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An artist's conception of two black holes, GW170104, as they merged, similar to the ones detected by the Laser Interferometer Gravitational-wave
Observatory (LIGO).
Credit: LIGO/Caltech/MIT/Sonoma State (Aurore Simonnet)
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Saturn and Mars at their closest places to Earth as they orbit, the oppositions of 2018, imaged with the Hubble Space Telescope.
Saturn’s northern-hemisphere summer triggered a large storm, seen here as it disintegrates near Saturn’s north pole. Mars's

southern-hemisphere spring triggered a huge dust storm that eventually covered the whole planet.
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Preface

Astronomy continues to flourish, with huge discoveries such as the
one that pairs of giant black holes merge, sending ripples through
space-time — so-called gravitational waves — that we can pick up on
Earth. Even the merger of a pair of neutron stars has been detected
not only from the gravitational waves — let’s say by ear, given the
“chirp” of detection — but also with ordinary telescopes, the eyes of
the Universe. So, as of 2018, we have the eyes and the ears of the
Universe working together.

NASA/JPL-Caltech/Space Science Institute

The dot between two of Saturn’s rings is Earth, our planet. NASA's
Cassini spacecraft orbited in the Saturn system through 2017,
when it was directed to plunge into Saturn’s atmosphere to safely
destroy it without risking contaminating any of Saturn’s moons
with terrestrial life-forms.

The Universe’s expansion — which was long thought to be slow-
ing down — is, astonishingly, accelerating, presumably as a conse-
quence of mysterious “dark energy.” We have discovered thousands
of planets around other stars — other solar systems abound! A gen-
eration of large optical telescopes has been built on mountaintops,
and arrays of dozens of radio telescopes such as the Atacama Large
Millimeter/submillimeter Array (ALMA) at an extremely high-alti-
tude site explore their part of the spectrum at high resolution. Still
larger telescopes are being planned or built, including the Thirty
Meter Telescope, the Giant Magellan Telescope, and the European
Extremely Large Telescope, all for optical and near-infrared studies,

and the Daniel K. Inouye Solar Telescope in Hawaii for detailed
studies of the Sun. The Hubble Space Telescope, with its latest
updated set of cameras, sends down exciting data all the time, and
we anticipate the launch in 2021 of the James Webb Space Telescope
with its mirror much larger than Hubble’s. The latest space obser-
vatories transmit images made with gamma rays, with x-rays, and
with infrared radiation. The overall structure of the Universe is
being mapped and analyzed, with catalogues of millions of objects
being compiled. Cosmology has become an observationally rich
science.

In Solar System studies, NASA’s Curiosity rover triumphantly
travels around Mars, bearing instruments to investigate Mars’s past
habitability. The Cassini spacecraft that orbited Saturn for 13 years
plunged into its surface in 2017, to protect Saturn’s moons from
being contaminated with terrestrial microbes. Spacecraft recently
orbited the asteroid and dwarf planet Ceres and a comet. Another
spacecraft flew right by Pluto and its moons and is now en route to a
tiny object beyond them. Moreover, new electronic instruments and
computer capabilities, new space missions to Solar-System objects,
and advances in computational astronomy and in theoretical work
will continue to bring forth exciting results.

In this latest edition of The Cosmos: Astronomy in the New
Millennium, we describe the current state of astronomy, both the
fundamentals of astronomical knowledge that have been built up
over decades and the incredible advances that are now taking place.
We want simply to share with students the excitement and magnifi-
cence of the Universe.

We try to cover all branches of astronomy without slighting any
of them; each teacher and each student may well find special inter-
ests that are different from our own. One of our aims in writing this
book is to educate citizens in the hope that they will understand the
value and methods of scientific research in general and astronomical
research in particular.

In writing this book, we share the goals of a commission of the
Association of American Colleges, whose report on the college cur-
riculum stated:

A person who understands what science is recognizes that scientific
concepts are created by acts of human intelligence and imagination;
comprehends the distinction between observation and inference and
between the occasional role of accidental discovery in scientific inves-
tigation and the deliberate strategy of forming and testing hypoth-
eses; understands how theories are formed, tested, validated, and
accorded provisional acceptance; and discriminates between conclu-
sions that rest on unverified assertion and those that are developed
from the application of scientific reasoning.

