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Astronauts get a unique opportunity to experience a cosmic perspective. Here, astronaut John Grunsfeld
has a CD of The Cosmic Perspective floating in front of him while he orbits Earth during the Space
Shuttle’s final servicing mission to the Hubble Space Telescope (May 2009).
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About the Cover

The front cover is based on a remarkable image, one of the
first images taken with the James Webb Space Telescope
(JWST) after it began operations in 2022. At the time, it
was humanity’s deepest look into universe. Although the
cover shows the image filling the sky, in reality it repre-
sents a point in the sky no larger in appearance than a
grain of sand held at arm’s length.

A few of the objects in the image are foreground stars
within our own Milky Way galaxy. These stand out because
their images have six prominent spikes, which result from
how incoming light interacts with the hexagonal arrange-
ment of JWST’s mirrors. Nearly all of the other colorful
objects in the image are entire galaxies, each consisting of
billions of stars. Some of those galaxies belong to a single
galaxy cluster at a distance of 4.6 billion light-years—which
means we are seeing these galaxies as they looked around

the time that Earth and our solar system first formed.
Many are even more distant, with some so far away that
we see them as they were just a few hundred million years
after the Big Bang. The objects shaped like small arcs are
distant galaxies whose light has been bent as it passed by
the cluster, representing a phenomenon known as “gravi-
tational lensing.”

In the foreground, the image shows us—the human
species—the only species yet known to have developed
a “cosmic perspective” on our place in this amazing uni-
verse. As you read through this book, you will learn what
modern science has to say about the universe and our
place within it, and perhaps more important, you will have
the opportunity to contemplate how this science affects
our understanding of our planet and ourselves.
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To all who have ever wondered about the mysteries

of the universe. We hope this book will answer some
of your questions—and that it will also raise new
questions in your mind that will keep you curious

and interested in the ongoing human adventure

of astronomy. And, especially, to Michaela, Emily,
Sebastian, Grant, Nathan, Brooke, and Angela. The
study of the universe begins at birth, and we hope that
you will live to see a world with far less poverty, hatred,
and war, so that all people will have the opportunity to
contemplate the mysteries of the universe into which

they are born.
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Preface

e humans have gazed into the sky for countless
Wgenerations. We have wondered how our lives are

connected to the Sun, Moon, planets, and stars that
adorn the heavens. Today, through the science of astronomy,
we know that these connections go far deeper than our
ancestors ever imagined. This book tells the story of modern
astronomy and the new perspective, The Cosmic Perspective,
that astronomy gives us on ourselves and our planet.

Who Is This Book For?

The Cosmic Perspective provides a comprehensive survey of
modern astronomy suitable for anyone who is curious
about the universe, regardless of prior background in
astronomy or physics. However, it is designed primarily to
serve as a textbook for college courses in introductory
astronomy. The Cosmic Perspective contains enough mate-
rial for a full-year introductory astronomy sequence but can
be flexibly used for shorter courses as well. Those teaching
one-term general survey courses may alternatively wish to
consider The Essential Cosmic Perspective, which covers a
smaller set of topics and is tailored to meet the needs of
comprehensive one-term survey courses in astronomy, or
The Cosmic Perspective Fundamentals, which is even shorter
and covers only the most fundamental topics in astronomy.

New to This Edition

The underlying philosophy, goals, and structure of The
Cosmic Perspective remain the same as in past editions, but
we have thoroughly updated the text with the latest sci-
ence and made a number of other changes in our ongoing
effort to provide the best possible pedagogical flow. Here,
briefly, is a list of the major changes we have made for this
tenth edition:

= Major Chapter-Level Changes: The full list is too long
to put here, but major changes include the following:

m Chapter 6 has numerous updates on topics including
the next generation of large ground-based telescopes,
the James Webb Space Telescope, the impact of
small satellite constellations on astronomy, the
Event Horizon Telescope, and a new subsection and
learning goal on multi-messenger astronomy, such
as the gravitational-wave observatory LIGO.

m Chapters 7 through 12 have numerous scientific
updates based on recent planetary missions, includ-
ing the most recent missions to Mars; the Juno mis-
sion to Jupiter; updated discussions of asteroids and
comets based on missions including Hayabusa2 and
Osiris-REx; the New Horizons encounter with

Xiv

Arrokoth, and more. Of particular importance,

we have almost completely rewritten our discussion
of the critical topic of global warming, found in
Section 10.6.

m  Chapter 13 covers the fast-evolving topic of exoplan-
ets and hence has numerous scientific updates.

m Chapter 19 includes updated discussion of the center
of the Milky Way Galaxy, including the recent Event
Horizon Telescope image of the central black hole.

= Chapter 21 has been updated in light of the most
recent research on supermassive black holes and how
they interact with galaxies, and includes the Event
Horizon Telescope image of the black hole in M87.

m  Chapter 24 has significant updates concerning evi-
dence for early life on Earth, recent developments in
the search for life on Mars and other worlds in our
solar system, and the claimed detection of phos-
phine in Venus’s atmosphere.

= Revamped Exercise Sets: We have reorganized the
end-of-chapter exercise sets to make them easier for
both students and instructors to use.

= Note on JWST Images: The James Webb Space Tele-
scope (JWST) began science operations shortly before
this book went to press, which allowed us to include
several early release images, including the image that
appears on the cover of this book. Of course, many
other spectacular images will be available by the time
you are using this textbook, so we encourage all instruc-
tors to show students how the JWST images improve
upon the images that were available previously.

The Pedagogical Approach
of The Cosmic Perspective

The Cosmic Perspective offers a broad survey of modern
understanding of the cosmos and of how we have built
that understanding. Such a survey can be presented in a
number of different ways. We have chosen to build The
Cosmic Perspective around a set of key themes designed to
engage student interest and a set of pedagogical principles
designed to ensure that all material comes across as clearly
as possible to students.

Themes

Most students enrolled in introductory astronomy courses
have little connection to astronomy when their course
begins, and many have little understanding of how science
actually works. The success of these students therefore
depends on getting them engaged in the subject matter. To
help achieve this, we have chosen to focus on the following
five themes, which are interwoven throughout the book.



Theme 1: We are a part of the universe and can therefore
learn about our origins by studying the universe. This is
the overarching theme of The Cosmic Perspective, as we
continually emphasize that learning about the universe
helps us understand ourselves. Studying the intimate
connections between human life and the cosmos gives
students a reason to care about astronomy and also
deepens their appreciation of the unique and fragile
nature of our planet and its life.

Theme 2: The universe is comprehensible through scientific
principles that anyone can understand. The universe is
comprehensible because the same physical laws appear to
be at work in every aspect, on every scale, and in every
age of the universe. Moreover, while professional scientists
generally have discovered the laws, anyone can
understand their fundamental features. Students can learn
enough in one or two terms of astronomy to comprehend
the basic reasons for many phenomena that they see
around them—phenomena ranging from seasonal changes
and phases of the Moon to the most esoteric astronomical
images that appear in the news.

Theme 3: Science is not a body of facts but rather a process
through which we seek to understand the world around us.
Many students assume that science is just a laundry list of
facts. The long history of astronomy can show them that
science is a process through which we learn about our
universe—a process that is not always a straight line to
the truth. That is why our ideas about the cosmos
sometimes change as we learn more, as they did
dramatically when we first recognized that Earth is a
planet going around the Sun rather than the center of the
universe. In this book, we continually emphasize the
nature of science so that students can understand how
and why modern theories have gained acceptance and
what uncertainties and unknowns remain for the future.

Theme 4: Astronomy belongs to everyone. Astronomy has
played a significant role throughout history in virtually
every culture, and the modern science of astronomy owes
a debt to these early and largely unsung astronomers. We
therefore strive throughout the book to make sure that
students understand that astronomical knowledge belongs
to everyone, that people of all backgrounds have made
and continue to make contributions to astronomical
understanding, and that everyone should have the
opportunity to study astronomy. Moreover, we seek to
motivate students enough to ensure that they will remain
engaged in the ongoing human adventure of astronomical
discovery throughout their lives, no matter whether they
choose to do that only by following the news media or by
entering careers relating to astronomy.

Theme 5: Astronomy affects each of us personally with
the new perspectives it offers. We all conduct the daily
business of our lives with reference to some “world
view”—a set of personal beliefs about our place and
purpose in the universe, which we have developed
through a combination of schooling, religious training,
family and cultural background, and personal thought.

This world view shapes our beliefs and many of our
actions. Although astronomy does not mandate a
particular set of beliefs, it does provide perspectives on
the architecture of the universe that can influence how
we view ourselves and our world, and these perspectives
can potentially affect our behavior. For example,
someone who believes Earth to be at the center of the
universe might treat our planet quite differently from
someone who views it as a tiny and fragile world in the
vast cosmos. In many respects, the role of astronomy in
shaping world views may represent the deepest
connection between the universe and the everyday lives
of humans.

Pedagogical Principles

No matter how an astronomy course is taught, it is very
important to present material according to well-established
pedagogical principles. The following list briefly summa-
rizes the major pedagogical principles that we apply
throughout this book.*

m  Stay focused on the big picture. Astronomy is filled with
interesting facts and details, but they are meaningless
unless they fit into a big-picture view of the universe.
We therefore take care to stay focused on the big pic-
ture (essentially the themes discussed above) at all
times. A major benefit of this approach is that although
students may forget individual facts and details after
the course is over, the big-picture framework should
stay with them for life.

m  Always provide context first. We all learn new material
more easily when we understand why we are learning
it. In essence, this is simply the idea that it is easier to
get somewhere when you know where you are going.
We therefore begin the book (Chapter 1) with a broad
overview of modern understanding of the cosmos, so
that students know what they will be studying in the
rest of the book. We maintain this “context first”
approach throughout the book by always telling stu-
dents what they will be learning, and why, before diving
into the details.

m  Make the material relevant. 1t’s human nature to be
more interested in subjects that seem relevant to our
lives. Fortunately, astronomy is filled with ideas that
touch each of us personally. For example, the study of
our solar system helps us better understand and appre-
ciate our planet Earth, and the study of stars and galax-
ies helps us learn how we have come to exist. By
emphasizing our personal connections to the cosmos,
we make the material more meaningful, inspiring stu-
dents to put in the effort necessary to learn it.

m Emphasize conceptual understanding over “stamp col-
lecting” of facts. If we are not careful, astronomy can
appear to be an overwhelming collection of facts that
are easily forgotten when the course ends. We therefore
emphasize a few key conceptual ideas, which we use

*More detail on these pedagogical principles can be found in the Instruc-
tor Guide and in the book On Teaching Science by Jeffrey Bennett (Big
Kid Science, 2014).
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over and over again. For example, the laws of conserva-
tion of energy and conservation of angular momentum
(introduced in Section 4.3) reappear throughout the
book, and the wide variety of features found on the ter-
restrial planets are described in terms of just a few basic
geological processes. Research shows that, long after the
course is over, students are far more likely to retain such
conceptual learning than individual facts or details.

m Proceed from the more familiar and concrete to the less
familiar and abstract. 1t’s well known that children
learn best by starting with concrete ideas and then gen-
eralizing to abstractions later. The same is true for
adults. We therefore always try to “build bridges to the
familiar”’—that is, to begin with concrete or familiar
ideas and then gradually draw more general principles
from them.

m Use plain language. Surveys have found that the number
of new terms in many introductory astronomy books is
larger than the number of words taught in many first-
year courses on a foreign language. In essence, this
means the books are teaching astronomy in what looks
to students like a foreign language! Clearly, it is much
easier for students to understand key astronomical con-
cepts if they are explained in plain English without
resorting to unnecessary jargon. We have gone to great
lengths to eliminate jargon or, at minimum, to replace
standard jargon with terms that are easier to remember
in the context of the subject matter.

®m Recognize and address student misconceptions. Students
do not arrive as blank slates. Most students enter our
courses not only lacking the knowledge we hope to
teach but also holding misconceptions about astronomi-
cal ideas. Therefore, to teach correct ideas, we must
help students recognize the paradoxes in their prior mis-
conceptions. We address this issue in a number of ways,
the most obvious being the presence of many Common
Misconceptions boxes. These summarize commonly
held misconceptions and explain why they cannot be
correct.

The Organizational Structure
of The Cosmic Perspective

The Cosmic Perspective is organized into seven broad topical
areas (the seven parts in the table of contents), each corre-
sponding to a set of chapters along with related content in
Mastering Astronomy. Note that the above themes and peda-
gogical principles are woven into this structure at every
level.

Part Structure

The seven parts of The Cosmic Perspective each approach
their set of chapters in a distinctive way designed to help
maintain the focus on the five themes discussed earlier.
Here, we summarize the philosophy and content of each
part. Note that each part concludes with a two-page Cos-
mic Context spread designed to tie the part content
together into a coherent whole.
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Part I: Developing Perspective (Chapters 1-3, S1)
Guiding Philosophy: Introduce the big picture, the process of
science, and the historical context of astronomy.

cosmic

xpanding Perspective

The Cosmic Context figure for Part I appears on
pp. 108-109.

The basic goal of these chapters is to give students a big-
picture overview and context for the rest of the book, as
well as to help them develop an appreciation for the process
of science and how science has developed through history.
Chapter 1 outlines our modern understanding of the cos-
mos, including the scale of space and time, so that students
gain perspective on the entire universe before diving into its
details. Chapter 2 introduces basic sky phenomena, includ-
ing seasons, phases of the Moon, and eclipses, and provides
perspective on how phenomena we experience in our daily
lives are tied to the broader cosmos. Chapter 3 discusses the
nature of science, offering a historical perspective on the
development of science and giving students perspective on
how science works and how it differs from nonscience. The
supplementary (optional) Chapter S1 goes into more detail
about the sky, including celestial timekeeping and
navigation.

Part II: Key Concepts for Astronomy (Chapters 4-6)
Guiding Philosophy: Connect the physics of the cosmos to
everyday experiences.

cosmic
Context

The Universality of Physics

The Cosmic Context figure for Part II appears on
pp. 190-191.



These chapters lay the groundwork for understanding
astronomy through what is sometimes called the “univer-
sality of physics”—the idea that a few key principles gov-
erning matter, energy, light, and motion explain both the
phenomena of our daily lives and the mysteries of the cos-
mos. Each chapter begins with a section on science in
everyday life in which we remind students how much they
already know about scientific phenomena from their every-
day experiences. We then build on this everyday knowl-
edge to help students learn the formal principles of physics
needed for the rest of their study of astronomy. Chapter 4
covers the laws of motion, the crucial conservation laws of
angular momentum and energy, and the universal law of
gravitation. Chapter 5 deals with the nature of light and
matter, the formation of spectra, and the Doppler effect.
Chapter 6 covers telescopes and astronomical observing
techniques.

Part llI: Learning from Other Worlds (Chapters 7-13)
Guiding Philosophy: We learn about our own world and
existence by studying about other planets in our solar sys-
tem and beyond.

Note: Part III is essentially independent of Parts IV
through VII and can be covered either before or after them.

cosmic

rming from Other Worlds

The Cosmic Context figure for Part III appears on
pp. 408-409.

This set of chapters begins in Chapter 7 with a broad over-
view of the solar system, including a 10-page tour that
highlights some of the most important and interesting fea-
tures of the Sun and the planets in our solar system. In the
remaining chapters of this part, we seek to explain these
features through a true comparative planetology approach,
in which the discussion emphasizes the processes that
shape the planets rather than the “stamp collecting” of
facts about them. Chapter 8 uses the concrete features of
the solar system presented in Chapter 7 to build student
understanding of the current theory of solar system forma-
tion. Chapters 9 and 10 focus on the terrestrial planets,
covering key ideas of geology and atmospheres, respec-
tively. In both chapters, we start with examples from our
own planet Earth to help students understand the types of
features that are found throughout the terrestrial worlds

and the fundamental processes that explain how these
features came to be. We then complete each of these chap-
ters by summarizing how the various processes have
played out on each individual world. Chapter 11 covers
the jovian planets and their moons and rings. Chapter 12
discusses small bodies in the solar system, including aster-
oids, comets, and dwarf planets. It also covers cosmic col-
lisions, including the impact linked to the extinction of the
dinosaurs and views on how seriously we should take the
ongoing impact threat. Finally, Chapter 13 turns to the
exciting topic of exoplanets and what they mean for pros-
pects of finding “other Earths.”

Part IV: A Deeper Look at Nature (Chapters S2-S4)
Guiding Philosophy: Ideas of relativity and quantum
mechanics are accessible to anyone.

Note: These chapters are labeled “supplementary”
because coverage of them is optional. Covering them will
give your students a deeper understanding of the topics
that follow on stars, galaxies, and cosmology, but the later
chapters are self-contained so that they may be studied
without having read Part IV at all.

The Cosmic Context figure for Part IV appears on
pp. 474-475.

Nearly all students have at least heard of things like the
prohibition on faster-than-light travel, curvature of space-
time, and the uncertainty principle. But few (if any) stu-
dents enter an introductory astronomy course with any
idea of what these things mean, and they are naturally
curious about them. Moreover, a basic understanding of
the ideas of relativity and quantum mechanics makes it
possible to gain a much deeper appreciation of many of
the most important and interesting topics in modern
astronomy, including black holes, gravitational lensing,
and the overall geometry of the universe. The three chap-
ters of Part IV cover special relativity (Chapter S2), general
relativity (Chapter S3), and key astronomical ideas of
quantum mechanics (Chapter S4). The main thrust
throughout is to demystify relativity and quantum mechan-
ics by convincing students that they are capable of under-
standing the key ideas despite the reputation of these
subjects for being hard or counterintuitive.
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Part V: Stars (Chapters 14-18)
Guiding Philosophy: We are intimately connected to the
stars.

