars.” A T Tauri
star can be considered an example of a protostar.

What is a protoplanetary disk?

Once a star has begun sustained nuclear fusion at its core, its stellar winds start to
clear out the surrounding dust, gas, and other debris. Some of that debris, howev-
er, settles into a thin, swirling disk that orbits around the newly born star. This



What is the most important factor that
influences how a star will evolve?

Astar’s initial mass—the mass of a star when it is born—is by far the most
important factor that influences its evolution (i.e., the aging process).
Very generally speaking, stars fall into five mass categories: very low mass
(down to about 0.01 solar mass), low mass (about 0.1 solar mass), intermedi-
ate mass (about 1 solar mass), high mass (about 10 solar masses), and very
high mass (up to about 100 solar masses). Each of these categories follows a
generally similar path from starbirth to star-death. The Sun, which by defini-
tion has one solar mass, is thus an intermediate-mass star.

structure is referred to as a protoplanetary disk. It is so named because that is where
the raw materials for the planets in that star system have gathered, and where those
planets themselves will likely be born.

What is the relationship between the initial mass of a star and its size,
age, and luminosity?

The main part of a star’s life cycle is spent on what is called the main sequence. The
higher the initial mass of a star is, the greater its main sequence luminosity is; the

bluer and hotter it is; the larger its diameter is; and the shorter its main sequence
lifetime is.

How does a very low-mass star evolve?

A very low-mass star is often called a brown dwarf. It is born, lives, and ultimately
dies in almost exactly the same form. A typical brown dwarf, containing one hun-
dredth the mass of the Sun, has a luminosity about one-millionth that of the Sun.
It will shine, albeit feebly, for a hundred trillion years or more.

How does a low-mass star evolve?

A low-mass star is sometimes called a red dwarf. It is born fusing hydrogen into
helium; it continues to do so until it stops, never really changing size and form dur-
ing that time. It ends its life cycle as a white dwarf. A typical low-mass star, contain-
ing one-tenth the mass of the Sun, has a luminosity about one-thousandth that of
the Sun, and a main sequence lifetime of about one trillion years.

How does an intermediate-mass star evolve?

A star about the mass of the sun, also called an intermediate-mass star, is born fus-
ing hydrogen into helium. After it goes through its main sequence lifetime, it
undergoes a dramatic change, becoming a red giant for a relatively short time.
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What is a supernova remnant?

A supernova remnant is the glowing emission nebula that is left over after a
supernova explosion. It is comprised of the plasma that used to be part of
the massive star which was blown apart. The remnant originally is pushed out-
ward into space at a speed of up to 100 million miles per hour. Over time, the
remnant forms bright filaments of highly energized gas. Furthermore, this gas
is highly enriched with heavy elements, the result of the nuclear fusion right
near the end of the progenitor star’s life. These elements, such as calcium,
iron, and even silver and gold, wind up being incorporated into the interstel-
lar medium and become the raw materials for future generations of stars and
planets. The Crab Nebula is a famous example of a supernova remnant.

Eventually, the star finishes the red giant phase and collapses into a white dwarf, its
final configuration. The Sun, which contains one solar mass of material and emits
one solar luminosity unit of light, will have a main sequence lifetime totaling about
ten billion years. It will then be a red giant for about one-tenth that amount of time.

How does a high-mass star evolve?

A high-mass star starts out its life as a luminous main sequence star, and also later
becomes a red giant. Instead of collapsing and fading into a white dwarf, however,
it fuses not only hydrogen into helium, but also helium into carbon, carbon into
oxygen, and so forth. This creates heavier and heavier elements, including neon,
magnesium, silicon, and iron. Then, when the equilibrium between the inward pull
of gravity and the outward push of nuclear fusion energy is broken, the star’s own
gravity collapses the core of the star in a tiny fraction of a second, blowing itself
apart in a titanic explosion called a supernova. The final remnant of this evolution-
ary path is a neutron star. A neutron star is the collapsed stellar core and is only
about 10 miles across, yet several times more massive than the Sun. A high-mass
star that contains about 10 times the Sun’s mass, in fact, would be about one thou-
sand times more luminous during its main sequence and would have a main
sequence lifetime of about 100 million years.