The scientific method permeates the book.

Xix
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XX Preface

What is science? The following statement was originally drafted
by the Panel on Public Affairs of the American Physical Society, in
an attempt to meet the perceived need for a very short statement
that would differentiate science from pseudoscience. This state-
ment has been endorsed as a proposal to other scientific societies
by the Council of the American Physical Society, and was endorsed
by the Executive Board of the American Association of Physics
Teachers:

Science is the systematic enterprise of gathering knowledge about the
world and organizing and condensing that knowledge into testable
laws and theories. The success and credibility of science is anchored
in the willingness of scientists to:

Expose their ideas and results to independent testing and replica-
tion by other scientists; this requires the complete and open exchange
of data, procedures, and materials;

Abandon or modify accepted conclusions when confronted with
more complete or reliable experimental evidence. Adherence to these
principles provides a mechanism for self-correction that is the foun-
dation of the credibility of science.

Our book, through the methods it describes, should reveal this sys-
tematic enterprise of science to the readers.

Because one cannot adequately cover the whole Universe in a few
months, or even a year, we have had to pick and choose topics from
within the various branches of astronomy, while trying to describe a
wide range, to convey the spirit of contemporary astronomy and of
the scientists working in it. Our mix includes much basic astronomy
and many of the exciting topics now at the forefront.

Two examples are the currently hottest topics in astronomy: the
discovery of thousands of planets around other stars (so-called ex-
oplanets) and the discovery of gravitational waves from merging
black holes and neutron stars. Our exoplanet coverage brings the
discoveries and the new techniques and spacecraft being used up
to 2018, with a graph of the Kepler spacecraft’s discoveries, men-
tion of the K2 version of the spacecraft including an image with its
fields of view overlain, and a discussion of new instruments, such
as NASA’s Transiting Exoplanet Survey Satellite (TESS), launched
in 2018.

For the fantastic discovery of gravitational waves from collisions of
black holes over a billion light-years away, which was honored with
the 2017 Nobel Prize in Physics, we have expanded our previous cov-
erage of the Laser Interferometer Gravitational-wave Observatory
(LIGO). We include the latest update to the graph of spiraling neu-
tron stars that led to an indirect verification of the existence of grav-
itational waves, which was recognized with the 1993 Nobel Prize in
Physics. Moreover, we discuss LIGO’s August 2017 detection of two
such neutron stars merging, and the result not only of the gravita-
tional waves themselves but also of concomitant gamma rays, visible
light, and other forms of electromagnetic waves.

For the 2017 total solar eclipse whose path crossed the United
States, we have the latest imaging and a discussion of why such ob-
servations were scientifically important.

Anyone choosing an astronomy textbook should consider the
following:
* Readability. Our prose is extremely clear and readable.
* Scientific accuracy. Our book is written by experts in the field and
has the various chapters checked by other experts.
* Up to date. Our book has sunspot numbers up to date to show the
current phase of the sunspot cycle; exoplanet lists and diagrams up
to the current situation; the latest on the Cassini mission to Saturn
and to Curiosity roaming around on Mars; images of the corona
at the 2017 total solar eclipse; a discussion of the Hubble constant
and the expansion of the Universe, with slightly different values
coming from an overall measurement of the cosmic background
radiation from the Planck spacecraft compared with the latest val-
ues of the Universe’s expansion and acceleration from supernova
observations; and more.
Features like A Closer Look, Figure It Out, and Star Party that help
this book be useful for astronomy survey courses of one semester

or of those that spread the material out over two or more semesters.

NEW IN THIS EDITION

 Updated data (such as sunspot numbers showing the current min-
imum of the sunspot cycle) and figures throughout the text, as well
as new images from recent space missions (such as the Cassini mis-
sion to Saturn as well as Curiosity roaming around on Mars) and
ground-based telescopes (such as images of the corona at the 2017
total solar eclipse).