Balancing Pressure and Gravity

The Cosmic Context figure for Part V appears on
Pp. 586-587.

These are our chapters on stars and stellar life cycles.
Chapter 14 covers the Sun in depth so that it can serve as a
concrete model for building an understanding of other
stars. Chapter 15 describes the general properties of other
stars, how we measure these properties, and how we clas-
sify stars with the H-R diagram. Chapter 16 covers star
birth, and the rest of stellar evolution is discussed in Chap-
ter 17. Chapter 18 focuses on the end points of stellar evo-
lution: white dwarfs, neutron stars, and black holes.

Part VI: Galaxies and Beyond (Chapters 19-23)

Guiding Philosophy: Present galaxy evolution and cosmol-
ogy together as intimately related topics.

Galaxy Evolution

The Cosmic Context figure for Part VI appears on
pp. 706-707.

These chapters cover galaxies and cosmology. Chapter 19
presents the Milky Way as a paradigm for galaxies in much
the same way that Chapter 14 uses the Sun as a paradigm
for stars. Chapter 20 describes the properties of galaxies
and shows how the quest to measure galactic distances led
to Hubble’s law and laid the foundation for modern cos-
mology. Chapter 21 discusses how the current state of
knowledge regarding galaxy evolution has emerged from
our ability to look back through time. Chapter 22 presents
the Big Bang theory and the evidence supporting it, setting
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the stage for Chapter 23, which explores dark matter and
its role in galaxy formation, as well as dark energy and its
implications for the fate of the universe.

Part VII: Life on Earth and Beyond (Chapter 24)
Guiding Philosophy: The study of life on Earth helps us
understand the search for life in the universe.

cosmic
Context A Universe of Life?

The Cosmic Context figure for Part VII appears on
pp. 738-739.

This part consists of a single chapter, designed to give stu-
dents a brief introduction to the science of astrobiology. It
may be considered optional, to be used as time allows.
Those who wish to teach a more detailed course on astro-
biology may wish to consider the text Life in the Universe,
by Bennett, Shostak, Schneider, and MacGregor.

Chapter Structure

Each chapter is carefully structured to ensure that students
understand the goals up front, learn the details, and pull
all the ideas together at the end. Note the following key
structural elements of each chapter:

m Chapter Learning Goals: Each chapter opens with a
page offering an enticing image and a brief overview of
the chapter, including a list of the section titles and
associated learning goals. The learning goals are pre-
sented as key questions designed to help students both
to understand what they will be learning about and to
stay focused on these key goals as they work through
the chapter.

m Introduction and Epigraph: The main chapter text
begins with a one- to three-paragraph introduction to
the chapter material and an inspirational quotation rel-
evant to the chapter.

m Section Structure: Chapters are divided into numbered
sections, each addressing one key aspect of the chapter
material. Each section begins with a short introduction
that leads into a set of learning goals relevant to the
section—the same learning goals listed at the begin-
ning of the chapter.

m The Big Picture: Every chapter narrative ends with this
feature, designed to help students put what they have
learned in the chapter into the context of the overall
goal of gaining a broader perspective on ourselves, our
planet, and our universe. The final entry in this section
is always entitled “My Cosmic Perspective,” because it



aims to help students see a personal connection
between themselves and the chapter content.

m Chapter Summary: The end-of-chapter summary offers
a concise review of the learning goal questions, helping
to reinforce student understanding of key concepts from
the chapter. Thumbnail figures are included to remind
students of key illustrations and photos in the chapter.

m End-of-Chapter Exercises: Each chapter concludes
with an extensive set of exercises that can be used for
study, discussion, or assignment, organized into the
following subsets:

m Visual Skills Check: This set of questions is
designed to help students build their skills at inter-
preting the many types of visual information used
in astronomy.

® Quick Quiz: This short multiple-choice quiz allows
students to check their basic understanding. Note
that, for further self-testing, every chapter also has a
Reading, Concept, and Visual Quiz available on the
Mastering Astronomy website.

m Chapter Review Questions: These questions are
ones that students should be able to answer from
the reading alone.

m Think Critically: This set of questions consists of
short statements designed to be critically evaluated
by students. For example, students may be asked to
decide whether or not a statement makes sense and
to explain why (or why not). These exercises are
generally easy once students understand a particular
concept, but difficult otherwise, making these ques-
tions an excellent probe of comprehension.

m Inclusive Astronomy: These questions are designed
to stimulate discussion about participation in
science, and in particular about the ideas that
(1) astronomy belongs to everyone; (2) all cultures
have made contributions to astronomical under-
standing; (3) opportunities for women and people of
color have historically been limited; and (4) the
scientific community can take active steps to pro-
vide more equitable opportunities for the future.

m Process of Science Questions: These questions,
which can be used for discussion or essays, are
intended to help students think about how science
progresses over time. This set always concludes with
at least one activity designed for group work, in
order to promote collaborative learning in class.

m Investigate Further: The remaining questions are
designed for homework assignment and are intended
to go beyond the earlier review questions. These
questions are separated into two groups: Short-
Answer/Essay Questions, which focus on conceptual
interpretation and sometimes on outside research or
experiment, and Quantitative Problems, which
require some mathematics and are usually based on
topics covered in the Mathematical Insight boxes.

Additional Pedagogical Features

We also include a number of other features designed to
increase student understanding, both within individual chap-
ters and at the end of the book, including the following:

Think About It: This feature, which appears through-
out the book in the form of short questions integrated
into the narrative, gives students the opportunity to
reflect on important new concepts. It also serves as an
excellent starting point for classroom discussions.

See It for Yourself: This feature also occurs throughout
the book, integrated into the narrative; it gives students
the opportunity to conduct simple observations or exper-
iments that will help them understand key concepts.
Common Misconceptions: These boxes address popu-
larly held but incorrect ideas related to the chapter
material.

Special Topic Boxes: These boxes address supplemen-
tary discussion topics related to the chapter material
but not prerequisite to the continuing discussion.
Extraordinary Claims Boxes: Carl Sagan made famous
the statement “extraordinary claims require extraordi-
nary evidence.” These boxes provide students with
examples of extraordinary claims about the universe
and how they were either supported or debunked as
scientists collected more evidence.

Mathematical Insight Boxes: These boxes contain
most of the mathematics used in the book and can be
covered or skipped depending on the level of mathe-
matics that you wish to include in your course. The
Mathematical Insights use a three-step problem-solving
strategy—Understand, Solve, and Explain—that gives
students a consistent and explicit structure for solving
quantitative homework problems.

Annotated Figures: Key figures in each chapter use the
research-proven technique of annotation—the place-
ment on the figure of carefully crafted text (in blue)—
to guide students in understanding and interpreting
complex figures.

Cosmic Context Two-Page Figures: These two-page
spreads provide visual summaries of key processes and
concepts.

Wavelength/Observatory Icons: For astronomical
images, simple icons indicate whether the image is a
photo, artist’s impression, or computer simulation;
whether a photo came from ground-based or space-
based observations; and the wavelength band(s) used
to take the photo.

Video Icons: These icons point to videos available in
the Study Area of Mastering Astronomy that are rele-
vant to the topic at hand. Tutorial assessments based
on these videos are available for assignment in the
instructor Item Library.

Cross-References: When a concept is covered in
greater detail elsewhere in the book, a cross-reference
to the relevant section is included in brackets (e.g.,
[Section 5.2]).

Glossary: A detailed glossary makes it easy for students
to look up important terms.

Appendixes: The appendixes contain a number of use-
ful references and tables, including key constants
(Appendix A), key formulas (Appendix B), key mathe-
matical skills (Appendix C), a periodic table color-coded to
indicate origins of the elements (Appendix D), and numer-
ous data tables and star charts (Appendixes E-T).
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Mastering Astronomy

What is the single most important factor in student success
in astronomy? Both research and common sense reveal the
same answer: study time. No matter how good the teacher
or the textbook, students learn only when they spend ade-
quate time learning and studying on their own. Unfortu-
nately, limitations on resources for grading have prevented
most instructors from assigning much homework despite
its obvious benefits to student learning. And limitations on
help and office hours have made it difficult for students to
make sure they use self-study time effectively. That, in a
nutshell, is why we created Mastering Astronomy. For stu-
dents, it provides adaptive learning designed to coach
them individually—responding to their errors with spe-
cific, targeted feedback and giving optional hints for those
who need additional guidance. For professors, Mastering
Astronomy provides unprecedented ability to automati-
cally monitor and record students’ step-by-step work and
evaluate the effectiveness of assignments and exams.

Note that nearly all the content available at the Master-
ing Astronomy site for The Cosmic Perspective has been
written by the textbook authors. This means that students
can count on consistency between the textbook and web
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resources, with both emphasizing the same concepts and
using the same terminology and the same pedagogical
approaches. This type of consistency ensures that students
can study in the most efficient possible way.

All students registered for Mastering Astronomy receive
full access to the Study Area, which includes three self-
study multiple-choice quizzes for each chapter; a large set
of prelecture videos, narrated figures, interactive figures,
and math review videos; a set of interactive self-guided
tutorials that go into depth on topics that some students
find particularly challenging; a downloadable set of group
activities; and much more.

Instructors have access to many additional resources,
including a large Item Library of assignable material that
features more than 250 author-written tutorials, all of the
end-of-chapter exercises, all the questions from the self-
study quizzes in the Study Area, and a test bank. Instruc-
tors also have access to the author-written Instructor Guide
and teaching resources including PowerPoint® Lecture Out-
lines, a complete set of high-resolution JPEGs of all images
from the book, and PRS-enabled clicker quizzes based on
the book and book-specific interactive media.



Supplements for The Cosmic Perspective

The Cosmic Perspective is much more than just a textbook. It is a complete package of teaching,
learning, and assessment resources designed to help both teachers and students. In addition to
Mastering Astronomy (described above), the following supplements are available with this book:

Instructor or

Name of Supplement Student Supplement Description

Lecture Tutorials for Student Supplement These forty-four lecture tutorials are designed to engage students in critical

Introductory Astronomy reasoning and spark classroom discussion.

(ISBN 978-0-135-80702-6)

by Ed Prather, Tim Slater,

Jeff Adams, and Gina Brissenden

Observation Exercises Student Supplement This workbook includes fifteen observation activities that can be used with a

in Astronomy number of different planetarium software packages.

(ISBN 978-0-321-63812-0)

by Lauren Jones

Astronomy Labs: A Concept Student Supplement This modular collection of forty conceptually oriented introductory astronomy labs,

Oriented Approach housed in the Pearson Custom Library, allows for easy creation of a customized lab

(ISBN 978-0-133-88951-2) manual.

by Nate McCrady

and Emily Rice

Instructor Resources Instructor Supplement  This comprehensive collection of instructor resources includes high-resolution
JPEGs of all images from the book; Interactive Figures and Photos™ based on
figures in the text; additional applets and animations to illustrate key concepts;
PowerPoint Lecture Outlines that incorporate figures, photos, checkpoint
questions, and multimedia; and PRS-enabled clicker quizzes based on the book and
book-specific interactive media, to make preparing for lectures quick and easy.
These resources are located in the Mastering Astronomy Instructor Resource Area.

Instructor Guide Instructor Supplement  The Instructor Guide contains a detailed overview of the text, sample syllabi for
courses of different emphasis and duration, suggested teaching strategies,
answers or discussion points for all Think About It and See It for Yourself questions
in the text, solutions to all end-of-chapter problems, and a detailed reference guide
summarizing media resources available for every chapter and section of the book.

Test Bank Instructor Supplement  Available in both Word and TestGen formats in the Instructor Resource Center and
Mastering Astronomy, the Test Bank contains a broad set of multiple-choice, true/
false, and free-response questions for each chapter. The Test Bank is also
assignable through Mastering Astronomy.
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How to Succeed in Your Astronomy Course

If Your Times for Reading the Times for Homework Times for Review and Test Preparation Total Study Time
Course Is Assigned Text (per week) Assignments (per week) (average per week) (per week)
3 credits 2 to 4 hours 2 to 3 hours 2 hours 6 to 9 hours
4 credits 3 to 5 hours 2 to 4 hours 3 hours 8 to 12 hours
5 credits 3 to 5 hours 3 to 6 hours 4 hours 10 to 15 hours

The Key to Success: Study Time

Learning requires study and effort, which means that the
single most important key to success in any college course
is to spend enough time studying. A general rule of thumb
for college classes is that you should expect to study about
2 to 3 hours per week outside of class for each unit of
credit. For example, a student taking 15 credit hours should
expect to spend 30 to 45 hours each week studying outside
of class. Combined with time in class, this amounts to a
total of 45 to 60 hours spent on academic work—not much
more than the time a typical job requires, and you get to
choose your own hours. Of course, if you are working or
have family obligations while you attend school, you will
need to budget your time carefully.

The table above gives rough guidelines for how you
might divide your study time. If you are spending fewer
hours than these guidelines suggest, you could probably
improve your grade by studying more. If you are spend-
ing more hours than these guidelines suggest, you may be
studying inefficiently; in that case, you should talk to your
instructor about how to improve your study skills.

Using This Book

Each chapter in this book is designed to make it easy for you
to study effectively and efficiently. To get the most out of
each chapter, we recommend the following study plan.

m Begin by reading the key elements of an assigned chap-
ter in the following order:

1. Read the Learning Goals and the introductory para-
graphs at the beginning of the chapter so that you’ll
know what you are trying to learn.

2. Get an overview of key concepts by studying the
illustrations and their captions and annotations. The
illustrations highlight most major concepts, so this
“illustrations first” strategy gives you an opportunity
to survey the concepts before you read about them
in depth. You will find the two-page Cosmic Context
figures especially useful.

3. Read the chapter narrative, trying the Think About
It questions and the See It for Yourself activities as
you go along, but save the boxed features (e.g.,
Common Misconceptions, Special Topics) to read
later. Take notes as you read to remind yourself of
key ideas you’ll want to review later, but avoid
using a highlight pen (or a highlighting tool if you
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are using an e-book), which makes it too easy to
highlight mindlessly.

4. After reading the chapter once, go back through and
read the boxed features.

5. Review the Chapter Summary, ideally by trying to
answer the Learning Goal questions for yourself
before reading the given answers.

= After completing the reading as outlined above, test
your understanding with the end-of-chapter exercises.
A good way to begin is to make sure you can answer
all of the Quick Quiz and Review Questions. If you
don’t know an answer, look back through the chapter
until you figure it out.

= Further build your understanding by making use of the
videos, quizzes, and other resources available at Mas-
tering Astronomy. These resources have been developed
specifically to help you learn the most important ideas
in your course, and they have been extensively tested to
make sure they are effective. They really do work, and
the only way you’ll gain their benefits is by going to the
Mastering Astronomy website and using them.

General Strategies for Studying

= Budget your time effectively. Studying 1 or 2 hours
each day is more effective, and far less painful, than
studying all night before homework is due or before an
exam. Note: Research shows that it can be helpful to
create a “personal contract” for your study time (or for
any other personal commitment), in which you specify
rewards you’ll give yourself for success and what you
will do if you are not meeting your commitment.

m Engage your brain. Learning is an active process, not a
passive experience. Whether you are reading, listening
to a lecture, or working on assignments, always make
sure that your mind is actively engaged. If you find
your mind drifting or find yourself falling asleep, make
a conscious effort to revive yourself, and take a break if
necessary.

® Don’t miss class, and come prepared. Listening to lec-
tures and participating in class activities and discussions
is much more effective than reading someone else’s
notes or watching a video later. Active participation
will help you retain what you are learning.

m Be sure to complete any assigned reading before the
class in which it will be discussed. This is crucial, since



class lectures and discussions are designed to reinforce
key ideas from the reading.

Take advantage of resources offered by your professor,
whether it be email, office hours, review sessions,
online chats, or other opportunities to talk to and get to
know your professor. Most professors will go out of
their way to help you learn in any way that they can.
Start your homework early. The more time you allow
yourself, the easier it is to get help if you need it. If a
concept gives you trouble, do additional reading or
studying beyond what has been assigned. And if you still
have trouble, ask for help: You will likely find friends,
peers, or teachers who will be glad to help you learn.
Although working together with friends can be valu-
able in helping you understand difficult concepts, be
sure that you learn with your friends and do not
become dependent on them.

Don’t try to multitask. Research shows that human
beings simply are not good at multitasking: When we
attempt it, we do more poorly at all of the individual
tasks. And in case you think you are an exception,
research has also shown that those people who believe
they are best at multitasking are often the worst! So
when it is time to study, turn off any distractions (espe-
cially alerts for email, texts, etc.), find a quiet spot, and
concentrate on your work.

Preparing for Exams

Study your notes from classes, and reread relevant sec-
tions in your textbook. Pay attention to what your
instructor expects you to know for an exam.

Rework previously completed problems and other
assignments, then try additional questions, including
the online quizzes available at Mastering Astronomy, to
be sure you understand the concepts.

Study individually before joining a study group with
friends. Study groups are effective only if every individ-
ual comes prepared to contribute.

Don’t stay up too late before an exam. Don’t eat a big
meal within an hour of the exam (thinking is more diffi-
cult when blood is being diverted to the digestive system).
Try to relax before and during the exam. If you have
studied effectively, you are capable of doing well. Stay-
ing relaxed will help you think clearly.