How does a very high-mass star evolve?

A very high-mass star fuses hydrogen into helium fast and furiously. Having 100
times the mass of the Sun, these stars have a main sequence lifetime of about one
million years and a luminosity a million times that of the Sun. Like a high-mass
star, a very high-mass star leaves the main sequence and fuses heavier and heavier
elements. When the supernova explosion occurs, however, the core does not stop
collapsing at a neutron star. Rather, the mass of its core is so great—up to 10 or 20
solar masses—that no kind of ordinary matter can arrest the gravitational infall.
The mass piles into a singularity and becomes a black hole.



What is a planetary nebula?

Planetary nebulae, though their name
seems ambiguous, are really clouds of
gas. They are called “planetary” because
when they were first discovered
astronomers saw these nebulae as
round and colorful; they looked like the
planets in our solar system. A planetary
nebula is produced by an intemediate-
mass, Sun-like star going through the
final stages of its life cycle. As such a
star evolves past the red giant stage, the
outer gaseous layers detach from the
stellar core in a series of violent “puffs,”
shedding the atmosphere. Some well-
known planetary nebulae include the
Ring, the Cat’s Eye, the Hourglass, and
the Helix.

Located in the Large Magellanic Cloud, Hodge 301 is a
cluster of dying stars surrounded by the Tarantula Nebula.
Many of the stars within Hodge 301 have either exploded as
supernovas or are aging red giants that will soon explode.
(NASA, The Hubble Heritage Team, STScl, AURA)

What is a supernova?

A supernova is a tremendous explosion that occurs when the core of a star exceeds
the Chandrasekhar limit, and its collapse is not halted by electron degeneracy.
When that happens, it takes only a fraction of a second for the stellar core to col-
lapse into a dense ball about ten miles across. The temperature and pressure
becomes almost immeasurably hot and high; and the recoil of that collapse causes
an enormous detonation. More energy is released in ten seconds than the Sun will
emit in its entire ten billion year lifetime, as the guts of the star are blown outward
into interstellar space.

There are two general types of supernovae. A Type I supernova is the result of
an existing, older white dwarf that gains enough mass to exceed the Chandrasekhar
limit, causing a runaway collapse. A Type II supernova is produced by a single high-
mass star whose gravity is so strong that its own weight causes the stellar core to
reach a mass beyond the Chandrasekhar limit.

THE SUN

How bright is the Sun compared to other stars?

The apparent magnitude of the Sun is a large negative number. As viewed in visible
light, the Sun has m = -26.7 brightness because it is so close and, thus, has the
lowest apparent magnitude of any celestial object. The Sun’s absolute magnitude is
4.8 as viewed in visible light. This number, unlike the Sun’s apparent magnitude, is
roughly in the middle of the range of most stars.
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How long has the Sun
been shining?

The Sun has been shining for 4.6 billion
years. We know this from a variety of
scientific studies. The most convincing
evidence comes from the study of mete-
orites. Using various dating methods,
some of these meteorites have been
shown to have formed at the time the
Sun began to shine. They have been
dated to be 4.6 billion years old, so the
Sun is estimated to be that old, as well.

The Sun is the closest star to Earth. About 93 million miles How much |onger will the
away, it is over 100 times larger than the Earth. (VASA/JPL-

Caltech/R. Hurt) Sun shine?

Based on the scientific understanding of
how stars work, our Sun will continue to conduct nuclear fusion at its core for
about another five to six billion years.

What is the size and structure of the Sun?