Expanded discussions of the hottest current topics, such as New
Horizons’ flyby of Pluto (Chapter 8), the latest on exoplanets
(Chapter 9) and dark matter (Chapter 18), and the direct detection
of gravitational waves by LIGO (Chapter 14).

The latest discoveries on supernovae, including pictures of the first

known strongly gravitationally lensed supernova (showing five
separate images of that supernova).

New observations of the 4-million-solar-mass black hole at the
center of our Milky Way Galaxy.

The latest progress on precision measurement of the Hubble con-

stant for the expansion of the Universe.
* Additional end-of-chapter questions and updated summaries and
glossary.

ORGANIZATION

The fifth edition of The Cosmos: Astronomy in the New Millennium is
generally organized in an Earth-outward approach. Chapter 1 gives
an overview of the Universe. Chapter 2 presents fundamental astro-
nomical concepts about light, matter, and energy, while Chapter 3
summarizes the various types of telescopes used to explore the
electromagnetic spectrum. In Chapter 4, we discuss easily observed
astronomical phenomena and the celestial sphere. Some professors
prefer to cover that material at the very beginning of the course or at
other points, and there is no problem with doing so.

Chapter 5 examines the early history of the study of astronomy.
Chapters 6 through 8 cover the Solar System and its occupants,
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although a thorough discussion of the Sun is reserved for later, in
Chapter 10. Chapter 6 compares Earth to the Moon and Earth’s
nearest planetary neighbors, Venus and Mars. Based largely on the
Voyager, Galileo, and Cassini data, Chapter 7 compares and contrasts
the Jovian gas/liquid giants — Jupiter, Saturn, Uranus, and Neptune.
Chapter 8 looks at the outermost part of the Solar System, including
Pluto and its moon, Charon, as well as other Kuiper-belt objects still
farther out; the chapter also spotlights comets and meteoroids, the
Solar System’s vagabonds. Chapter 9 discusses the formation of our
own Solar System and describes the exciting discovery of thousands
of exoplanets and exoplanet candidates around other stars.

Chapter 10 concentrates on the Sun, our nearest star, exploring
its various components and the solar activity cycle. Moving out-
ward, Chapters 11 through 14 examine all aspects of stars. Chapter
11 begins by presenting observational traits of stars — their colors
and types — and goes on to show how we measure their distances,
brightnesses, and motions. It also discusses binary stars, variable
stars, and star clusters, in the process showing how we derive stellar
masses and ages. Chapter 12 answers the question of how stars shine
and reveals that all stars have life cycles. Chapter 13 tells what hap-
pens when stars die and describes some of the peculiar objects that
violent stellar death can create, including neutron stars and pulsars.
Black holes, the most bizarre objects to result from star death, are the
focus of Chapter 14. We end the chapter by describing how the Laser
Interferometer Gravitational-wave Observatory (LIGO) detected,
several times, the tiniest possible variation in the length of a light
beam, with the waves interpreted as coming from the merger of two
black holes each containing 10—30 times as much mass as the Sun.
And in August 2017, LIGO even detected the merger of two neutron
stars simultaneously with telescopes around the world and in space
seeing the event in ordinary, electromagnetic radiation. We are in the
era of “Multi-Messenger Astronomy,” as NASA has recently put it:
“photons, gravitational waves, and particle astrophysics.”

As we explore further, Chapter 15 describes the parts of the Milky
Way Galaxy and our place in it. Chapter 16 pushes beyond the Milky
Way to discuss galaxies in general, the fundamental units of the
Universe, and evidence that they consist largely of dark matter. Ways
in which we are studying the evolution of galaxies are also described.
Chapter 17 looks at quasars, distant and powerful objects that shine
because gigantic black holes are swallowing gas in the central regions
of galaxies.