Presenting Homework and Writing
Assignments

All work that you turn in should be of collegiate quality:
neat and easy to read, well organized, and demonstrating
mastery of the subject matter. Future employers and teach-
ers will expect this quality of work. Moreover, although
submitting homework of collegiate quality requires extra
effort, it serves two important purposes directly related to
learning:

1. The effort you expend in clearly explaining your
work solidifies your learning. Writing (or typing)
triggers different areas of your brain than

reading, listening, or speaking. As a result, writ-
ing something down will reinforce your learning
of a concept, even when you think you already
understand it.

2. By making your work clear and self-contained (that
is, making it a document that you can read without
referring to the questions in the text), you will have
a much more useful study guide when you review
for a quiz or exam.

The following guidelines will help ensure that your

assignments meet the standards of collegiate quality:

m  Always use proper grammar, proper sentence and

paragraph structure, and proper spelling. Do not use
texting shorthand.

All answers and other writing should be fully self-
contained. A good test is to imagine that a friend is
reading your work and to ask yourself whether the
friend would understand exactly what you are trying to
say. It is also helpful to read your work out loud to
yourself, making sure that it sounds clear and
coherent.

In problems that require calculation:

1. Be sure to show your work clearly so that both you
and your instructor can follow the process you
used to obtain an answer. Use standard mathemati-
cal symbols, rather than “calculator-ese.” For
example, show multiplication with the x symbol
(not with an asterisk), and write 105, not 10A5 or
10ES5.

2. Word problems should have word answers. That is,
after you have completed any necessary calcula-
tions, make sure that any problem stated in words is
answered with one or more complete sentences that
describe the point of the problem and the meaning
of your solution.

3. Units are crucial. If your answer has units, be sure
they are stated clearly. For example, if you are asked
to calculate a distance, be sure you state whether
your answer is in miles, kilometers, or some other
distance unit.

4. Express your word answers in a way that would be
meaningful to most people. For example, most peo-
ple would find it more meaningful if you expressed
a result of 720 hours as 1 month. Similarly, if a pre-
cise calculation yields an answer of 9,745,600 years,
it may be more meaningfully expressed in words as
“nearly 10 million years.”

Include illustrations whenever they help explain your
answer, and make sure your illustrations are neat and
clear. For example, if you graph by hand, use a ruler to
make straight lines. If you use software to make illus-
trations, be careful not to make them overly cluttered
with unnecessary features.

If you study with friends, be sure that you turn in your
own work stated in your own words—you should avoid
anything that might give even the appearance of possi-
ble academic dishonesty.
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Foreword

The Meaning of The Cosmic Perspective

by Neil deGrasse Tyson
Astrophysicist Neil deGrasse
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about the meaning of “The Cosmic Perspective,” abridged
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© Neil deGrasse Tyson

Of all the sciences cultivated by mankind,
Astronomy is acknowledged to be, and
undoubtedly is, the most sublime, the most
interesting, and the most useful. For, by knowledge
derived from this science, not only the bulk of

the Earth is discovered . . . ; but our very faculties
are enlarged with the grandeur of the ideas it
conveys, our minds exalted above [their] low con-

tracted prejudices.
—James Ferguson, Astronomy Explained Upon Sir
Isaac Newton'’s Principles, and Made Easy To Those
Who Have Not Studied Mathematics (1757)
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Long before anyone knew that the universe had a begin-
ning, before we knew that the nearest large galaxy lies two
and a half million light-years from Earth, before we knew
how stars work or whether atoms exist, James Ferguson’s
enthusiastic introduction to his favorite science rang true.

But who gets to think that way? Who gets to celebrate
this cosmic view of life? Not the migrant farm worker. Not
the sweatshop worker. Certainly not the homeless person
rummaging through the trash for food. You need the lux-
ury of time not spent on mere survival. You need to live
in a nation whose government values the search to under-
stand humanity’s place in the universe. You need a society
in which intellectual pursuit can take you to the frontiers
of discovery, and in which news of your discoveries can be
routinely disseminated.

When I pause and reflect on our expanding universe,
with its galaxies hurtling away from one another, embed-
ded with the ever-stretching, four-dimensional fabric of
space and time, sometimes I forget that uncounted people
walk this Earth without food or shelter, and that children
are disproportionately represented among them.

When I pore over the data that establish the mysterious
presence of dark matter and dark energy throughout the
universe, sometimes I forget that every day—every twenty-
four-hour rotation of Earth—people are killing and being
killed. In the name of someone’s ideology.

When I track the orbits of asteroids, comets, and plan-
ets, each one a pirouetting dancer in a cosmic ballet cho-
reographed by the forces of gravity, sometimes I forget that
too many people act in wanton disregard for the delicate
interplay of Earth’s atmosphere, oceans, and land, with
consequences that our children and our children’s children
will witness and pay for with their health and well-being.

And sometimes I forget that powerful people rarely do
all they can to help those who cannot help themselves.

I occasionally forget those things because, however big
the world is—in our hearts, our minds, and our outsize
atlases—the universe is even bigger. A depressing thought
to some, but a liberating thought to me.

Consider an adult who tends to the traumas of a child:
a broken toy, a scraped knee, a schoolyard bully. Adults
know that kids have no clue what constitutes a genuine
problem, because inexperience greatly limits their child-
hood perspective.

As grown-ups, dare we admit to ourselves that we, too,
have a collective immaturity of view? Dare we admit that
our thoughts and behaviors spring from a belief that the
world revolves around us? Part the curtains of society’s
racial, ethnic, religious, national, and cultural conflicts,
and you find the human ego turning the knobs and pulling
the levers.



Now imagine a world in which everyone, but espe-
cially people with power and influence, holds an expanded
view of our place in the cosmos. With that perspective,
our problems would shrink—or never arise at all—and we
could celebrate our earthly differences while shunning the
behavior of our predecessors who slaughtered each other
because of them.

Back in February 2000, the newly rebuilt Hayden Plan-
etarium featured a space show called “Passport to the Uni-
verse,” which took visitors on a virtual zoom from New
York City to the edge of the cosmos. En route the audience
saw Earth, then the solar system, then the 100 billion stars
of the Milky Way galaxy shrink to barely visible dots on
the planetarium dome.

I soon received a letter from an Ivy League professor of
psychology who wanted to administer a questionnaire to
visitors, assessing the depth of their depression after view-
ing the show. Our show, he wrote, elicited the most dra-
matic feelings of smallness he had ever experienced.

How could that be? Every time I see the show, I feel
alive and spirited and connected. I also feel large, knowing
that the goings-on within the three-pound human brain are
what enabled us to figure out our place in the universe.

Allow me to suggest that it’s the professor, not I, who
has misread nature. His ego was too big to begin with,
inflated by delusions of significance and fed by cultural
assumptions that human beings are more important than
everything else in the universe.

In all fairness to the fellow, powerful forces in society
leave most of us susceptible. As was I . . . until the day I
learned in biology class that more bacteria live and work
in one centimeter of my colon than the number of people
who have ever existed in the world. That kind of informa-
tion makes you think twice about who—or what—is actu-
ally in charge.

From that day on, I began to think of people not as the
masters of space and time but as participants in a great
cosmic chain of being, with a direct genetic link across spe-
cies both living and extinct, extending back nearly 4 billion
years to the earliest single-celled organisms on Earth.

Need more ego softeners? Simple comparisons of quan-
tity, size, and scale do the job well.

Take water. It’s simple, common, and vital. There are
more molecules of water in an eight-ounce cup of the stuff
than there are cups of water in all the world’s oceans.
Every cup that passes through a single person and eventu-
ally rejoins the world’s water supply holds enough mol-
ecules to mix 1,500 of them into every other cup of water
in the world. No way around it: some of the water you
just drank passed through the kidneys of Socrates, Genghis
Khan, and Joan of Arc.

How about air? Also vital. A single breathful draws
in more air molecules than there are breathfuls of air in
Earth’s entire atmosphere. That means some of the air
you just breathed passed through the lungs of Napoleon,
Beethoven, Lincoln, and Billy the Kid.

Time to get cosmic. There are more stars in the uni-
verse than grains of sand on any beach, more stars than
seconds have passed since Earth formed, more stars than
words and sounds ever uttered by all the humans who
ever lived.

Want a sweeping view of the past? Our unfolding cos-
mic perspective takes you there. Light takes time to reach
Earth’s observatories from the depths of space, and so you
see objects and phenomena not as they are but as they
once were. That means the universe acts like a giant time
machine: the farther away you look, the further back in
time you see—back almost to the beginning of time itself.
Within that horizon of reckoning, cosmic evolution unfolds
continuously, in full view.

Want to know what we’re made of? Again, the cosmic
perspective offers a bigger answer than you might expect.
The chemical elements of the universe are forged in the
fires of high-mass stars that end their lives in stupendous
explosions, enriching their host galaxies with the chemical
arsenal of life as we know it. We are not simply in the uni-
verse. The universe is in us. Yes, we are stardust.

Again and again across the centuries, cosmic discover-
ies have demoted our self-image. Earth was once assumed
to be astronomically unique, until astronomers learned
that Earth is just another planet orbiting the Sun. Then we
presumed the Sun was unique, until we learned that the
countless stars of the night sky are suns themselves. Then
we presumed our galaxy, the Milky Way, was the entire
known universe, until we established that the countless
fuzzy things in the sky are other galaxies, dotting the land-
scape of our known universe.

The cosmic perspective flows from fundamental knowl-
edge. But it’s more than just what you know. It’s also
about having the wisdom and insight to apply that knowl-
edge to assessing our place in the universe. And its attri-
butes are clear:

m The cosmic perspective comes from the frontiers of sci-
ence, yet is not solely the provenance of the scientist. It
belongs to everyone.

m The cosmic perspective is humble.

m The cosmic perspective is spiritual—even redemptive—
but is not religious.

m The cosmic perspective enables us to grasp, in the
same thought, the large and the small.

® The cosmic perspective opens our minds to extraordi-
nary ideas but does not leave them so open that our
brains spill out, making us susceptible to believing any-
thing we’re told.

® The cosmic perspective opens our eyes to the universe,
not as a benevolent cradle designed to nurture life but
as a cold, lonely, hazardous place.

m The cosmic perspective shows Earth to be a mote, but
a precious mote and, for the moment, the only home
we have.

m The cosmic perspective finds beauty in the images of
planets, moons, stars, and nebulae but also celebrates
the laws of physics that shape them.
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m The cosmic perspective enables us to see beyond our
circumstances, allowing us to transcend the primal
search for food, shelter, and sex.

® The cosmic perspective reminds us that in space, where
there is no air, a flag will not wave—an indication that
perhaps flag waving and space exploration do not mix.

m The cosmic perspective not only embraces our genetic
kinship with all life on Earth but also values our chemi-
cal kinship with any yet-to-be discovered life in the uni-
verse, as well as our atomic kinship with the universe
itself.

At least once a week, if not once a day, we might each
ponder what cosmic truths lie undiscovered before us, per-
haps awaiting the arrival of a clever thinker, an ingenious
experiment, or an innovative space mission to reveal them.
We might further ponder how those discoveries may one
day transform life on Earth.

Absent such curiosity, we are no different from the pro-
vincial farmer who expresses no need to venture beyond

XXX FOREWORD

the county line, because his forty acres meet all his needs.
Yet if all our predecessors had felt that way, the farmer
would instead be a cave dweller, chasing down his dinner
with a stick and a rock.

During our brief stay on planet Earth, we owe ourselves
and our descendants the opportunity to explore—in part
because it’s fun to do. But there’s a far nobler reason. The
day our knowledge of the cosmos ceases to expand, we
risk regressing to the childish view that the universe figura-
tively and literally revolves around us. In that bleak world,
arms-bearing, resource-hungry people and nations would
be prone to act on their “low contracted prejudices.” And
that would be the last gasp of human enlightenment—until
the rise of a visionary new culture that could once again
embrace the cosmic perspective.

Copyright © Neil deGrasse Tyson 2007. Adapted from the
essay “Cosmic Perspectives,” which first appeared in Natural
History magazine, April 2007. Used with permission.



A Modern View

of the Universe

A About the photo: This image from the James Webb Space Telescope (JWST) shows thousands of
galaxies in a region of the sky so small you could cover it with a grain of sand held at arm’s length.

LEARNING GOALS

The Scale of the Universe @ Spaceship Earth
m What is our place in the universe? m How is Earth moving through space?
m How big is the universe? m How do galaxies move within the universe?

The History of the Universe
= How did we come to be?

m How do our lifetimes compare to the age of the
universe?




It suddenly struck me that that tiny pea, pretty and
blue, was the Earth. | put up my thumb and shut
one eye, and my thumb blotted out the planet Earth.

I didn’t feel like a giant. | felt very, very small.
—Neil Armstrong on looking back at the Earth from
the Moon, July 1969

[GX Chapter 1 Overview

Far from city lights on a clear night, you can gaze upward at
a sky filled with stars. Lie back and watch for a few hours,
and you will observe the stars marching steadily across the sky.
Confronted by the seemingly infinite heavens, you might won-
der how Earth and the universe came to be. If you do, you will
be sharing an experience common to humans around the world
and in thousands of generations past.

Modern science offers answers to many of our fundamental
questions about the universe and our place within it. We now
know the basic content and scale of the universe. We know the
ages of Earth and the universe. And, although much remains to
be discovered, we are rapidly learning how the simple ingredi-
ents of the early universe developed into the incredible diversity
of life on Earth—and, perhaps, life on other worlds as well.

In this first chapter, we will survey the scale, history, and
motion of the universe. This “big picture” perspective on our
universe will provide a base on which you'll be able to build a
deeper understanding in the rest of the book.

@ The Scale of the Universe

For most of human history, our ancestors imagined Earth to
be stationary at the center of a relatively small universe. This
idea made sense at a time when understanding was built
upon everyday experience. After all, we cannot feel the con-
stant motion of Earth as it rotates on its axis and orbits the
Sun, and if you observe the sky you’ll see that the Sun, Moon,
planets, and stars all appear to revolve around us each day.
Nevertheless, we now know that Earth is a planet orbiting a
rather average star in a rather typical galaxy in a vast universe.
The historical path to this knowledge was long and com-
plex. In later chapters, we’ll see that the ancient belief in an
Earth-centered (or geocentric) universe changed only when
people were confronted by strong evidence to the contrary, and
we’ll explore how the method of learning that we call science
enabled us to acquire this evidence. First, however, it’s useful
to have a general picture of the universe as we know it today.

What is our place in the universe?

Take a look at the remarkable photo that opens this
chapter (on page 1). This photo, taken by the James Webb
Space Telescope (JWST), shows a piece of the sky so small
that you could block your view of it with a grain of sand
held at arm’s length. Yet it encompasses an almost unimag-
inable expanse of both space and time. Nearly every object
within it is a galaxy filled with billions of stars, and some
of the smaller smudges are galaxies so far away that their
light has taken more than 13 billion years to reach us. Let’s
begin our study of astronomy by exploring what a photo
like this one tells us about our own place in the universe.

2 PART | DEVELOPING PERSPECTIVE

Our Cosmic Address The galaxies that we see in the
JWST photo are just one of several key levels of structure
in our universe, all illustrated as our “cosmic address” in
FIGURE 1.1.

Earth is a planet in our solar system, which consists of
the Sun, the planets and their moons, and countless smaller
objects that include rocky asteroids and icy comets. Keep in
mind that our Sun is a star, just like the stars we see in our
night sky.

Our solar system belongs to the huge, disk-shaped col-
lection of stars called the Milky Way Galaxy. A galaxy is
a great island of stars in space, all held together by gravity
and orbiting a common center. The Milky Way is a rela-
tively large galaxy, containing more than 100 billion stars,
and we think that most of these stars are orbited by planets.
Our solar system is located a little over halfway from the
galactic center to the edge of the galactic disk.

Billions of other galaxies are scattered throughout space.
Some galaxies are fairly isolated, but most are found in
groups. Our Milky Way, for example, is one of the two
largest among more than 80 galaxies (most relatively small)
in the Local Group. Groups of galaxies with many more
large members are often called galaxy clusters.

On a very large scale, galaxies and galaxy clusters appear
to be arranged in giant chains and sheets with huge voids
between them; the background of Figure 1.1 represents this
large-scale structure. The regions in which galaxies and galaxy
clusters are most tightly packed are called superclusters,
which are essentially clusters of galaxy clusters. Our Local
Group is located in the outskirts of the Local Supercluster
(also called Laniakea, Hawai‘ian for “immense heaven”).

Together, all these structures make up our universe.
In other words, the universe is the sum total of all matter
and energy, encompassing the superclusters and voids and
everything within them.

Think about it Some people think that our tiny physical size
in the vast universe makes us insignificant. Others think that
our ability to learn about the wonders of the universe gives
us significance despite our small size. What do you think?

Astronomical Distance Measurements The labels in
Figure 1.1 give an approximate size for each structure in kilo-
meters (recall that 1Kkilometer ~ 0.6 mile ), but many dis-
tances in astronomy are so large that kilometers are not the
most convenient unit. Instead, we often use two other units:

m One astronomical unit (AU) is Earth’s average distance
from the Sun, which is about 150 million kilometers
(93 million miles). We commonly describe distances
within our solar system in AU.

m One light-year (ly) is the distance that light can travel
in 1 year, which is about 10 trillion kilometers (6 trillion
miles). We generally use light-years to describe the dis-
tances of stars and galaxies.