The Sun has a core at its center; a radiative zone surrounding the core; a convec-
tive zone surrounding the radiative zone; a thin photosphere at its surface; and a
chromosphere and corona that extends beyond the photospheric surface. In all, the
Sun is about 853,000 miles (1,372,500 kilometers) across, which is about 109 times
the diameter of Earth.

The different zones and layers in and around the Sun exist because the physical
conditions—mostly temperature and pressure—of the Sun change depending on
the distance from the Sun’s center. At the core, for example, temperatures exceed 15
million degrees Kelvin, whereas the inner part of the convective zone is just under
1 million degrees Kelvin, and the photosphere is about 5,800 degrees Kelvin.

What is the Sun made of?

The Sun’s mass is composed of 71 percent hydrogen, 27 percent helium, and 2 percent
other elements. In terms of the number of atoms in the Sun, 91 percent are hydrogen
atoms, 9 percent are helium atoms, and less than 0.1 percent are atoms of other ele-
ments. Most of the stars in the universe have a similar chemical composition.

How massive is the Sun?

The Sun has a mass of 4.39 million trillion trillion pounds (1.99 million trillion tril-
lion kilograms). The most massive supergiant stars have about one hundred times
more mass than the Sun. The least massive dwarf stars and brown dwarfs contain
about one-hundredth the mass of the Sun.



Is the Sun a special star compared to the other stars
in our galaxy, or in our universe?

As it turns out, the Sun is a fairly common star when it comes to the pop-
ulation of stars in the universe. There are billions of stars just like the
Sun in our galaxy and throughout the cosmos. This is great news for
astronomers, because that means that we can use the Sun as a model—a
ready-made laboratory—to try to understand the nature of stars in general.
Since it is only 93 million miles away from Earth, it is so bright that we can
study the sun in tremendous detail.

How hot is the Sun?

The temperature at the center of the Sun is about 27 million degrees Fahrenheit
(15 million degrees Kelvin). This is typical for stars that convert hydrogen into heli-
um using the proton-proton chain, but it is hotter than some stars and much cool-
er than others. This is expecially true if these other stars harbor fusion processes
other than the proton-proton chain, such as the carbon-nitrogen-oxygen cycle or
the triple-alpha reaction.

The temperature at the surface of the Sun is about 11,000 degrees Fahrenheit
(5,800 degrees Kelvin). The surface temperatures of stars range typically from about
5,400 to 54,000 degrees Fahrenheit (3,000 to 30,000 degrees Kelvin), though in some
special kinds of stars the surface temperatures can be higher or lower than this range.

Does the Sun spin?

The Sun does indeed spin, rotating about its axis from west to east, the same direc-
tion that the planets orbit around the Sun. Since the Sun is not a solid object but
rather a big ball of electrically charged gas, it spins at different speeds depending on
the latitude. The Sun spins once around its axis near its equator in about 25 days,
and in about 35 days near its north and south poles. This kind of spinning, in which
different parts move at different speeds, is called differential rotation.

What are the consequences of the Sun’s spin?

Magnetic fields in the Sun, created by strong electric currents, are produced
because of the Sun’s spin. The Sun has differential rotation, and its interior roils
with tremendous heat and energy. That causes the magnetic field lines in the Sun
to get bent, twisted, knotted, and even broken; sunspots, prominences, solar flares,
and coronal mass ejections are the result.

Do other stars spin?

All stars spin at least somewhat. Whereas the Sun takes several weeks to rotate once
on its axis, some stars can make a full rotation every few days. Stellar remnants,
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such as white dwarfs and neutron stars, can rotate even faster—some neutron stars
rotate hundreds of times per second.

DWARF STARS
AND GIANT STARS

What is a brown dwarf?