Chapters 18 and 19 consider the ultimate questions of cosmo-
logical creation by analyzing recent findings and current theories.
Evidence that the expansion of the Universe is currently speeding
up with time (probably propelled by a mysterious “dark energy”),
possibilities for the overall geometry and fate of the Universe, rip-
ples in the cosmic background radiation, the origin and early expo-
nential growth of the Universe, and the idea of multiple universes
are among the fascinating (and sometimes very speculative) topics
explored. Lastly, Chapter 20 discusses the always-intriguing search
for extraterrestrial intelligence.

Preface xxi

FEATURES

The Cosmos: Astronomy in the New Millennium offers instructors a
concise overview of a wide range of astronomical topics. An early
discussion of the scientific method stresses its importance in the ver-
ification of observations. The text presents up-to-date coverage of
many important findings and theories as well as the latest images,
including observations of Jupiter and Saturn from the Cassini—
Huygens mission (including the landing on Titan), close-up obser-
vations of Mars, images of stars in formation and of gas near them
from the largest telescopes in space, and coverage of recent total
solar eclipses and of the pair of transits of Venus — the like of which
will not be seen on Earth until the year 2117, in the twenty-second
century.

We provide, as well, a sampling of the many significant find-
ings from the Hubble Space Telescope. Numerous images from the
Chandra X-ray Observatory, the Spitzer Space Telescope, the Planck
spacecraft that studied the cosmic background radiation, and the
Gaia spacecraft that is mapping a billion of the nearest stars, also
appear, as do results from the Swift spacecraft that is monitoring
gamma-ray bursts, among the most powerful and violent phenom-
ena in the Universe (the origin of one type of which is now proven
by observations of the merging neutron stars). Of particular interest
is the recent advance in our understanding of the age and expansion
of the Universe, both through better measurements of the current
expansion rate and through the discovery that the Universe’s expan-
sion is now speeding up with time. We also present the recent excit-
ing measurements that allow astronomers to determine the overall
geometry of the Universe and the early appearance of large-scale
structure through detailed observations of the cosmic background
radiation.

PEDAGOGY

1. Chapter opener. Each chapter includes the following features:

* Origins. NASA has chosen Origins as one of its major themes
for the organization of its missions and has several spacecraft
in the Origins program. Inspired by this choice, each chapter
piques the reader’s interest with some of the discoveries, tools,
and theories behind our effort to understand the Universe and
its relationship to us.

* Chapter introduction, summarizing the main topics discussed

in each chapter and how these fit into the rest of the book.
* Aims, setting out what students should expect to learn from
the material that follows.

2. Star Parties. An occasional feature that shows students how to
find things in the sky. These include observing exercises and links
to the star maps that appear on the inside covers of the book. For
example, Star Party 5.1 explains how to sketch the position of
Mars or Jupiter in relation to the stars near them, repeating this
exercise every 6—9 days over the course of 2—-3 months. Students
examine their results to see the planets in their prograde and ret-
rograde motions, which are important to understand in order to
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properly comprehend the work of Copernicus and how it super-

seded the model of Ptolemy.

3. Figure It Out. In some astronomy courses, it may be appropri-
ate to elaborate on equations. Because we wrote The Cosmios:
Astronomy in the New Millennium to be a descriptive presenta-
tion of modern astronomy for liberal-arts students, we kept
the use of mathematics to a minimum. However, we recognize
that some instructors wish to introduce their students to more
of the mathematics associated with astronomical phenomena.
Consequently, we provide mathematical features, numbered so
they can be assigned or not, at the instructor’s option. Figure It
Out 5.1, for example, gives a mathematical treatment of Kepler’s
third law that can be included in a course in a way that is easy to
mark on a syllabus; similarly, Figure It Out 5.2 gives professors the
option of introducing Newton’s formulation of Kepler’s third law
to find masses.

4. Lives in Science. These boxes provide biographies of important
historical figures like 5.1 Copernicus, 5.2 Tycho, 5.3 Kepler, 5.4
Galileo, and 5.5 Newton. Lives in Science 10.1 discusses Albert
Einstein.