Be sure to note that a light-year is a unit of distance,
not of time. Light travels at the speed of light, which is
300,000 kilometers per second. We therefore say that one
light-second is about 300,000 kilometers, because that
is the distance light travels in 1 second. Similarly, one
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degeneracy pressure, 456, 535-536, 547, 586, 587
auditorium analogy for, 466-467, 536
electron, 467, 566
intermediate-mass stars and, 553
neutron, 467, 570
in white dwarfs, 566
Deimos (moon of Mars), 200, 227, 296
Delta Aquarid meteor shower, t365
Democritus, 60, 143-144, 163, 456
Deneb, 511
density
of asteroids, 356
atmospheric, 279-280
critical, 671-672, 689, 697
of Earth, 199, t206
enhancements of, 638-640, 670-671, 693
of Eris, t206
of extrasolar planets, 394-396, 397-399
of jovian planets, 320-321
of Jupiter, 201, 320-321, t206
layering by, 239-240
of Mars, 200, t206
of Mercury, 197, t206
of Neptune, 204, 320-321, t206
of ordinary matter, 689
of Pluto, 205, t206
of protogalactic clouds, 639, 640, 641
of Saturn, 202, 320-321, t206
of Uranus, 203, 320-321, t206
of Venus, 198, t206
of water, 121
of white dwarfs, 566-567
deoxyribonucleic acid (DNA), 713-715, 717
detector (light recorder), 167
determinism, 464
deterministic universe, 464
deuterium, 301, 481, 482, 668, 689, 690
in comets, 364
deviation, t76
Diana Chasm (Venus), 263
Didymos, 375
differentiation, 239, 324, 359
heat from, as energy source, 241, 242
diffraction grating, 138-139
diffraction limit, 169, 171
diffusion, radiative, 483, 545-546
dilation, time, 419, 427, 444, 446, 474
formula for, 420
dimension(s), 436, 437
Dimorphos, 375
Dinosaur National Monument, 710
dinosaurs, extinction of, 14, 371-373, 374, 710, 717
Dione (moon of Saturn), 330, 338, 339
direct detection method, 382-383, 389, t390, t397
direction (azimuth), 27, 92
disk
of galaxy, 589, 616
of Milky Way galaxy, 591
disk component, 617, 619
disk population (Population I), 603, 639
disk stars, 589, 605, 617
orbits of, 591
distance(s), 436. See also orbital distance
astronomical measurements, 2-4, 6
calculation of from Cephids, 622-623, 627
calculation of from orbital period, 126
calculation of from radar ranging, 621, 627
calculation of from standard candles,
621-622, 623
calculation of from stellar parallax, 501, 621, 627
Doppler shifts, 19-20
Hubble’s law and, 625-627
in light-years, 6, A-2
movement of galaxies in universe, 18-19
in parsecs, 501, A-2
period-luminosity relation and, 622-623,
624-625
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of planets from Sun, 67, 209, 251, t206
scale of solar system, 6-7
space telescopes and, 178
distance chain, 627
distant standard candles, 623, 627
DNA (deoxyribonucleic acid), 713-715, 717
domains, of life on Earth, 714
DonaldJohanson (asteroid), 360
Doppler effect, 156, 159, 591, 625
wavelengths of light and, 156-157
Doppler method, for planet detection, 383,
385-386, 388, 390, 391-393, 507, t390, t397
Doppler shifts, 19-20, 156-157, 159, 160, 648,
649, A-3
planetary masses and, 391-393
solar vibrations and, 485, 486
stellar masses and, 507, 508, 525
double helix, 713
double shell-fusion star, 549, 559, 587
double-lined spectroscopic binary system, 506
doubly ionized element, 148
down quark, 458
drag, atmospheric, 127, 211
Dragonfly mission, 211, 337-338, 721, t212
Drake, Frank, 726
Drake equation, 726-728
Draper, Henry, 391, 504-505
drought cycles, 493
dust devils, 295, 296
dust tail, 362-363
dwarf elliptical galaxies, 617, 618
dwarf galaxy, 616
dwarf novae, 568
dwarf planet(s), 4, 7, 8, 79, 205, 322, 351, 352-353
dwarf spheroidal galaxies, 618
DX Cancri, 511
Dysnomia (moon of Eris), 353

E0102 (supernova remnant), 570
Eagle Nebula, 526, 527
Earth, 3, 7, 199, t206
acceleration of gravity on, A-2
after death of Sun, 549, 551
angular momentum of, 113, 118-119
atmosphere of, 175-178, 276, 277-286,
302-312, t276, t278
average surface temperature, 199, 307,
308, t278
axis tilt of, 32-35, 37-38, 94, 290-291, 305
celestial sphere, 26
circumference of, 62
climate change, consequences of, 309-312
climate change, evidence for, 306-309
climate of, 286, 290-292, 302-312, 493
clouds on, 289-290
composition of, 199
continents on, 266-267, 269-270
convection and, 242-243
core of, 239, 240
Coriolis effect and, 287-289
cosmic calendar, 14-15
cycle of axis precession, 37-38, 86, 93-94
density of, 199
distance from Sun of, 199
elements of, 11, 14
erosion on, 248, 249, 250, 266-267
escape velocity from, 127-128, A-2
evolution of intelligent species on, 552
formation of, 739
geological activity of, 240, 250, 264-270
gravitational field of, 141
greenhouse effect on, 199, 281-282, 281n, 306-312
hothouse / snowball, 305-306, 311
infrared spectrum of, 726
interior structure of, 239, 240, 241, 242, 243
life on, 709-718
lithosphere of, 239, 240, 242, 247, 265-266, 268
local sky, 27
magnetic field of, 102, 243-244
magnetosphere of, 285
mantle of, 239, 242-243, 265
mass of, 199, A-2
movement through space, 14-17
night sky, patterns in, 25-32
orbital properties of, 15-16, 19, 68, 94,
118, 667n

outgassing on, 247, 248
path of through spacetime, 443
plate tectonics on, 247, 248, 264-270, 304,
305, 723
precipitation patterns, 309
properties of, A-11
radius of, 199, A-2
reflectivity of, 291
rotation of, 15-16, 19, 85-86, 108
satellites of, A-12
scale of solar system, 6-7
shadow of, 41-42
and solar activity, 490-491
surface area-to-volume ratio of, 243
surface of, 238-239, 248
volcanism on, 246-247, 250, 251,
265-267, 307
water on, 289-290, 364
weather on, 286-290, 309, t278
Earth-centered model of universe, 60-63, 68,
72-73, 108
Earth-centered (geocentric) model of universe,
2,47
earthquakes, 268
earthshine, 41
East African rift zone, 268
Easter, timing of, 57
eccentricity, 66
orbital, 68
eclipse seasons, 43-44
eclipses, 41-45, t45
conditions for, 43-44
detection of extrasolar planets and,
386-387, 389
predicting, 44-45, t45
eclipsing binary systems, 507, 508
ecliptic, 26
ecliptic plane, 15, 34
Eddington, Sir Arthur Stanley, 577
“edge of space” altitude, 279
Egyptians, ancient, 55-56, 59, 90
Einstein, Albert, 322, 410, 411, 414, 425, 433,
451, 454, 464, 477, 627, 696, 697. See also
general theory of relativity; special theory of
relativity
Einstein cross, 446
Einstein ring, 446
Einstein’s equation, 122-123, 196, 425,
659, 738
Eistla (Venus), 263
electric field, 141
electrical charge
in atomic nucleus, 145-146
of black hole, 574
of subatomic particles, 457
electrical potential energy, 149
electrical repulsion, 146n
electromagnet, 244
electromagnetic radiation, 142
electromagnetic spectrum, 142-143, 190-191
electromagnetic wave, 141
electromagnetism, 459, 461, 660, 661, t460
force law for, 473
electron(s), 145-146, 457, t458
annihilation of with antielectron, 459, 660
charge of, 473
energy levels of, 149-152
mass of, 473, A-2
path of, 462, 463
as standing wave, 465
wavelengths of, 463n
electron degeneracy pressure, 467, 566, 577, 587
electron microscopes, 463n
electron neutrino, 487, t458
electron-antielectron pair, 660
electron-volt (eV), 143, 149, A-2
electrostatic forces, and terrestrial planets, 223
electroweak era, 661, 662, 664
electroweak force, 461
elements (chemical)
abundances of, Big Bang theory and, 668-669
atoms in, 144-146
heavy, 529, 553-555
periodic table of, A-10
ellipse, 65-66, 124
ellipsoidal component, 617



elliptical galaxies, 616, 617-618, 620, 639, 640-643
dark matter in, 683-684
dwarf, 617, 618
giant, 617
Hubble’s classification of, 619
spectral lines of, 683-684, 685
Elson, Rebecca, 700
ELT (Extremely Large Telescope), 383
Emerson, Ralph Waldo, 238
emission, of light, 139
emission line spectrum, 151-153, 156, 158
emission lines, 151-153, 158
emission nebulae, 601n
Enceladus (moon of Saturn), 202, 330, 338, 339,
368, 721-722
encephalization quotient (EQ), 727-728
Encke (comet), t365
end-Permian event, 373
Endurance Crater (Mars), 260
energy. See also dark energy
of atoms, 149-150
conservation of, 119, 123, 126, 190-191
electrical potential and, 149
of electrons, 149
gravitational potential, 119, 121-122, 126, 469
from H-bomb, 122-123
interior heat of planets and, 241-242
kinetic, 119, 120, 136, 149, 425, 482
of light, 119, 120, 138, 142
mass-, 121, 122-123, 149
orbital, 125-128
potential, 119, 120, 121-123
radiative, 119, 120, 138, 142, 482
rate of flow of, 138
release of from Sun, 483-485
temperature and, 120-121
thermal, 120-121, 531, 534-535
types of, 119-120
units of, 120, A-2
vacuum (zero point), 468-469
of visible-light photon, 144
yearly U.S. consumption of, 497
energy balance, 478, 479, 545
energy level transitions, 149-150, 152
energy levels, of atoms, 149-150
enhance/enrich, t76
EnVision mission, 720, t212
eons, 710
E6tvos, Baron Roland von, 454
epicycle, 63
EQ (encephalization quotient), 727-728
equation time, 94
equator, celestial, 93
path of stars at, 96
path of Sun at, 99, 100
equatorial radius, t206
equinox, 33, 34-35, 36, 75, 86, 91-92, 93, 95, 99,
100, 101
constellations of, 92
equivalence principle, 434-435, 441, 444, 445
era(s)
of atoms, 661, 663, 665
electroweak, 661, 662, 664
of galaxies, 661, 663, 664
geological time scale of Earth, 710
GUT (grand unified theory), 661, 662, 664,
669-670
of nuclei, 661, 663, 665, 666, 667
of nucleosynthesis, 661, 663, 665, 668, 689
particle, 661, 662-663, 665
Planck, 661-662, 664
Eratosthenes, 60, 62
Eridani, 511
Eris (dwarf planet), 7, 8, 205, 351, 353, 369, t206
orbital properties of, 83
properties of, A-11
satellites of, A-12
Eros (asteroid), 208, 355, 356
erosion, 245, 247-248
on Earth, 248, 249, 250, 266-267
on Mars, 250, 257-258
of molecular clouds, 598
planetary properties controlling, 250, 251
on Venus, 250, 263-264
error, t76
ESA, 336, 348

ESA cubesat, 375
Escape and Plasma Acceleration and Dynamics
Explorers (EscaPADE), 298-299
Escape orbiter, t212
escape velocity, 127-128, 292, 293, A-2, A-3
estimates, order of magnitude, 10
Eta Aquarid meteor shower, t365
ethane, 325, 336
ether medium, 425n
ethyl alcohol, 524
Euclid, 440
Euclid observatory, t180
Euclidean geometry of universe, 440
Eudoxus, 60, 62
Eukarya (domain), 714
Europa (moon of Jupiter), 131, 201, 330, 331,
333-334, 368, 409, 720-721
Europa Clipper, 334, t212
European Extremely Large Telescope, 172
European Southern Observatory, 571, 597
European Space Agency (ESA), 259, 334, 336, 348,
385, 720, t180, t212
evaporation, 147
of black hole, 469-470
from oceans, 148-149, 301, 302, 304
as source of atmospheric gases, 292
event, 438
event horizon, 443, 573-574
Event Horizon Telescope, 184, 606, 607, 649
evolution
of galaxies, 638-646, 649-652
of life on Earth, 712-717
theory of, 712-713, 717
exchange particle, 459, 460
excited state, of electron, 149-150
exclusion principle, 461, 464-466, 467n
ExoMars orbiter, t212
exoplanet(s), 4
exosphere, 283, 285, 292-294
exotic matter, 689-690, 697
expansion (of the universe), 4, 11-14, 17-19, 109,
625-626, 631, 669, 681, 698, 700-701
acceleration of, 694-697
age of universe and, 629-630
balloon analogy for, 628-630, 672
Cosmological Principle for, 628
models of, 694-695
exponents, A-4-A-5
exposure time (photography), 167
extinctions, 371-373, 374, 710
extrasolar planet(s), 4, 382, 409, 572
composition of, 396
detecting, 382-390, t390
mass of, 391-393, 400, t397
measuring properties of, t397
names of, 391
nature of, 399-401
orbital properties of, 390-395, 396-397,
401-402, t397
planets in our solar system vs., 396-401, t397
possibility of life on, 724-725
size and density of, 393-396, 397-399, t397
types of, 402-403
extreme ultraviolet light, 182
Extremely Large Telescope (ELT), 383
extremophiles, 716, 718
eye, human, 166-167

Fahrenheit temperature scale, 120, 121

failed star(s), 320, 689

fall equinox, 33, 34-35

falling star, 354

FAST (Five-hundred-meter Aperture Spherical
Telescope), 181

fault, 268

feedback, t76

feedback process, 301-302, 303-305

Fermi, Enrico, 457, 731

Fermi Gamma-Ray Telescope, 178, 182, 183,
580, t180

fermions, 456, 457-458, 465, 466

Fermi’s paradox, 731

Feynman, Richard, 465

field, concept of, 141

51 Pegasi, 385-386, 391, 394

filters, in astronomical imaging, 173

fingerprints
chemical, 152-153
spectral, 153-154
fireball, 354
first law of motion (Newton), 115-116, 118
first law of planetary motion (Kepler), 66, 73, 124
“first light,” t172
first-quarter moon, 39
fission, nuclear, 481, 554
fission model, 228
Five-hundred-meter Aperture Spherical Telescope
(FAST), 181
Fizeau, Armand Hippolyte Louis, 424
Flamsteed, John, 391
flare stars, 546
flat geometry, of universe, 440, 441, 573-574, 671,
672, 697-700
flat universe, 672
Fleming, Williamina, 391, 505
flyby, 209, 210
flying saucers, 729
focal plane, of lens, 167
focal point, 167
focus (plural: foci)
of ellipse, 65-66
of lens, 167, 171
Foote, Eunice Newton, 281, 281n, 312
force(s), 112, 459-461. See also electromagnetism
electroweak, 461, 660, 661
fundamental, 459-461, 660-661
GUT (grand unified theory), 661, 670
net (overall), 112
in Newton’s third law, 117
strong, 146n, 458-459, 481, 547, 660, 661, t460
tidal, 128-131, 434n, 576, 641, 642, 643
unit of, 116, 473
weak, 459, 486, 660, 661, t460
Ford, Kent, 683, 685, 690
formulas, list of, A-3
fossil fuel, climate change and, 307-312
fossils, 709-712
Foucault, Jean Bernard Léon, 74, 424
Foucault pendulum, 74
fountain, galactic, 596-597
four-dimensional space, 436
frame-dragging, 574
frames of reference, 413
constant speed of light and, 461
free-float, 414, 434
inertial, 414
time in, 418-422
Frederick II, King of Denmark, 64
free-fall, 113, 114, 115
free-float frames, 414, 434
frequency of wave, 140-142, 144
friction
atmospheric drag and, 127
in protostellar disks, 532
tidal, 129-130
Frost, Robert, 693
frost line, 223, 359
full moon, 39
full shadow (umbra), 42
Fuller, R. Buckminster, 14
fully ionized plasma, 148
fundamental forces, 459-461, 660-661
fundamental particles, 456-459
fusion. See helium fusion; hydrogen fusion;
nuclear fusion

g 112,131, A-2
G (gravitational constant), 123-124, 126, A-2
GAIA mission, 384-385, 501, 507n, 591, 725,
t180, t390
galactic cannibalism, 642
galactic center, 605-607, 646-652
galactic disk, 515, 589
galactic distances, 621-627
galactic fountain, 596-597
galactic halo, 515, 589, 590, 616-617
galactic recycling, 11-14, 219, 593-603, 638
galactic winds, 644-645
galaxies, 2, 4. See also elliptical galaxies; Milky
Way Galaxy; spiral galaxies
in blue cloud, 619, 620, 643, 644
centers of, 646-652
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galaxies (Continued)
central dominant, 642, 643
classifying, 616-620
collisions of, 640-644
colors of, 616, 619-620, 643-644
cosmology and, 616
distances to, 621-627
Doppler shifts, 19-20
dwarf, 616, 617, 618
era of, 661, 663, 664
evolution of, 638-646, 649-652, 667
formation of, 604-605, 638-640, 665, 691
galactic recycling, 11-14
gas between/beyond, 652-653, 686-687
giant, 616
groups of, 620, 621
in Hubble eXtreme Deep Field, 615, 642
Hubble’s law and, 625-627
irregular, 616, 618, 619, 639, 643
lenticular, 617, 619, 642
of Local Group, A-16
luminosity of, 619-620, 621, 622-623
major types of, 616-619
masses of, 682-690
mass-to-light ratio of, 683-684
measuring distances to, 621-627
nearby, A-17
radio, 650-651
in red sequence, 619, 620, 643, 644
Seyfert, 646n
shapes of, 619
star formation in, 644-646
starburst, 644
galaxy clusters, 2, 620, 621, 641-643, 685
dark matter in, 684-688, 698
elliptical galaxies in, 620
masses of, 685-689
nearby x-ray bright, A-18
orbits of, 685-686
galaxy evolution, 638-646
Galaxy Evolution Explorer (GALEX), t180
Galaxy M51, 602
Gale Crater (Mars), 200, 259-260
Galilean moons, 201, 331-336
Galileo Galilei, 66-69, 73, 108, 115, 166
acceleration of gravity and, 111-112
astrology and, 78
Catholic Church and, 68-69, 74
moons of Jupiter and, 68-69, 201, 331
observation of Venus by, 68-69, 73
Saturn’s rings and, 340
speed of light and, 424
stars in Milky Way and, 589, 590
Galileo spacecraft, 201, 211, 277, 319, 322, 325,
331, 332, 333, 334, 335, 346, 355
Galle, Johann, 322
gamma rays, 142, 143, 178
from Milky Way, 599, 600
gamma-ray bursts, 578
gamma-ray photon, 481
gamma-ray telescopes, 182, 183
Gamow, George, 666
Ganymede (moon of Jupiter), 201, 330, 331-332,
335, 341, 720-721
gap moons, 342, 343
gaps, in planetary rings, 341-342, 343
gas(es), 147
atmospheric pressure and, 148-149, 277-279
atomic ionization and, 148, 479
condensation of, 292