A brown dwarf is another name for a very low-mass star. The existence of brown
dwarfs—stars with so little mass that there is almost no nuclear fusion in them, yet
with much more mass than any planet in our solar system—was not confirmed
until the 1990s. The reason is that their photospheres are so cool that they are very
dim, emit very little visible light, and can be found only using infrared telescope
technology. Since their discovery, infrared telescopes and infrared astronomical
cameras have advanced by leaps and bounds. One result is that a huge number of
brown dwarfs have been discovered in recent years. In fact, so many have been iden-
tified that it is now hypothesized that the number of brown dwarfs may outnumber
all the other stars in our galaxy put together.

In this artist’s depiction, our solar system is compared to what a brown dwarf star system might look like. (NASA/JPL-Caltech/
T. Pyle)



What was the first white dwarf ever detected?

n the early twentieth century, astronomers studying the star Sirius (the Dog

Star and brightest star in the night sky as viewed from Earth) noticed a tiny
companion near the bright star. This companion, Sirius B, orbited around
Sirius at a very small distance. By measuring the tiny wobbles in their mutu-
al orbit, they deduced that Sirius B was more massive than our Sun, but
smaller than Earth. Sirius B is the first white dwarf ever detected, and it
remains one of the most massive white dwarfs known to astronomers.

What is a red dwarf?

A red dwarf is another name for a low-mass, main-sequence star. They are cool com-
pared to most other kinds of stars (their photospheric temperature is about 6,000
degrees Fahrenheit, or 3,000 degrees Kelvin), so they glow a dull red. Red dwarfs
are small and faint compared to most other kinds of stars.

What is a red giant?

A red giant is a kind of star that represents an evolutionary phase of intermedi-
ate and high-mass stars that have surpassed their main sequence lifetimes.
When a star like the Sun becomes a red giant, a sudden burst of energy is pro-
duced by new fusion processes at the core of the star. This burst pushes the plas-
ma in the star outward. When the equilibrium of the star’s inward and outward
forces are restored, the star has swelled to about one hundred times its original
diameter. The swollen, bloated star is so large that its outer layers do not con-
tain as much star-stuff, and the star’s surface (photosphere) cools down to the
temperatures of red dwarfs (about 6,000 degrees Fahrenheit or 3,000 Kelvin).
The Sun is destined to become a red giant, and when it does, about five billion
years from now, it will swallow the planets Mercury and Venus, and destroy
Earth as well.

What is a white dwarf?

A white dwarf is one common kind of stellar “corpse.” Stars of intermediate and low
mass tend to end their lives as white dwarfs. As the energy produced by nuclear
fusion dwindles and ends in the cores of these stars, they collapse under their own
weight until the atomic nuclei in the stars’ plasma bump up against one another.
Any further collapse of the star is halted by the atoms pushing against one anoth-
er: a condition called electron degeneracy. The collapse concentrates the remaining
heat of the dying star into a tiny space, causing the white dwarf to glow white-hot.
A white dwarf the mass of the Sun will only be as large as our planet Earth, a shrink-
age of about 100 times in diameter and a million times in volume. One teaspoon of
white dwarf star material weighs several tons.
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In this artist depiction of the binary system 4U 0614+091, material from a white dwarf is sucked into the gravity well of a
pulsar. (NASA/JPL-Caltech/R. Hurt)

Who first described the nature of white dwarfs?

The British theoretician Arthur Stanley Eddington (1882-1944) was the most dis-
tinguished astrophysicist of his time. He was the first scientist to propose that the
tremendous heat production at a star’s core is what prevents a star from collapsing
under its own gravity. His seminal book, The Internal Constitution of the Stars,
helped launch the modern theoretical study of stellar evolution. When astronomers
puzzled over the nature of Sirius B, Eddington suggested the explanation that
turned out to be correct: the matter of Sirius B is in a state called electron degen-
eracy—a special condition that is not found anywhere on Earth.

Who first suggested that some stars could not end their lives as
white dwarfs?