5. A Closer Look. Using these boxes, students can further explore
interesting topics, such as size scales in the Universe, observing
with large telescopes, various celestial phenomena, mythology,
and naming systems. For example, we are pleased to supply some
exciting new close-up views of Mars from NASA’s Curiosity rover
that is now on its surface in A Closer Look 6.5, whereas in A Closer
Look 5.1 we specifically define the main features of the Ptolemaic
system: deferent, epicycle, and equant.

6. Key words and glossary. New vocabulary is boldfaced in the text
and in the expanded summaries that are given at the end of each
chapter, and defined in the glossary.

7. Chapter summary. Each chapter includes the following features:
 Concept Review, summarizing the main topics discussed.

* Questions. An expanded set of end-of-chapter questions cov-
ers a range of material and includes some that are straight-
forward to answer from the text and others that require more
thought.

* Topics for Discussion. A list of themes and questions aimed at
engaging students in deeper explorations of the material dis-
cussed in each chapter.

8. Appendices for additional coverage. Appendices at the end of
the book provide additional information on planets, stars, con-
stellations, and nonstellar objects.

9. Sky Maps. Inside the covers of the book, students will find the
exceptionally beautiful sky maps by Wil Tirion to help them find
their way around the sky when they go outside to observe the
stars.

ONLINE RESOURCES

Adopters of The Cosmos, 5th edition, can access a rich array of teach-
ing and learning resources at http://thecosmos5.com. The website

(together with the authors’ personal website http://www.solarcorona
.net) is regularly updated to include the latest discoveries and photo-
graphs from various sources. It features the following:

* Multiple-choice self-tests and other useful information such as lists
of typographical errors, updates to various new scientific discov-
eries since the publication of the textbook, and links to websites
such as those with new discoveries as yet unknown at the time of
this printing.

“Misconceptions.” Recent educational research has shown that stu-
dents often need to unlearn incorrect ideas in order to understand

the correct ones. A list of these misconceptions — as well as the
correct alternatives — is available on our website.

Links to relevant websites on a wide variety of astronomical mate-
rial, such as http://photojournal.jpl.nasa.gov for planetary images;
http://sidc.oma.be/silso for the latest sunspot cycle plots; http://
spaceweather.com for the latest on daily sunspots or auroras;
and http://hubblesite.org for a wide range of new Hubble Space
Telescope observations.

People in Astronomy. A series of interviews presenting a famous
contemporary astronomer engaged in conversation about a
variety of topics, such as: current and future work in astron-
omy, what led that person to study and pursue astronomy as
a career, and why learning about astronomy is an important
scientific and human endeavor. We interviewed a diverse set
of astronomers — diverse both personally and in astronomical
field of study. We discussed Saturn with Carolyn Porco, the
head of the Saturn imaging team on the Cassini spacecraft;
brown dwarfs and exoplanet astronomy with Gibor Basri and
how he got interested in astronomy; space astronomy with Jeff
Hoffman, a former astronaut who helped upgrade the Hubble
Space Telescope in orbit; and Sandra Faber about galaxies. We
hope that students enjoy reading their comments as much as
we enjoyed speaking with them and learning about their varied
interests and backgrounds.

STAR CHARTS

Pasachoff’s Peterson Field Guide to the Stars and Planets is a suggested
accompaniment for those wanting monthly star maps, star charts,
and other detailed observing aids; see http://www.solarcorona.com.
Quarterly star maps, improved and redrawn for us for The Cosmos:
Astronomy for the New Millennium by the foremost celestial cartog-
rapher, Wil Tirion of The Netherlands, appear on the inside covers
in The Cosmos, 5th edition.
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Palomar Transient Factory and Zwicky Telescope Facility; Doug Gies
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20 miles

A close-up view of the surface of dwarf planet Pluto, taken as NASA's New Horizons spacecraft flew by on July 14, 2015, along with a full-disk view taken as the spacecraft
approached. The heart-shaped region is Sputnik Planitia. At bottom right, in enhanced color, we see features that rise 1.5 miles high, scarred by clusters of pits 5-8 miles across and
up to 1.5 miles deep, deeper than our Earth’s Grand Canyon.

NASA/Johns Hopkins University Applied Physics Laboratory/Southwest Research Institute
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