distribution of in Milky Way Galaxy, 597, 598-599

from dying stars, 593-596
galactic fountain model and, 596-597
galactic recycling of, 11-14, 219, 593-603, 638
greenhouse, 280-281, 290, 291, 306-312, 336
ideal gas law and, 486-487, 527
in interstellar medium, 523-524, 598
in radio galaxies, 650-651
in star formation, 523, 526-527, 599-603
in superbubbles, 596, 644-645
supernova remnants and, 595, 596
thermal pressure in, 466, 527
gas giants, 208, 322. See also jovian planets
Gaspra (asteroid), 355
gees, 136
Gell-Mann, Murray, 457
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Gemini North telescope, 171, t172
Gemini South telescope, t172
Geminid meteor shower, t365
general theory of relativity, 76-77, 131, 184, 322,
411, 432, 433-434, 441-442, 572, 573, 574,
575, 577-578, 630, 661, 670, 696
black holes and, 434, 573, 575
fundamental assumption of, 434-435
gravitational lensing and, 687-688
Mercury’s orbit and, 322, 445
pulsars and, 572
spacetime and, 433-434, 442, 671-672
testing, 445-448
virtual particles and, 469
Genzel, Reinhard, 606
geocentric (Earth-centered) model of universe, 2,
47-48, 60-61, 72-73, 108
Catholic Church and, 68-69, 74
early development of, 61-62
geological activity, 240-243, 270, 409
of Earth, 250, 264-270
of jovian moons, 336-340, 341
of Mars, 243, 246, 255-261, 270
of Mercury, 243, 253-254, 270
of Moon, 245, 250, 252-253, 270
of terrestrial planets, 240-270, 341
of Venus, 250, 261-264, 270
geological time scale, 709-710
geomagnetic storm, 490
geometry
types of, 439-440
of universe, 436, 440-441, 670, 671-672
geosynchronous satellite, 126
Germany, space observatories, t180
Ghez, Andrea, 606
giant elliptical galaxies, 617
giant galaxies, 616
giant impact, 227, 228, 366-367, 370
Giant Magellan Telescope, 172
giant molecular clouds, 598
giants, 509, 510, 511, 512, 513-514, t512
red, 546-547, 558, 566-567
gibbous moon, 39, 40
gigahertz (GHz), 141
Gilbert, William, 66
Giotto spacecraft, 362, 363
GJ 1214b, 399, 400
GK Persei, 568
Gliese, 511
global average temperature of terrestrial planets,
281, 306, 307, 308, 309, 310, t278, t282
global circulation (wind patterns), 286-290,
326-328
global clusters, 515-516
global positioning system (GPS), 85, 103-104,
2065, 446
global warming, 280, 281n, 306-312, 316. See also
greenhouse effect
globular clusters, 504, 517, 548, 589
gluons, 460
GMT (Greenwich mean time), 90, 102, 103
gnomon, 90
“go to” telescopes, 180
Gold, Thomas, 577
Gould, Stephen Jay, 713
GPS, 103-104, 265, 446
Gran Sasso National Lab, 487
Gran Telescopio Canaries, t172
Grand Canyon, 709, 710
grand unified theories (GUTs), 660, 662, 700
GUT era, 661, 664, 670
GUT force, 661, 670
granite, 266, 267
granules, 484n
gravitation
force law for, 473
Newton’s universal law of, 77, 123-125, 322,
441, 442, 443, 445, A-3
gravitational collapse, 220-221
gravitational constant (G), 123-124, 126, A-2
gravitational contraction, 477, 479, 527, 544
gravitational encounter, 127
between planetesimals, 223
gravitational equilibrium, 482-483, 545, 687
Sun’s stability and, 477-478, 479, 526-527
gravitational field, 141

gravitational lens, 684, 687-688
gravitational lensing, 445-446, 447, 643,
687-688, 698
for detection of extrasolar planets, 390
measuring masses of galaxy clusters by, 687-688
gravitational potential energy, 119, 121-122,
126, 469
gravitational redshift, 446, 575
gravitational slingshot, 210
gravitational time dilation, 444, 446-447, 454, 474
gravitational tugs, from orbiting planets, 388
gravitational wave observatories, 184
gravitational waves, 184, 434, 447-448, 460n,
569, 673
from binary neutron stars, 572
from black holes, 578, 580-581
gravitons and, 460
from neutron stars, 579-580
gravitationally bound systems. See galaxies; galaxy
clusters; star(s)
gravitons, 460
gravity, 190-191, 441, 738
acceleration of (g), 111-112, 131, A-2
dark matter and, 688-691
distortions of spacetime and, 434
effect of on spacetime, 443-446
expansion of universe and, 694-697
as fundamental force, 459, 461, 660, 662, t460
galaxy motion and, 691
inverse square law for, 123, 220, 529
of neutron stars, 570
Newton’s vs. Einstein’s theory of, 77, 441, 442,
443, 445
orbits and, 125-128
precession and, 37-38
shaping of rocky objects and, 240
solar, 196, 223
in space, 114
star formation and, 526-529
star life cycles, 11
strength of, 123-124, 220
thermal pressure vs., 527, 528, 529, 544, 586-587
tides and, 128-131
time and, 434, 442
grazing incident mirrors, 182
great circle, 439, 440
Great Dark Spot (Neptune), 328
Great Debate, 624
great dying, 373
Great Red Spot, Jupiter, 6, 201, 327
greatest elongation, 87
Greek science, ancient, 59-63
geocentric model in, 47-48, 61-63, 108
preservation of, 59-60
Ptolemaic model in, 63
timeline for, 60-61
greenhouse effect, 280-282
on Earth, 302-312
misconceptions about, 306
runaway, 301-302
on terrestrial planets, 199, 282, 306
on Titan, 336
on Venus, 198, 300-302, 720, t282
greenhouse gases, 280-281, 290, 291, 306, 336
on Earth, 302-312
Greenland ice sheet, 310
Greenwich mean time (GMT), 90, 102, 103
Gregorian calendar, 90-91
Gregory XIII, Pope, 90
ground state, of electron, 149-150
group of galaxies, 4
groups, of galaxies, 620
GUT (grand unified theory) era, 661, 662, 664, 670
GUT (grand unified theory) force, 661, 670
Guth, Alan, 669-670
GUTs (grand unified theories), 660, 662, 700
GUT era, 661, 663, 670
GUT force, 661, 670
gyroscope, 38

H II regions, 601n

habitable worlds, 719, 722-726

habitable zones, 394, 398, 401, 722-723, 739
Hadley cells, 287

hadrons, 458n

Hale telescope, 172



Hale-Bopp (comet), 352, 362
half-life, 230-231
Halley, Edmond, 209, 352
Halley’s Comet, 83, 352, 362-363, t365
hallmarks of science, 71, 72-73, 74, 717
halo, galactic, 515, 589, 590, 616-617
halo component, 617, 619
halo population (Population II), 603, 639
halo stars, 591, 603-604, 605, 617
Hamilton, Andrew, 585
Hamilton, Ruth, 354
Hansen, James, 311n
Harjo, Joy, 523
Harrison, John, 103
Hartmann, William, 228
Harvard Observatory, 504-505, 506, 624
HAT-P-32b (extrasolar planet), 399, 400
Haumea (dwarf planet), 353, 369, A-11, A-12
Hawaiian Islands
telescopes on, 172, 177
volcanism and, 268-269
Hawking, Stephen, 450, 469, 700
Hawking radiation, 459, 473, 700
Hayabusa spacecraft, 355, 357, 358
Hayabusa2, 355, 357, 358, t212
HD 4208b, 392
HD 10697b, 392
HD 27442b, 392
HD 187085b, 392
HD 189733, 387, 396
HD 189733b, 397, 400
HD 209458, 391, 400
HD 209458b, 391, 395, 400
HD 1353448, 222
heavenly perfection, 62
heavy bombardment, 226, 238, 712
heavy elements, 529, 530, 593, 722
formation of, 553
heavy water, 301
Hecate Chasm (Venus), 263
Heisenberg, Werner, 461
helioseismology, 485
helium, 11, 12-14
atomic mass number of, 146
emission line spectrum of, 153
in interstellar medium, 523-524
isotopes of, 482
in Jupiter’s mass, 320, 321
origin of cosmic, 668-669
in Saturn’s mass, 320, 321
in solar nebula, 219, 222
in stars, 529
in Sun’s core, 479, 480, 481, 484
on Sun’s surface, 196
thermal escape of, 292
helium core-fusion star, 548, 549, 559, 587
helium flash, 547-548
helium fusion, 547-548, 552, 572-573, 587
helium rain, 324
helium shell-fusion star, 586
helium white dwarfs, 547
helium-capture reactions, 553, 555
Hellas Basin (Mars), 256
hematite, 259
Henry, Joseph, 281n
Heracleides, 48, 60
Herbig-Haro objects, 533n
Hercules A (radio galaxy), 637, 650
Herschel, Caroline, 188, 255, 322, 351, 590
Herschel, William, 188, 255, 322, 351, 590
Herschel Crater (Mimas), 338
Herschel Space Observatory, 526, 527, t180
hertz (Hz), 141, 144
Hertzsprung, Ejnar, 508

Hertzsprung-Russell (H-R) diagrams, 508-515, 548,

549, 550, 553-554
Hewish, Anthony, 570, 584
Hickson Compact Group, 620
Hidden Figures (film), 135
Higgs, Peter, 457
Higgs boson, 455, 457
high noon, 33
highlands, lunar, 249, 252
high-mass stars, 544, 587, 593

gas bubbles from, 594-598
life stages of, 551-557, 558-559

nuclear fusion in, 551-555, 738
radiation pressure in, 537
as supergiants, 552-553
Himalayas, 267-268
Hinode mission, t212
Hipparchus, 61, 63, 502
Hitchhiker’s Guide to the Galaxy (Adams), 114
HL Tauri, 222
Hobby-Eberly telescope, t172
Hope orbiter, t212
horizon, 27, 461
cosmological, 631-632
event, 573-574
horizontal branch, 548
horoscopes, astrological, 78
Horsehead Nebula, 524
hot Jupiter, 385-386, 399-401, 402
hot spot, 268-269
hothouse Earth, 305, 311
hour angle (HA), 97
hourglasses, n56
House of Wisdom (Baghdad), 60
HR 8799, 381, 382, 389
H-R diagrams, 508-515, 548, 549, 550, 553-554
HST. See Hubble Space Telescope
Hubble, Edwin, 17-18, 109, 615, 619, 621, 623n,
624-625, 659, 663, 667
Hubble eXtreme Deep Field (XDF), 504, 615,
639, 642
Hubble Space Telescope (HST), 109, 169, 171, 173,
177,178, 181, 182-183, 219, 222, 328, 329,
335, 343, 350, 353, 356, 367, 370, 446, 504,
516, 522, 526, 533, 537, 550, 556, 566, 568,
580, 594, 595, 599, 601, 602, 609, 615, 620,
626, 638, 642, 645, 6461, 648, 687, 1180
angular resolution of, 168, 170, 384
Cepheid variable stars and, 622
field of view of, 189
Hubble’s constant (Hp), 626-627, 629-630, 695
Hubble’s law (Hubble-Lemaitre law), 625-627,
625n, 629-630, 691-692
HUDF-JD2 (galaxy), 641
Hulse-Taylor binary star system, 448
human behavior
climate change and, 306-312
Moon’s influence on, 44
Humason, Milton, 625
hurricanes, 287, 288, 300, 309
Huygens, Christiaan, 382, 385
Huygens probe, 202, 212, 336, 337
Hyakutake (comet), 352
Hydra (moon of Pluto), 367
hydrogen, 11, 12-14
absorption lines of, 652
atomic mass number of, 146
atomic/molecular, 153, 597-598
chemical fingerprint of, 152-153
energy level transitions in, 149, 152
in interstellar medium, 523-524
ionization of, 148
isotopes of, 301, 364, 481, 482, 668, 669, 689, 690
in Jupiter’s mass, 320-321, 323
liquid, 323
metallic, 323, 328-329
in molecular clouds, 524
in Saturn’s mass, 320-321
in solar nebula, 219, 222-223, t222
in stars, 499
starships powered by, 731
in Sun’s core, 480, 481
of Sun’s surface, 196
thermal escape of, 292, 293
in Venus’s atmosphere, 301
hydrogen bomb, energy released by, 122-123
hydrogen compounds, 203, 208, 208n, 319
in Neptune’s mass, 204, 320-321
in solar nebula, 222-223, t222
in Uranus’s mass, 203, 320-321
hydrogen fusion, 551-552
in high-mass star, 551-552, 557
in low-mass stars, 545-547, 557
mass-energy conversion in, 484
in proton-proton chain, 481
self-sustaining, 535
in Sun, 481, 482, 484, 546-547
in white dwarf, 568, 572

hydrogen shell fusion, 546-547, 586

hydrostatic equilibrium. See gravitational
equilibrium

Hypatia, 59

hyperbolic geometry, 440

hyperbolic orbital paths, 124

Hyperion (moon of Saturn), 331

hypernova, 579

hyperspace, 436, 449-450, 460

hypothesis, 70, t76

Iapetus (moon of Saturn), 330, 338
TAU. See International Astronomical Union (IAU)
ice
chemical structure of, 147
in comets, 224, 226
Earth, sea ice on, 291, 309-310
on Enceladus, 721-722
in jovian planet formation, 224, 321
ice ages, 305-300, 312
ice cores, 307, 308
“ice giants,” 208n
ice volcanism, 340
IceCube South Pole Neutrino Observatory, 185
Ida (asteroid), 355, 356
ideal gas law, 486-487, 527
images
in photography, 167-168
in vision, 167
imaging, in astronomical observation, 172-173
Imaging X-Ray Polarimitry Explorer (IXPE), t180
impact(s), 370
of comet on Jupiter, 370-371
death of dinosaurs and, 14, 371-373, 374
influence of jovian planets on, 375-376
risk of, 373-375
sterilizing, 712
impact cratering, 226, 245-246, 370-375
of Earth, 245
geological age and, 248-250
on Mars, 246, 250, 256-257
on Mercury, 197, 253
on Moon, 245, 249
planetary properties controlling, 250
shaping of planetary surfaces by, 226, 245-246
on Venus, 263
Inca Empire, astronomy in, 58
India, robotic solar system missions, t212
indirect detection method, 382, 383
inductive argument, 75
Indunn Mons (Venus), 263
inertial reference frames, 414
inferior conjunction, 87, 88, 89
inflation, 662, 664, 669-673
infrared light, 142, 143, 182
background glare and, 177-178
greenhouse effect and, 280-281, 283
James Webb Space Telescope (JWST) and, 178
from Milky Way, 600
troposphere and, 283-284
infrared spectra, and atmospheric gases, 726
infrared telescopes, 182
Ingenuity helicopter, 200, 211, 259
inner core region, of Earth, 239
instability strip, on H-R diagram, 514, 515
intelligent design, 717
intensity of light, 150
interference, and angular resolution, 169
interferometer, 424, 448
interferometry, 183-184
Intergovernmental Panel on Climate Change
(IPCC), 307n, 308, 309, 316
intermediate-mass stars, 544
International Astronomical Union (IAU), 8, 351,
352, 353, 391, 678
constellation names, 25-26
International Space Station, 16-17, 113, 114, 12In,
131, 280, 431
International Thermonuclear Experimental Reactor
(ITER), 311
interstellar clouds, 152-153, 218, 524, 593, 652.
See also molecular clouds
interstellar dust, 524-526, 597
infrared emissions from, 527, 531, 600
polarization and, 528
radio waves and, 682
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interstellar medium, 523-524, 589, 590,
598-600, 617
composition of gas clouds in, 529-530, t599
interstellar dust in, 524-526, 597
star birth in, 531-535
interstellar ramjet, 731
interstellar reddening, 525
interstellar travel, 730-732
interval, 436
interval formula, 436
intracluster medium, 686
inverse square law, 622
for gravitational force, 123, 220, 529
for light, 499-500, 501, 683, A-3
invisible light, 173, 181-184
Io (moon of Jupiter), 131, 136, 201, 329, 330,
331-333, 346, 349, 370, 409
Io torus, 329, 332
iodine, 232
ionization, 148, 283
level of, 149-150
ionization nebulae, 601
ionosphere, 285
ions, 148
Igbal, Muhammad, 681
iridium, 354, 371
iron, 11
in core of high-mass stars, 554-555
oxidation of, 292, 303
irregular galaxies, 616, 618-619, 639
Ishtar Terra (Venus), 262, 263
Islamic science, ancient, 60
isotopes
atomic mass number of, 146
of carbon, 146, 307, 492, 711-712
of helium, 482
of hydrogen, 301, 364, 481, 482, 668, 669,
689, 690
of lead, 231-232
of potassium, 230-231
radioactive, 230-232
Israel, robotic solar system missions, t212
ITER (International Thermonuclear Experimental
Reactor), 311
Itokawa (asteroid), 355, 357, 358
IXPE (Imaging X-Ray Polarimitry Explorer), t180