The Indian-American astrophysicist Subramanyan Chandrasekhar (1910-1995)
first proposed this idea. In 1936, Chandra was hired to teach at the University of
Chicago and to conduct research at Yerkes Observatory in Wisconsin. Over a long
and remarkable career in Chicago, he made major advances in theoretical astro-
physics, including work on the transfer of energy in stars and throughout the uni-
verse. He served as editor-in-chief of the Astrophysical Journal for a generation, as



well. Chandra is perhaps best known, however, for discovering that stars can evolve
beyond white dwarfs to other, even denser states of matter. He is widely regarded as
the leading astrophysicist of his time.

What is the Chandrasekhar limit?

In 1930 Chandrasekhar used theories first presented by Arthur Eddington, as well
as Albert Einstein’s special theory of relativity, to calculate that a star higher than a
certain mass limit will not end its life as a white dwarf. In other words, the electron
degeneracy that would stop the collapse of a star’s core would stop working because
the pressure would be so great that the electrons would start moving too fast to pro-
vide outward pressure. In 1934 and 1935, he made further calculations showing
that, above about 1.4 times the mass of the Sun, a stellar core will collapse beyond
the white dwarf stage and turn into something far denser and more compact.
Although this particular discovery was not immediately accepted by the astrophys-
ical community, the discovery of the Crab Nebula pulsar and the realization that it
was far smaller and denser than any white dwarf confirmed Chandrasekhar’s calcu-
lations. That upper mass limit is today called the Chandrasekhar limit in his honor.

What is a blue giant?

A blue giant is the name for a star that is, as its name suggests, big and blue. Such
stars are usually high-mass stars on the main sequence. Blue giants live for only a
million years or so, glowing a million times brighter than the Sun before they blow
apart in titanic supernova explosions.

NEUTRON STARS AND PULSARS

What is a neutron star?

A neutron star is the collapsed core of a star that is left over after a supernova explo-
sion. It is, so to speak, matter’s last line of defense against gravity. In order to stay
internally supported as an object and not be crushed into a singularity, the neutrons
in the object press up against one another in a state known as neutron degeneracy.
This state, which resembles the conditions within an atomic nucleus, is the dens-
est known form of matter in the universe.

How dense is a neutron star’

A neutron star is about as dense as a neutron itself. To put it in a different way, it
has the density of an object more massive than the Sun, yet it is only about ten
miles across. That means that a neutron star is 10 trillion times denser than water.
A single teaspoon of neutron star material would weigh about five billion tons! A
dime-sized sliver of neutron star material contains more mass than every man,
woman, and child on Earth put together. If one dropped a chunk of neutron star
material toward the ground, it would cut through our planet like it was not there;
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What is a magnetar?

magnetar is a neutron star with such a strong magnetic field that it cre-
ates unusual and fascinating physical conditions. These neutron stars are
literally the most magnetized objects ever discovered, with field strengths tril-
lions or even quadrillions of times stronger than those of the Sun. These fields
are so strong that they can induce starquakes in the neutron stars, disrup-
tions that cause dramatic bursts of gamma-ray radiation to erupt into space.

The magnetar phenomenon is a highly energetic, short-lived phase in the
lives of a small fraction of all known neutron stars. These “soft gamma
repeaters,” as they are also known, are not the so-called gamma-ray bursts;
rather, it may be possible that magnetars are what is left after a gamma-ray
burst caused by a supernova in a very fast-spinning high-mass star. This
hypothesis has yet to be confirmed, however.

it would fall through the center of our planet, emerge out the other side, and keep
traveling back and forth through the middle of Earth for billions of years, turning
our planet into something like a big ball of Swiss cheese.

What is the environment like around a neutron star?

The gravitational well of a neutron star is pretty steep. The effect on spacetime near
the surface of a neutron star is therefore significant; objects in the sky would look
distorted and displaced, and their colors would be gravitationally redshifted. If mat-
ter falls onto a neutron star, what happens is very similar to matter falling onto a
black hole; the material does not disappear forever, but it certainly gets very hot,
and can glow with X rays, ultraviolet radiation, and radio waves. If the neutron star
is spinning as well, then a magnetic field billions of times stronger than Earth’s can
be created, causing highly energetic and radiative effects.