Jackson, Mary, 135
Jacob’s staff, 103
jail cell analogy, for quantum tunneling, 467-468
James Webb Space Telescope (JWST), 1, 2, 4, 5,
177-178, 182, 343, 383, 384, 396, 537, 550,
604n, 638, 655-656, 688, t180
Jansky (Karl G.) Very Large Array (JVLA), 183-184
Janus (moon of Saturn), 331
Japan Aerospace Exploration Agency (JAXA),
1180, t212
jarosite, 259
Jeans, Sir James, 528
Jeans mass, 528
Jefferson, Thomas, 354
Jemison, Mae, 589
jets
from active galactic nuclei, 650-651
protostellar, 532-533
from radio galaxies, 650, 651
Jewish calendar, 57
Jezero Crater (Mars), 260-261
Jezero Crater Delta (Mars), 258
Johanson, Donald, 360n
Johnson, Katherine, 135
joule, 120, 138, A-2
jovian planets, 195, 208, 318, 409. See also Jupiter;
Neptune; Saturn; Uranus
atmospheric structures, 324, 325-326
colors of, 325, 326, 327
compared to terrestrial planets, 323-324,
408-409, 1208
composition of, 320-321
Coriolis effect on, 287-288
density of, 320-321
effects of on Earth, 375-376
formation of, 224-225
interiors of, 322-324
magnetospheres of, 328-330
migration of, 370
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moons of, 68-69, 201, 202, 203, 204, 226-227,
330-331
namesakes of, 319
rings of, 340-344
rotations and shapes of, 319
water on, 325
weather on, 325-328
Julian calendar, 90
Julius Caesar, 90
June solstice, 33, 34-35, 84, 95
Juno (asteroid), 351
Juno orbiter, 319, 323, 327, 328, 332, t212
Jupiter, 7, 9, 46, 79, 201, 320-321, t206
asteroids and, 359, 360-361
atmospheric structure of, 325-327
auroras on, 329
axis tilt of, 33, 329
belts of, 326, 327
cloud layers of, 325, 326, 327
cloud-top temperature of, 201
colors of, 325, 326, 327
composition of, 201, 320-321
core of, 324
Coriolis effect on, 326
density of, 201, 320-321
distance from Sun of, 201, 321
effects of on Earth, 375-376
as failed star, 320
global winds on, 326-328
gravity of, 116-117, 320-321
Great Red Spot, 6
impact of comet with, 370-371
influence of on Sun, 383-384
interior of, 322-323, 324
magnetic field of, 244, 328-330
magnetosphere of, 328-330
mass of, 201, 320-321
moons of, 68-69, 130, 201, 330-336, 424, 720-721
orbital properties of, 89, 383-384
properties of, A-11
radius of, 201
rings of, 201, 342, 343
satellites of, A-12
scale of solar system, 6-7
sidereal period of, 86
spacecraft flybys of, 210
storms on, 325-328
synodic period of, 89
visibility of, 46
wind patterns on, 326-328
zones of, 326, 327, 329
Jupiter Icy Moons Explorer (JUICE), 334, 348, t212
JVLA (Karl G. Jansky Very Large Array), 183-184
JWST (James Webb Space Telescope), 177-178,
182, 383, 384, 396, 537, t180

K2 mission, 387

Kant, Immanuel, 218, 624

Kapteyn, Jacobus, 590

Karl G. Jansky Very Large Array (VLA), 183-184

Kazachok lander, t212

KBOs. See Kuiper belt objects (KBOs)

Keck telescopes, 172, 184, 328, 343, 381, 389, 605, t172

Keeling, Charles David, 312

Keeling curve, 312

Kelvin temperature scale, 120, 121

Kelvin-Helmholtz contraction. See gravitational
contraction

Kepler, Johannes, 65-67, 70, 71, 73, 77, 78, 154,
673, 674

Kepler 10b, 395, 396, 400

Kepler 11f, 400

Kepler 11g, 391

Kepler 16, 400

Kepler mission, 387, 391, 396, 397-398, 402, t180

Kepler/K2, t180

Kepler’s laws of planetary motion, 66, 67, 70, 73,
108, 119, 124-125, 209, 621. See also
Newton’s version of Kepler’s third law

Kerberos (moon of Pluto), 367

Kilauea volcano, 246

kilogram, 116

kilometers, distance measures, 2

kilonova, 580

kiloparsec (kpc), 501, A-2

kilowatt-hour, 164

kinetic energy, 119, 120, 121, 123, 125-126, 136,
147, 149, 425, 482

Kirchhoff’s laws, 150n

Kirkwood gaps, 360-361

Kitt Peak National Observatory, 175

kivas, 56, 57

K-Pg boundary, 371n

K-T event, 710

Kuiper belt, 8, 195, 205, 208, 218, 225, 352, 353,
365-366, 375-376

Pluto and, 366-370
Kuiper belt objects (KBOs), 353, 354, 369

L dwarfs, 536
La Palma Island, Spain, 365
La Palma telescopes, 177
Lacaille, 511
Lada Terra (Venus), 262, 263
Landau, Lev Davidovich, 577
lander, 210, 211-212
Laniakea (Local Supercluster), 2, 692
Laplace, Pierre-Simon, 218, 573
Large Area Telescope, 182
Large Binocular Telescope, 184, t172
Large Hadron Collider, 455, 457, 458n, 460, 660, 691
Large Magellanic Clouds, 17, 536, 590, 597, 622
as irregular galaxy, 618
supernova in, 557
large-scale structures, 692-694
large-scale universe, 670
laser, 648n
Laser Interferometer Gravitational-wave Observatory
(LIGO), 185, 447-448, 453, 580, 581
latitude(s), 30, 92-93
declination and, 92-93
determining, 101, 102
and variations in local sky, 30-31, 97-98
zero, 30
lava, 240, 245, 246-247
law of conservation of angular momentum, 38,
118-119, 225, 394, 531, 567, 605
law of conservation of energy, 119-123, 468
law of conservation of momentum, 118
law of gravitation, universal. See Newton’s
universal law of gravitation
law of orbital velocity, 593, 685-686, A-3
laws of motion, Newton’s, 67, 114-117, 421, 421n,
441, 688
laws of planetary motion, Kepler’s, 66, 67, 70, 73,
108, 119, 124-125, 209, 391, 621. See also
Newton'’s version of Kepler’s third law
laws of thermal radiation, 155-156
Le Verrier, Urbain, 322
lead, isotopes of, 231-232
leap year, 33, 90-91
Leavitt, Henrietta, 623, 625
Leavitt’s law, 623, 625, 627
Lemaitre, Georges, 218, 625
length, in different reference frames, 421
length contraction, 415n, 421
formula for, 423
lens(es)
of camera, 167
chromatic aberration of, 170
of eye, 166-167
lensing, gravitational. See gravitational lensing
lenticular galaxies, 617, 619, 642
Leo (constellation), 31, 32
Leo I galaxy, 618
Leonid meteor shower, 364, t365
leptons, 456, 457, 458
LGM, 570-571
Library of Alexandria, 59-60
LICIAcube, 375
Lick Observatory, 590, 624
life on Earth
definition of, 718
emergence of, 714-715
history of, 716-717
key properties of, 718
necessities of, 717-718
subsurface, 722
tree of, 714
life track, 534-535
of high-mass star, 551-557, 558-559
of low-mass star, 545-551, 558-559



Ligeia Mare (Titan), 337
light, 138-143. See also speed of light
absorption and emission line spectra, 151-153
absorption of, 139
ashen, 41
atmospheric gases and, 283-285
bending of, 166-167
black, 138
color and, 138-139
cosmological redshift and, 631-632
Doppler effect and, 156-157, 159, 160
electromagnetic spectrum and, 142, 143, 178,
190-191
emission of, 139
energy of, 119, 120, 138, 142, 143
intensity of, 150
interaction with matter, 139-140, 151-153
interactions with atmospheric gases, 283-285
inverse square law for, 499-500, 501, 622,
683, A-3
invisible, telescopes for, 181-184
from Mars, 158-159
penetration of atmosphere by, 177-178
planetary and stellar temperatures and, 153-156
polarization of, 145, 528, 673
properties of, 140-143
reflection of, 139, 158, 280, 281, 282
refraction of, 166, 167
rotation rate of distant object and, 157
speed of distant object and, 156-157
transmission of, 139
ultraviolet, 142, 143, 283, 284-285
wave characteristics, 140-142, 166
white, 138
light curves, 174, 507, 514, 515
light pollution, 175-176
light-collecting area, of telescope, 168, 180,
181, 182
light-second, 2, 4, 438
light-year (ly), 2-4, 6, A-2
observable universe and, 5
LIGO (Laser Interferometer Gravitational-wave
Observatory), 185, 447-448, 453, 580, 581
line, 436, 437
liquid, as phase of matter, 147
lithium, 11, 564, 669
lithosphere, 239, 240, 248, 252, 253, 257, 263,
265-260, 268
Little Ice Age, 493
Local Bubble, 595
Local Group, 2, 3, 589-590, 618, 620, 626, 645,
691, A-16
movement of galaxies, 17-19
local sidereal time (LST), 97
local sky, 27, 29
darkness of, as evidence of Big Bang, 673-674
at different latitudes, 30-31, 97-98
at equator, 96
movement of stars through, 95-98
movement of sun through, 98-101
at North Pole, 31, 95-96, 97
local solar neighborhood, 16-17
Local Supercluster, 2, 691, 692
location, in uncertainty principle, 461-462
logical reasoning, science and, 75
longitude, 30
determining, 102
right ascension and, 93
time zones and, 91
zero, 30
lookback time, 5n, 631, 638, 639
Lovelace, Ada, 615
Lowell, Percival, 75, 255, 261
Lowell Observatory, 255, 350, 625
low-mass stars, 544, 545-551, 587, 593
convection in, 545-546
death of, 549-551
life stages of, 545-551, 558-559
nuclear fusion in, 545-548
white dwarfs from, 548-550
LST, 97
Lucy mission, 357, 360, t212
luminosity, 498, 499, 500, 502, A-2, t512
bolometric, 501, A-14-A-15
calculating, 500-501
of Cepheids, 622-623, 625

classes of, 509, 512
of galaxies, 619-620, 683
of galaxy clusters, 619-620
of quasars, 646-647, 648
in red giant stage, 512, 546-547
stellar, 499-501, 502-503, t512
of Sun, 479, 487, 500, 501-502, 551, t480
of supernovae, 623
total, 501
visible-light, 501
x-ray, 501
luminosity class, 509, 512
lunar calendars, 57
lunar eclipse, 41-45, t45
lunar highlands, 249, 252
lunar maria, 247, 249, 252-253
lunar meteorites, 355
lunar phases, 38-41
lunar rocks, 228, 231-232, 249, 252-253
Lunar Roving Vehicle, 253
Lutetia (asteroid), 355
Lyceum, 61
Lyman series of transitions, 152n
Lyrid meteor shower, t365

M stars, 536
M4 cluster, 498, 517, 548
M13 cluster, 730
M31. See Andromeda Galaxy
MS51 Galaxy, 602
MBS0 cluster, 516
M82 galaxy, 645, 657
M87 galaxy, 618, 646, 648, 649, 657
M100 galaxy, 636
M101 galaxy, 616, 624
M106 galaxy, 649-650, 656
Machu Picchu, 58
Magellan spacecraft, 198, 261, 262, 263
Magellan telescopes, 184, t172
Magellanic Clouds, 208. See also Large Magellanic
Clouds; Small Magellanic Clouds
magma, 240, 246-247
magma chamber, 246
magnetic field(s), 141, 243-244, 724
of Earth, 102, 243-244
of Galilean moons, 333-334, 335-336
of jovian planets, 319, 328-330
of Jupiter, 244, 328-330
of Mars, 244, 298, 724
of Mercury, 244
in molecular clouds, 528, 529
of Moon, 244
of Neptune, 329, 330
of neutron stars, 571-572
of Saturn, 329, 330
of Sun, 225, 244, 488, 489, 492-493
sunspots, 488-489
of terrestrial planets, 243-244
of Uranus, 329, 330
of Venus, 244
magnetic field lines, 244, 488, 489, 491, 532-533
magnetic north, 102
magnetospheres, 244, 280, 285, 328-330
solar wind and, 285-286
magnification, and telescopes, 169, 180
magnitude system, for stars, 502-503
main sequence, 509, 511, 512-513
main-sequence lifetime, 513
main-sequence stars, 510-511, 512-513, 534, 544,
545-546, 558, t512
main-sequence turnoff point, 516, 603
major axis, of ellipse, 65
major lunar standstill, 57
Makemake (dwarf planet), 353
properties of, A-11
satellites of, A-12
Mangalyaan 2 orbiter, t212
Mangalyaan orbiter, t212
Manbhattan Project, 411, 577
mantle, 239, 242-243, 265
mantle convection, 242-243, 247, 248, 264, 265,
2606, 268
March equinox, 33, 34-35, 86, 91-92, 95, 97
Mare Humorum (Moon), 252
Mare Imbrium (Moon), 253
maria, lunar, 247, 249, 252, 253