What is a pulsar?

When a neutron star spins, it sometimes spins incredibly fast—up to hundreds of times
a second. A magnetic field billions of times stronger than Earth’s can form as a result.
If the field interacts with nearby electrically charged matter, it can result in a great deal
of energy being radiated into space, a process called synchrotron radiation. In this sce-
nario, the slightest unevenness or surface feature on the neutron star can cause a sig-
nificant “blip” or “pulse” in the radiation being emitted. Each time the neutron star
spins around once, a pulse of radiation comes out. Such an object is called a pulsar.

Who first discovered a pulsar?

In the 1960s, an astronomy graduate student at Cambridge University named Jocelyn
Susan Bell Burnell (1943-) and her advisor Antony Hewish (1924-) used a large radio



telescope in their research. The giant radio telescope consisted of scraggly looking
antennae linked by wires, spread over a four-acre field, and was capable of detecting
faint and rapidly changing energy signals and recording them on long rolls of paper.
In 1967 Bell Burnell noticed some strange signals being recorded: periodic pulses of
radio waves coming from specific locations in the sky. She found four pulsating
sources; they were very mysterious because, prior to that time, the only recorded
radio signals coming from space were continuous ones. Bell Burnell and Hewish
hypothesized that these “pulsars” might be rapidly spinning white dwarf stars or neu-
tron stars. The interpretation that they are neutron stars was eventually confirmed.

How many pulsars have been discovered?

As of 2008, more than 1,000 pulsars have been found throughout our galaxy. Per-
haps the best known one is the Crab Nebula pulsar. It is at the center of the Crab
Nebula and is a remnant from a supernova that was first observed in 1054 c.E. It
pulses once every 33 milliseconds; it is remarkable to imagine a body the mass of
the Sun spinning more than 30 times per second!

RADIATING STARS

What is an “X-ray star”?

An “X-ray star,” as its name implies, is a star that emits a great deal of X-ray radia-
tion. Our Sun, as with most typical stars, emits lots of X rays compared to terres-
trial sources. As a percentage of the total radiation emitted by the Sun, however, its
X-ray emission is very small. X-ray stars may emit thousands of times more X rays
than visible light radiation.

X-ray stars are almost always binary star systems or multiple star systems. The
interaction between the two or more stars in the systems—one of which is usually
a compact object like a white dwarf, neutron star, or black hole—is what causes the
strong X-ray emission. Astronomers usually use the terms “low-mass X-ray binary”
(LMXRB) or “high-mass X-ray binary” (HMXRB) to describe the two main classes of
X-ray star systems.

What’s the difference between a low-mass X-ray binary and a high-mass
X-ray binary?

As their names imply, a low-mass X-ray binary contains stars that are of relatively
low mass, being of intermediate mass or lower, with a white dwarf as the compact
companion. A high-mass X-ray binary, by contrast, often has one or two high-mass
or very high-mass stars in the system, and the compact object is usually a neutron
star or black hole. Though both systems emit copious amounts of X-ray radiation,
their X-ray spectral signatures differ substantially because the physical conditions
in those binary star systems are affected in different ways by the masses of the stars
themselves.
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How did an X-ray binary lead to the discovery of the first
confirmed stellar black hole?

he most powerful X-ray source in the direction of the constellation Cygnus

(The Swan) is called Cygnus X-1. After it was discovered, astronomers used
various methods of observation to study this enigmatic object. It was discov-
ered that Cygnus X-1 is a high-mass X-ray binary, but the compact object in
the binary system was simply invisible. Furthermore, measurements of the
motion of the other star in the binary—an impressive high-mass star in its
own right—showed that the compact component was far more massive than
any white dwarf or neutron star could possibly be without violating the laws of
physics. In the end, the evidence was overwhelming that Cygnus X-1 contained
a stellar black hole at least ten times the mass of our Sun.