Maric, Mileva, 430
Mariner 4 spacecraft, 255
Mariner 9 spacecraft, 257
Mariner 10 spacecraft, 254
Mars, 7, 200, 341, t206
asteroids and, 359, 360, 361
atmosphere of, 200, 250, 277, 285, 294-299,
720, t278
average surface temperature of, 200, t278
axis tilt of, 295, 296-297
Ceraunius Valleys on, 248
circulation cells on, 287
climate change on, 296-299
color of, 46, 296, 299
composition of, 200
Coriolis effect on, 289
craters on, 246, 250, 256
density of, 200
distance from Sun of, 200
erosion on, 250, 257-258
geological activity of, 243, 246, 255-261, 270, 408
greenhouse effect on, t282
impact cratering on, 256
infrared spectrum of, 726
interior structure of, 239
lithosphere of, 239, 240
magnetic field of, 244, 298, 724
mass of, 200
meteorites from, 257, 355, 720
methane on, 257, 720
moons of, 200, 227, 296
orbital properties of, 295
orbiters around, 211
possibility of life on, 719-720
properties of, A-11
radius of, 200
in retrograde loop, 46
robotic solar system missions, t212
rock and soil samples from, 259
satellites of, A-12
schematic spectrum of, 158-159
seasons on, 37, 295
sky color on, 296
surface of, 238, 255-258
tectonics on, 248, 257
visibility of, 46
volcanism on, 247, 250, 256-257, 296
water on, 258-267, 295-299
winds on, 295-296
Mars 2020 rover, 258
Mars Exploration Rover, 274
Mars Express mission, 257
Mars Global Surveyor mission, 246, 256, 295
Mars Insight mission, 239, t212
Mars Odyssey rover, t212
Mars Reconnaissance Orbiter mission, 38, 211, 227,
259, 261, 296, 297, t212
Martian meteorites, 257, 355, 720
Martians, 255
masers, 648n
mass, 113
acceleration and, 131
of asteroids, 356
of black holes, 574, 649, 650
calculating, 126
center of, 124-125, 383-384
dark matter, 17
in different reference frames, 419-420
distribution in galaxies, 17
distribution of, in Milky Way Galaxy, 592-593,
682-683
of Earth, 199, A-2, t206
of electron, A-2
of Eris, t206
of extrasolar planets, 391-393, 400, t397
of galaxies, 592-593, 682-690
of galaxy clusters, 685-689
of Jupiter, 201, 320-321, t206
of Mars, 200, t206
of Mercury, 197, t206
of Moon, 199, 366
of Neptune, 204, 320-321, t206
in Newton’s second law, 116
per nuclear particle, 554-555
of Pluto, 205, t206
of proton, A-2
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mass (Continued)
radius and, 321
of Saturn, 202, 320-321, t206
solar system summary table, A-11
spacetime and, 433, 434, 441-442, 574
of stars, 506-507, 511, 512, 535-538,
544-545, 557
of subatomic particles, 457
of Sun, 6, 126, 196, 479, A-2, t480
units of, 116
of Uranus, 203, 320-321, t206
of Venus, 198, t206
weight vs., 113-114
mass exchange, 560
mass extinction, 371-373, 374
mass increase, 421-422
formula for, 423, 424, 425
mass-energy, 121, 122-123, 149
massive star supernova, 569
mass-to-light ratio, of galaxies, 683-684
mathematical units, working with, A-6-A-8
Mather, John, 666
Mathilde (asteroid), 355, 356
matter. See also dark matter
antimatter and, 456, 459, 474, 481, 660,
662-663, 731
baryonic and nonbaryonic, 689
exotic, 689-690, 697
fundamental building blocks of, 457-459
interaction with light, 139-140, 151-153
ordinary, 689, 697
phases of, 147-149
properties of, 143-150
structure of, 143-146, 457-459
superconducting, 570
Maunakea telescopes, 177
Maunder, A. R., 492
Maunder, E. W., 492
Maunder minimum, 492, 493
Maury, Antonia, 505
MAVEN orbiter, 298-299, 364, t212
Mayan calendar, 45, 86
McCandless, Bruce, 53
McNaught (comet), 208
mean solar time, 88-89, 94
MeerKat, 588
megaparsec (Mpc), 501, A-2
melting point, 147
Mercury, 7, 197, t206
apparent retrograde motion of, 46
atmosphere of, 250, 277, 285, 292-294, t278
average density of, 197
basins of, 253
composition of, 197
core of, 197, 228, 239, 240
distance from Sun of, 197
exosphere of, 292-293
geological activity of, 243, 250, 253-254,
270, 408
greatest elongation of, 87
greenhouse effect on, 282, t282
impact cratering on, 197, 250, 253, 254,
270, 272
interior structure of, 239, 254-255
lithosphere of, 239, 240
magnetic field of, 244
mass of, 197
orbit of, 197, 445
properties of, A-11
radius of, 197
robotic solar system missions, t212
rotation period of, 130, 197, 244
shrinking of, 197, 254-255
surface of, 197, 238
synodic period of, 107
tectonics on, 253-254, 270
temperature of, 197, t278, t282
tidal bulge of, 130
transits of, 68, 87-88, 209
visibility of, 46
volcanism on, 254
water ice on, 294
meridian, 27
prime, 30
mesons, 458, 458n
mesosphere, 283n
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MESSENGER spacecraft, 197, 254, 272, 294
Messier Catalog, A-17
metallic hydrogen, 323, 328-329
metal-rich processed meteorites, 358-359
metals
heavy elements in, 529n
in meteorites, 224, 354
in solar nebula, 222-223, t222
meteor, 354, 364
Meteor Crater (Arizona), 245, 371
meteor showers, 364, 365, t365
meteorite(s)
accretion process in, 223-224
age of, 232, 358, 359
Ahnighito, 354
in Chelyabinsk, Russia, 373, 374
lunar, 355
Martian, 257, 355, 720
meteors vs., 354
micro-, 252-253
origins of, 354-355
primitive vs. processed, 358-359
types of, 357-359
xenon in, 232
methane
as greenhouse gas, 280, 336
on jovian planets, 203, 325, 326
on Mars, 720
in Titans atmosphere, 336-337
Meton, 57, 60
Metonic cycle, 57, 60, 83
metric system (SI), A-8
Michell, John, 573
Michelson, A. A., 422, 424
Michelson-Morley experiment, 422, 424, 425n, 435
microfossils, 711
microlensing, 390, 446, 725
micrometeorites, 252-253
Micronesian stick chart, 59
microwaves
cosmic microwave background, 658, 663-667,
669, 672-673, 697, 698, 738
on electromagnetic spectrum, 142, 143
mid-ocean ridges, 265
Midway Island, 268-269
migration
of photons from Sun’s core, 483-485
of planets, 370, 402
Milankovitch cycles, 291, 305
Milky Way Galaxy, 2, 3, 109, 208, 522, 588, 616,
617, 644, 692
abundance of elements in, 555
all-sky views of, 600
Andromeda Galaxy and, 589-590
appearance of, 589-590
black hole in, 606, 607
center of, 591, 605-607
collisions with other galaxies, 641
dark matter in, 682-683
in Earth’s night sky, 25, 26, 27
edge-on view of, 589, 600
formation of, 604-605
gas distribution in, 598-599
history of, 11-14, 603-605
mass distribution in, 593-594, 682-683
mass of, 592-593
motion within, 16-17, 19
orbits of stars in, 591-593
recycling in, 593-603
size of, 9-10
star-forming regions of, 601
structure of, 589-590
Miller, Stanley, 715
Miller-Urey experiment, 715
millimeter waves, 142
millisecond pulsars, 572
Mimas (moon of Saturn), 330, 338, 339, 341, 348
mineral grains, 712
minerals, 222-223, t222
mini-black holes, 575
mini-Neptunes, 399-400
Minkowski, Hermann, 411, 449
minor axis, 66
minor planets. See asteroid(s)
Mira (variable star, light curve for), 174
Miranda (moon of Uranus), 330, 339-340

mirrors. See also primary mirror; secondary mirror

grazing incident, 182

James Webb Space Telescope (JWST), 178, 179

rotating, to measure speed of light, 424
Mitchell, Maria, 54
Mizar, 507
MMT telescope, t172
MMX mission, t212
model, 59, 71, t76. See also geocentric model of
universe; Sun-centered model of universe
of heavenly spheres, 62
mathematical, of Sun’s interior, 485-487
modern magnitude system, 502-503
molecular bands, 153
molecular clouds, 524-526, 527, 597-598
contraction of, 531
core of, 529
fragmentation of, 529
orbits of in galaxy M106, 649-650
molecular dissociation, 147
molecular hydrogen, 153, 336, 597-598
molecular nitrogen, 277, 282
molecular oxygen, 277, 282, 303
molecules, 146
dissociation of, 147
spectral fingerprints of, 153
vibration and rotation of, 153
momentum, 112. See also angular momentum
conservation of, 118, 394
in uncertainty principle, 461-462
momentum increase, 421n
month, length of, 86
Mont-Saint-Michel (France), 129
Moon (Earth’s), 7, 8, 195, 199, 207
acceleration of gravity on, 131
angular size, 27
Apollo missions to, 228, 231, 239, 253
atmosphere of, 250, 277, 285, 292-294, t278
average surface temperature of, t278
composition of, 227, 228
core of, 239, 240
crescent, 39, 40
“dark side” of, 40
eclipses and, 41-45, t45
escape velocity from, 128
formation of, 227, 228
geological activity of, 243, 247, 250,
252-253, 408
greenhouse effect on, t282
human behavior and, 44
interior structure of, 239
lithosphere of, 239, 240, 252
magnetic field of, 244
maria on, 247, 249, 252, 253
mass of, 199, 366
meteorites from, 355
orbit of, 38, 43, 86
phases of, 38-41, 55
rainfall patterns and, 54, 55
robotic solar system missions, t212
rock samples from, 228, 231-232, 249
rotation rate of, 40
shadow of, 40, 41-43
surface area-to-volume ratio of, 243
surface of, 67, 238, 249, 250
synchronous rotation of, 40, 130
tidal force of, 128-129, 130
view from, 40-41
water ice on, 294
moon(s), 2, 4
Moon illusion, 29
moonlets, 344
moons. See also Moon (Earth’s)
asteroids with, 356
captured, 127, 226-227, 340
of Eris, t206
Galilean, 201, 331-336
gap, 342
with habitable surfaces, 724
of jovian planets, 68-69, 201, 202, 203, 204,
226-227, 330-331, t206
of Jupiter, 68-69, 130, 201, 330-336, 424,
720-721, 1206
of Mars, 200, 227, 296, t206
of Neptune, 204, 330, 340, t206
orderly motion of, 207



of Pluto, 130, 205, 366, t206
of Saturn, 202, 330, 331, 336-339, t206
shepherd, 342, 343
of Uranus, 203, 330, 339-340, t206
moons, gap, 343
Morley, E. W., 422
motion, 111-114. See also orbit(s)
bobbing, of stars, 591
Brownian, 411
circle-upon-circle, 63
free-fall, 113-114, 115
Kepler’s laws of planetary, 66, 67, 70, 73, 108,
119, 124-125
Newton’s laws of, 67, 114-117, 123, 124-125,
421, 441, 688
patterns of among large bodies, 194, 207
radial and tangential components of, 157
relative nature of, 414-417, 434
Mount Etna, 237
Mount Everest, 256
Mount Fuji, 246
Mount Hood, 246, 247
Mount Kilimanjaro, 246
Mount Palomar telescopes, 175
Mount Sharp (Mars), 200, 259
Mount St. Helens, 248
Mount Wilson Observatory, 175, 624, 625
M-theory, 462
multiple shell-fusion star, 554, 559, 587
muon, t458
muon neutrino, 478, t458
Muslims
calendar of, 57
preservation of science by, 60
mutation, 713

N132D (supernova remnant), 173
names, of objects in space, 391
nanometer, 142
NASA, 259, 298-299, 334, 336, 337-338, 357, 375,
720, t180, t212
Nasmyth design, reflecting telescope, 171
National Academy of Sciences, 624
National Air and Space Museum, 7
National Institute of Standards and Technology,
424, 446
natural selection, 713
navigation, astronomy and, 58-59, 101-104
Navigators, Polynesian, 58-59
Nazca desert, 58
neap tides, 129, 130
Near-Earth Asteroid Rendezvous (NEAR), 208, 355
near-Earth asteroids, 373-375
nebula(e), 218, 593, 601. See also solar nebula
ionization, 601
planetary, 549, 551, 559, 593, 594
reflection, 601
nebular hypothesis, 218
nebular theory, 218-219, 227-230, 358, 359, 382
existence of other planetary systems and,
401-403
neon, emission line spectrum of, 153
Neptune, 7, 9, 204, 208n, t206
atmosphere of, 326
axis tilt of, 328
cloud-top temperature of, 204
colors of, 204, 326
composition of, 204, 320-321
density of, 204, 320-321
discovery of, 322
distance from Sun of, 204, 321
interior of, 324
KBOs and, 370
magnetic field of, 329, 330
mass of, 204, 320-321
methane on, 320, 324, 326
moons of, 204, 330, 340, 369, 722
properties of, A-11
radius of, 204
rings of, 204, 342, 343
satellites of, A-12
weather patterns on, 328
Nereid (moon Neptune), 330, 340
nested spheres model, of heavens, 62
net force, 112
neutrino, 182, 458, 459, 460, 555, 689-690

electron, 487, t458
muon, 487, t458
in proton-proton chain, 481
solar, 485-487, 555-557
tau, 487, 1458
neutrino detectors, 487
neutrino telescopes, 184, 557
neutron, 145-146, 465, 555, 668
fusion of, 663
particles composing, 458
neutron degeneracy pressure, 467, 570, 577, 587
neutron stars, 178, 447, 448, 467, 556, 569-573,
577, 587. See also pulsars
in close binary systems, 572-573
conservation of angular momentum and, 571
discovery of, 570-572, 577
gravity of, 570
mergers of, 579-580
neutron degeneracy pressure in, 467, 570
structure of, 570
from supernova explosion, 556, 559

New General Catalog (NGC), 616
New Horizons spacecraft, 7, 8, 127, 205, 210, 216,

332, 350, 367-369, 722, 730

new moon, 39

newton (N), 116, 450
Newton, Isaac, 66, 67, 111, 112, 114-115, 352, 441
nature of light and, 140
universality of physics and, 190-191
Newtonian design, reflecting telescope, 171
Newton’s laws of motion, 67, 114-117, 123,
124-125, 421, 441, 688
Newton’s universal law of gravitation, 77,
123-125, 322, 433, 441, 442, 443, 445, 685,
686, 688, 698, A-3
comet’s orbit and, 352
discovery of Neptune and, 322
general theory of relativity vs., 77, 441, 442,
443, 445
Kepler’s laws of planetary motion and, 124-125
Newton’s version of Kepler’s third law, 125, 126,
319, 356, 508, 606, A-3
galactic mass and, 366, 592
mass of black holes and, 649, 650
orbital distance of extrasolar planets and, 393
stellar mass and, 479, 506
NGC 474 galaxy, 642, 643
NGC 891 galaxy, 616
NGC 1265 galaxy, 651
NGC 1300 galaxy, 617
NGC 1427A galaxy, 618
NGC 1569 galaxy, 645
NGC 1818 star cluster, 545
NGC 3603 star-forming cloud, 173, 537
NGC 4038/4039 galaxies, 642
NGC 4256 galaxy, 623
NGC 4414 galaxy, 616
NGC 4594 galaxy (Sombrero Galaxy), 617
NGC 4866 galaxy, 617
NGC 4993 galaxy, 580
Nicholas of Cusa, 74
nitrogen, 11
in CNO cycle, 551-552
in Earth’s atmosphere, 282, 291, 303, 1278
in Mars’s atmosphere, t278
molecular, 277
in Venus’s atmosphere, t278
Nix (moon of Pluto), 367
“no greenhouse” temperatures, 281-282, t282
nodes, of Moon’s orbit, 43-44, 45, 57
nonbaryonic matter, 689
north celestial pole, 26, 29, 31, 93
North Pole, 15, 30, 93, 95-96, 99
North Star (Polaris), 15, 31, 32, 101, 503, 511, 515
northern lights, 285
nova, 64, 568-570
nuclear burning, 480
nuclear fission, 311, 481, 554
nuclear fusion, 11, 311, 477, 481, 487. See also
helium fusion; hydrogen fusion
in dying star, 549
in early universe, 668
layers of, 553
mass and, 512-513
in newborn star, 534-535, 544-545
proton-proton chain and, 481

radiative diffusion and, 483
solar thermostat and, 482-483, 484
strong force and, 481
in Sun, 196, 477, 478, 480-485
x-ray bursts and, 572-573
Nuclear Spectroscopic Telescope Array (NuStar),
178, 182, t180
nuclear waste, 311
nuclei
active galactic, 646-647
era of, 661, 663, 665, 666, 667
nucleosynthesis, era of, 661, 663, 665, 668, 689
nucleus
atomic, 145-146
of comet, 362, 363, 371
NuStar (Nuclear Spectroscopic Telescope Array),
178, 182, t180

OBAFGKM sequence, 504, 536
obelisks, time measurement and, 55
Oberon (moon of Uranus), 330, 339
observable universe, 4, 5, 10, 109, 616
patterns in Earth’s night sky, 25-32
observations, astronomical
archaeoastronomy, 58
direct, 381, 389, t390, t397
length of day from, 55-56
length of month and year from, 56-57
lunar calendars from, 57
marking seasons through, 56-57
modern science and, 59-60
scientific theory and, 76-77
time of day from, 55-56
verifiable, 71, 74
weather predictions from, 54, 55-56
observatories
ground-based, 176-177
naked-eye, 64
in space, 182, 183, t180
Occam’s razor, 71
occultation, stellar, 342
ocean trench, 264, 266
oceans
acidification of, 310
carbon dioxide in, 307
current alterations, 311
on Enceladus, 721-722
Olbers, Heinrich, 673
Olbers’ paradox, 673-674
Old Royal Greenwich Observatory, 30
Olympus Mons (Mars), 247, 256, 257
Oort cloud, 195, 208, 218, 225, 352, 365-367,
375-376, 402, 409
opaque material, 139, 143
open clusters, of stars, 515, 517, 590
open geometry, of universe, 671, 672
Ophiuchus (constellation), 31, 32
Oppenheimer, Robert, 577
Opportunity rover, 258-260, 299
opposition, vs. conjunction, 87
optics, adaptive, 382
orbit(s), 4, 15, 207
of asteroids and comets, 127, 359-363
atmospheric drag and, 127
backward, of Neptune’s moon, 204, 369
bound vs. unbound, 124
of Charon, 130, 136
of disk, bulge, and halo stars, 591-593
of Earth, 15-16, 19, 667n
eccentricity of, 66, 68
of extrasolar planets, 390-395, 396-397,
401-402, t397
free-fall in, 113-114, 115
of galaxy clusters, 685-686
gravity and, 125-128
of jovian moons, 330-331
of Mercury, 197, 445
Milky Way Galaxy, motion in, 16-17, 19
of Moon, 38-41, 43, 86
planetary, 65-66, 68, 124-126, 194, 207, t206
of Pluto, 366-367
solar system summary table, A-11
speeds of, 16, 66n, 94, 394, 507, 682-683
stellar, 591-592
of Sun, 136, 383-384, 592-593
of Uranus, 328
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orbital angular momentum, 113, 118-119
orbital distance, 66, 67, 70, 382, 394
of extrasolar planets, 390-391
of geosynchronous satellite, 126
Newton'’s version of Kepler’s third law and, 125, 393
seasons and, 32, 33, 35, 36-37
orbital eccentricity, 66, 68, A-11
orbital energy, 125-128
orbital inclination, 507n
of extrasolar planets, 393, 393n
solar system summary table, A-11
orbital period, 66, 70, 394
distance calculations from, 126
of extrasolar planets, 390-391, 392, 393
solar system summary table, A-11
synodic period and, 88-89, 107
of Venus, 89
orbital resonance, 333, 335
asteroid belt and, 360-361, 369
of jovian moons, 333, 339, 340, 342, 343
orbital speed, 16, 66n, 394
of gas, 683
length of solar day on Earth and, 94
in solar system, 682-683
of stars, 507
orbital velocity law, 592, 685-686, A-3
orbiters, 210-211
Orcus (dwarf planet), 353
order of magnitude estimates, 10
orderly motion, 221
ordinary matter, 689, 697
organic molecule (compound), 719
Orion (constellation), 598, 602
Orion Nebula, 4, 5, 25-26, 522, 601
emission line spectrum of, 153
formation of stars in, 219-220
Orionid meteor shower, t365
Orion’s Belt, t504
orphan planets, 402, 725
OSIRIS-APEX mission, 357
OSIRIS-REx mission, 355, 357, 358, t212
‘Oumuamua (asteroid), 361
outer core region, of Earth, 239
outgassing, 247
atmosphere formation and, 291
in carbon dioxide cycle, 304
on Earth, 247, 248, 250
on lo, 332
on Mars, 247, 248
on Venus, 247, 248, 250, 263, 292, 299-301
from volcanism, 247
overall force, 112
oxidation reactions, 303
oxygen, 11, 277
in CNO cycle, 551-552
early organisms and, 716
in Earth’s atmosphere, 277, 303, 716, t278
ionization of, 148
molecular, 277, 303
ozone, 283, 284, 285, 295, 302, 303
ozone layer, 295, 303, 306