What was the first X-ray binary star ever discovered?

The first X rays from an astronomical source were detected by an X-ray telescope
that was launched into space in 1962. The X rays seemed to come from the direc-
tion of the constellation Scorpius, but astronomers could not pinpoint exactly
where in the constellation the emission came from. The source was given the name
Scorpius X-1 (meaning the most powerful X-ray source in the direction of Scor-
pius). Over time, better technology and careful observations showed that the X rays
were coming from an X-ray binary star system.

What is a polar?

Not “polar” as in “polar bear,” a polar (POE-larr) is the nickname for a kind of star
with a high level of polarized light coming from it. In space, light becomes polar-
ized when countless numbers of crystalline dust grains are aligned by strong mag-
netic fields to face a single direction. Together, they act like a huge cloud of micro-
scopic mirrors and reflect polarized light in a specific proportion. By comparing the
amount and orientation of polarized versus unpolarized light, it is possible to deter-
mine the configurations of the super-strong magnetic fields around stars that make
such a phenomenon possible.

It turns out that polars are binary star systems, usually cataclysmic variables or
even low-mass X-ray binaries. The magnetic fields that create the polar phenome-
non are millions to billions of times the strength of the Sun’s magnetic field and
cause fascinating physical consequences in the binary system.

What is a gamma-ray burst?

About once a day, a flash of gamma-ray radiation reaches Earth from far out in
space. Some of these gamma-ray bursts occur within our own Milky Way galaxy;
others occur in galaxies far, far away. Some gamma-ray bursts have been detected



over 10 billion light-years away! Gamma rays are the most energetic type of electro-
magnetic radiation, and stars rarely emit large amounts of them.

Some gamma-ray bursts—especially those within our galaxy—appear to be
caused by explosive detonations of some kind in binary star systems. Usually, one
or both of the stars in these systems are dense, massive stellar end-products like
white dwarfs, neutron stars, or black holes. The gamma-ray bursts observed in
distant galaxies could be caused by the collision of neutron stars and/or black
holes. Alternately, when a massive star explodes as a supernova just as it is spin-
ning rapidly, the combination of stellar collapse and stellar rotation can emit two
super-powerful, tightly focused beams of gamma rays outward into space. These
beams are carrying more radiation than the Sun makes in millions, even billions,
of years.

BINARY STAR SYSTEMS

What is a binary star?

A binary star is a pair of stars that are so close together in the sky that they appear
to be closely associated with one another. Some binary stars, called apparent bina-
ries, are merely close together because of our point of view from Earth; they have
nothing to do with one another physically. When two stars that are physically asso-
ciated together make a binary star system, however, the two stars orbit each other
around a single center of gravity.

Physically associated binary stars are further divided into categories. A visual
binary is a pair where each star can be observed distinctly, either through a tele-
scope or with the unaided eye. An astrometric binary is a pair where the two stars
cannot be distinguished visually, but the wobble of one star’s orbit indicates the
existence of another star in orbit around it. An eclipsing binary is a pair where the
plane of the stars’ orbit is nearly edgewise to our line of sight; the stars take turns
being partially or totally hidden by one another. A spectroscopic binary is a pair
where two stars can be detected by Doppler shifts or other spectral indicators from
spectroscopic measurements.

There are also multiple star systems, which may have three or four stars orbit-
ing one another around a single center of gravity, although they are rarer and less
likely to be in a long-term stable orbit.

Who made the first catalogs and charts of binary stars?

The German astronomer William Herschel (1738-1822), who lived and worked in
England, mapped out 848 pairs of binary stars, showing that the force of gravity acts
between stars, as theorized by Isaac Newton. He hypothesized that stars originally
were randomly scattered throughout the universe, and that over time they came
together in pairs and clusters.
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Astronomers have learned that stabl