P waves, 241
pair production, 459
Pallas (asteroid), 351, 355
Palomar Observatory, 690
Pan (moon of Saturn), 331
Pandora (moon of Saturn), 331, 349
Pangea, 269
Pan-STARRS telescopes, 361
parabolic orbital paths, 124
paradigm, 75
paradox, 413
parallax, 47, 209, 501, 621, 627. See also stellar parallax
parallax angle, 501
parallax formula, 502, A-3
Paranal Observatory, 177
parent isotope, 230
Parker Solar Probe, 262, 479n, t212
parsec (pc), 501, A-2
partial lunar eclipse, 42
partial shadow (penumbra), 42
partial solar eclipse, 42
particle(s), 140, 141. See also photon(s)
anti-, 459
creation and annihilation, 660
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exchange, 459, 460
fundamental, 456-459
nuclear, 554
quantum state of, 464
virtual, 456, 468-469
waves and, 140-142
weakly interacting massive, 690, 697
particle accelerators, 123, 423
discovery of new particles with, 457, 458
pair production in, 459
testing time dilation with, 423-424
particle era, 661, 662-663, 665
particle radiation, 142
particle-antiparticle collisions, 459
Pauli, Wolfgang, 464
Pawnee lodges, 58
Payne-Gaposchkin, Cecilia, 154, 506
PDS 70, 225
peak, of wave, 140
peak thermal velocity, 293
peculiar velocity, 691
Pegasus, 5
pendulum, Foucault, 74
penumbra, 42
penumbral lunar eclipse, 42
Penzias, Arno, 663, 666
perchlorate, 719
perihelion, 66, 68
periodic table of elements, A-10
period-luminosity relation, 623, 624
periods, Earth’s geologic time scale, 710
periods, planetary, 86-88
Perlmutter, Saul, 696
Perseid meteor shower, t365
Perseus, 507
Perseverance rover, 200, 211, 258, 260-261,
719, t212
Phaeton (comet), t365
phases
of matter, 147-149
of Moon, 38-41, 55, 83
Philae lander, 363
Philosophiae Naturalis Principia Mathematica
(Newton), 115
Phobos (moon of Mars), 200, 227, 296
Phoebe (moon of Saturn), 331, 338
phosphine, 720
photoelectric effect, 411
photometry, 172n
photon(s), 141-142, 465, 466, 691, 700
absorption and emission line spectra, 152
as boson, 456, 457
cosmic microwave background and, 665, 667
cosmological redshifts and, 630
energy of, 142, A-3
as exchange particle, 459, t460
gamma-ray, 481
migration of from solar core, 483-485
radiation pressure and, 537
Wien’s law and, 155
photosphere, 151, 479, 480, 484-485, 497
photosynthesis, 302, 711, 714, 716, 726
physics, universality of, 190-191
pi plus (n+) meson, 423
Pickering, Edward, 505
picture elements (pixels), 167
“pillars of creation,” 526
Pioneer missions, 198, 319, 730, 731
pixels, 167
Planck (space observatory), 178, t180
Planck, Max, 661
Planck era, 661-662, 664
Planck observatory, 658, 666, 667, 672, 697, t180
Planck’s constant, 144, 457n, 463, A-2
plane, two-dimensional, 436, 437
planet(s), 2, 4, 46. See also extrasolar planet(s);
jovian planets; terrestrial planets
density of, 223, 239-240, 394-395
detection of, 382-390, 572
distance from Sun of, 206t, 250, 251
dwarf, 4, 7, 8, 79, 205, 322, 351, 352-353
in Earth’s solar system, 8
formation of, 221-225
fundamental properties of, 250, 251
interiors of, 241-242
migration of, 370, 402

names of, 391
ninth, 207n
orbits of, 65-66, 124-126, 194
periods of, 86-88
reflectivity of, 281-282, 290, 291
rings of, 201, 202, 203, 204, 328, 339-344, t206
rogue, 725
rotation rate of, 250, 251
scale of solar system, 6-7
size of, 243, 250, 251
types of, 195, 207-208, 221-225, t208
visible to naked eye, 46, 55
“Planet 9,” 353, 369
planet nine, 8
planetary geology, 239
planetary migration, 370, 402
planetary motion
ancient Greeks and, 46-48
apparent retrograde, 46-47
gravity and, 124-131
Kepler’s laws of, 66, 67, 70, 73, 108, 119,
124-125, 209, 621
Ptolemaic model, 63, 69
planetary nebula, 549, 551, 559, 593, 594
planetary periods, 86-88
planetesimals, 223-226, 228, 229, 321, 360, 361,
365-366, 369. See also asteroid(s); comet(s)
planetology, comparative, 193, 207, t206, t208
planispheres, 102
plasma, 148
compressing, 466
in Jupiter and lo, 332
in Sun, 479
Plasma Acceleration and Dynamics Explorers
(PADE), t212
plasma tail, 362-363
plate tectonics, 247, 248, 264-270, 304, 305, 723
plates, 247
Plato, 60, 61, 62, 85
playas, 336
Pleiades, 515, 516
Pluto, 7, 8, 205, 350, 351, 352-353, 366-370, t206
atmosphere of, 367, 368-369
composition of, 205, 367, 368
density of, 205
discovery of, 322
distance from Sun of, 205
as dwarf planet, 8
geological activity on, 367-369, 722
mass of, 205
moons of, 130, 205, 353, 366-367
orbit of, 366-367
properties of, A-11
radius of, 205
satellites of, A-12
surface temperature, 205
synchronous rotation of with Charon, 130, 367
point, 436, 437
polar ice, 294, 305-306, 309-310
on Mars, 295, 296, 297, 299
on Mercury, 294
on Moon, 294
Polaris (North Star), 15, 31, 32, 101, 503, 511,
515, t504
polarization, 145, 528, 673
pollution
light, 175-176
radio-wave, 181-182
Pollux, 511
Polynesians, ancient, 58-59
Pope, Alexander, 115
Population I (disk population), 603-604, 639
Population II (halo population), 604, 639
Population III, 604n
positron. See antielectron
post meridiem (p.m.), 56, 88
potassium, isotope of, 230-231
potential energy, 119, 120, 121-122
chemical, 119
electrical, 149
gravitational, 119, 121-122
mass-energy as, 122-123
power, 138, 479
apparent brightness, 499
source of for active galactic nuclei, 647-650
units of, 138, 479, A-2



powers of 10, A-4-A-5
pre-cells, 715
precession
of Earth’s axis, 37-38, 86, 93-94
of Mercury’s orbit, 445
precipitation, 289-290, 309
pressure. See also degeneracy pressure; thermal
pressure
atmospheric, 148-149, 277-279
phases of matter and, 148-149
radiation, 362, 537, 552
vapor and, 148n
primary colors of vision, 138
primary mirror, 170, 171
of Gemini North telescope, 171
of Hubble Space Telescope, 177
of Keck Telescope, 172
prime meridian, 30
primitive meteorites, 357-359
Princeton University, 666
Principia (Newton), 115
prism, 138, 140
probes, 210, 211-212
processed meteorites, 358-359
Procyon, 25, 499, 511, 514
Project Orion spacecraft, 731
Prometheus (moon of Saturn), 331, 349
propane, 325
proper motion, of stars, 591
protogalactic cloud, 663
angular momentum of, 640, 641
density of, 639, 640, 641
in galaxy formation, 604-605, 639-640, 641
rotation of, 640
proton, 145-146, 465, 660, 665, 700
anti-, 660, 661, 665
helium formation in early universe, 668-669
mass of, A-2
particles composing, 458
proton-proton chain, 481, 534, 545, 552
protostar, 531-533, 534, 535, 558, 586
protostellar disks, 532, 567
protostellar jets, 532-533
protostellar wind, 532
Proxima Centauri, 501-502, 512, 513, t504
pseudoscience, 74-75
PSR B1257 + 12 (pulsar), 572
Psyche mission, 357, t212
Ptolemaic model, 63, 69
Ptolemy, Claudius, 61, 71, 103
on astrology, 77-78
on astronomy, 63
pulsars, 570-572
millisecond, 572
timing of, 572
pulsating variable star, 514-515, 622. See also
Cepheid variable stars
pupil, of eye, 166
pusher plate, 731
Pythagoras, 60, 61
Pythagorean formula, 420

Quadrantid meteor shower, t365
quantum fluctuations, 670
quantum mechanics, 150, 417, 456, 465, 506, 575, 661
quantum physics. See quantum mechanics
quantum realm, 456
quantum revolution, 456
quantum state, 464
quantum tunneling, 456, 467-468, 481
Quaoar (dwarf planet), 353
quarks, 456, 457, 458, 458n, 662
colors of, 459n
types of, 458
quartz, shocked, 371
quasars, 646-647
distances and luminosities of, 646-647
radio galaxies and, 650
spectra of, 647, 652-653
supermassive black holes and, 647-650
quintessence. See dark energy

radar mapping, 261, 262, 263
radar ranging, 209, 621, 627
radial velocity, 157, 160, 591
radiant, of meteor shower, 364

radiation, 142, 667n. See also cosmic microwave
background; thermal radiation
electromagnetic, 142-143
Hawking, 473, 700
particle, 142
synchrotron, 595
radiation pressure, 362, 537, 552
radiation zone, of Sun, 479, 480, 484
radiative contraction, 534-535
radiative diffusion, 483, 545-546
radiative energy, 119, 120, 138, 142, 482
radio galaxies, 650-651
radio lobes, 650
radio telescopes, 169, 181-182, 543, 650
angular resolution, 183-184
SETI and, 728-729, 730
radio waves, 142, 143, 178
from Milky Way, 600, 682
neutron stars and, 570-572
pollution from, 181-182
in radar ranging, 209, 621
from radio stations, 144
satellite dishes and, 181
radioactive decay, 230-232
heat from, as energy source, 241-242, 252, 335-336
radioactive isotopes, 230-232
radiometric dating, 230-232, 249, 257, 358, 359,
709, 710
carbon isotopes, 711-712
radio-wave pollution, 181-182
radius
of Earth, 199, A-2
of Jupiter, 201
of Mars, 200
mass and, 321
of Mercury, 197
of Neptune, 204
of Pluto, 205
of Saturn, 202
solar system summary table, A-11
stellar, 507, 508
of Sun, 196, 479, 551, A-2, t480
of Uranus, 203
of Venus, 198
railroad time, 89-90
raisin cake analogy, 18
ramjet, interstellar, 731
random walk, 483
ratio(s)
finding, A-9
mass-to-light, 683-684
surface area-to volume, 243
RCW38 star cluster, 537
recession speed, 626, 627, 685
recollapsing universe, 695, 696
recycling, galactic, 11-14, 219, 593-603, 638
red giants, 546-547, 558, 566-567
Red Sea, 268
red sequence, 619, 620, 643, 644
red supergiant, 512, 554, 558
Betelgeuse as, 156, 503, 512, 514, 554
reddening, interstellar, 525
redshift, 156, 385, 388, 628, 667n
cosmological, 631-632, 646, 652, 668
gravitational, 446, 575
Hubble’s law and, 625-626
rotation rates and, 157, 683
reference frames, 413
constant speed of light and, 461
free-float, 414, 434
inertial, 414
time in, 418-422
reflected light spectra, 153
reflecting telescope, 170-172
reflection nebulae, 601
reflection of light, 139, 158, 280, 281, 282
reflectivity, 281-282, 290, 291-292
refracting telescopes, 169-170
refraction of light, 166, 167
relativity, 411. See also general theory of relativity;
special theory of relativity
absolutes of, 413
Einstein’s equation and, 425
making sense of, 413-414
mass increase and, 418, 421-422, 423
of motion, 412, 414-417

rubber sheet analogy for, 441-443, 573-574
of simultaneity, 419, 421
testing predictions of, 423-424
velocity addition and, 422
Rembrandt Basin (Mercury), 254
resolution
angular, 168-169, 170, 181, 183-184
spectral, 174
resonance. See orbital resonance
rest wavelength, 156
retina, of eye, 166-167
retrograde motion, apparent, 46-47, 62-63, 72-73
revolution. See orbits
Rhea (moon of Saturn), 330, 338
ribonucleic acid (RNA), 715
Ride, Sally, 659
Riess, Adam, 696
rift valley, 268
Rigel, 5, 511, t504
right ascension (RA), 92, 93, 94, 95, 96, 97
rings, planetary, 201
gaps in, 341-342, 343
of Jupiter, 342, 343
of Neptune, 204, 342, 343
origin of, 343-344
particle characteristics of, 341-342
of Saturn, 202, 340-343
of Uranus, 203, 328, 342, 343
Rio Grande Valley, 268
RNA (ribonucleic acid), 715
robotic spacecraft, 209-212, t212
Roche tidal zone, 344
rock(s)
basalt, 247, 252, 266
biosignatures in, 259
granite, 266, 267
layering by strength of, 240
lunar, 228, 231-232, 249
radiometric dating of, 230-232, 249
samples from Mars, 259
sedimentary, 248, 709
in solar nebula, 222-223, t222
rocket launch, 117, 118
rocky processed meteorites, 358-359
rods, in retina, 166
Roemer, Olaus, 424
rogue planets, 725
Roosevelt, Franklin, 411
Rosalind Franklin rover, 719, t212
Rosetta mission, 352, 355, 363-364
Ross, 511
rotation, 4, 15, 207
backward, of Venus, 198
Coriolis effect and, 287-289, 326
of Earth, 15-16, 19
Milky Way Galaxy, motion in, 16-17, 19
proof of, 74-75
of protogalactic cloud, 640
solar system summary table, A-11
star birth and, 532-533
of Sun, 225, t480
rotation curves, 682-683
rotation rate
geological history and, 250, 251
of jovian planets, 319
of Moon, 40
of solar nebula, 221
spectral lines and, 157
rotational angular momentum, 113, 119
rubber band analogy, for tidal bulge, 128, 573-574
rubber sheet analogy for spacetime, 441-443
Rubin, Vera, 17n, 683, 685, 690, 704
Rudolf II, emperor of Germany, 65
runaway greenhouse effect, 301-302, 549-550
Russell, Henry Norris, 508
Russia, Chelyabinsk, 373, 374
Russia, robotic solar system missions, t212
Russia, space observatories, t180
rusting, 292
Rutherford, Ernest, 456
Ryugu (asteroid), 357, 358, t212

S waves, 241

sacred round, 45

saddle-shaped geometry, of universe, 440-441,
671, 672
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Sagan, Carl, 77, 385, 570, 701, 731
Sagittarius, 26
Sagittarius A* (Sgr A*), 605-609
Sagittarius Dwarf galaxy, 590, 605, 641
sample return mission, 210, 212
San Andreas Fault, 268
saros cycle, 45
satellite(s), 4, 176, A-12-A-13
communication, 181, 490-491
satellite dishes, 181
Saturn, 7, 9, 202, 318, 320, t206
axis tilt of, 33, 328, 336
cloud layers of, 326
cloud-top temperature, 202
composition of, 202, 320-321
density of, 202, 320-321
distance from Sun of, 202, 321
gravity, 323
influence of on Sun, 384
interior of, 323-324
magnetic field of, 329, 330
mass of, 202, 319, 320-321
moons of, 202, 330, 331, 336-339, 721-722
orbital properties of, 384
properties of, A-11
radius of, 202
rings of, 202, 340-343, 344
satellites of, A-12
shape of, 320
synodic period of, 107
visibility of, 46
weather patterns on, 328
scale of space and time, 9, 20
Voyage scale, 6-8
scattering, of light, 139, 140, 158, 283, 284
Schiaparelli, Giovanni, 255
Schmidt, Brian, 696
Schrodinger, Erwin, 465
Schrodinger equation, 465
Schwarzchild, Karl, 574
Schwarzchild radius, 574, 575, 576
science
astrology vs., 78-79
hallmarks of, 71, 72-73, 74, 717
logic and, 75
nature of, 69-70, 74-76
nonscience vs., 69-70, 74-75, 717
objectivity in, 75-76
roots of, 54-60
women in, 274
scientific method, 69-70
scientific notation, 9, A-5-A-6
scientific terminology, t76
scientific theory, 76-77, 218
scientific thinking, 54
Scorpius (constellation), 498, 523
Scott, Dave, 112
sea ice, on Earth, 291, 309-310
sea levels, rising, 306, 309, 310, 311
seafloor crust, 265-266, 267
seafloor spreading, 265-266
search for extraterrestrial intelligence (SETI), 708,
726-730
seasons, 32-38
ancient structures marking, 56-57
axis tilt and, 32-35
cause of, 32-35
Earth’s night sky, patterns of, 25
of eclipse, 43-44
at equatorial regions, 36
first days of, 33
on Mars, 37, 295
in Northern vs. Southern Hemisphere, 36-37
on Titan, 336
second law of motion (Newton), 116-117, 118
secondary mirror, 170
sedimentary rock, 248, 709
Sedna (dwarf planet), 353
seismic waves, 239, 241
semimajor axis, of ellipse, 65-66
September equinox, 33, 34-35, 95
SETI (search for extraterrestrial intelligence), 708,
726-730
Seven Sisters, 515, 516
sextant, 103
Seyfert, Carl, 646n
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Seyfert galaxies, 646n

Sgr A*, 605-607, 608-609

Shapley, Harlow, 589, 590, 624

Shark Bay, 711

shepherd moons, 342, 343

shield volcanoes, 247

shock fronts, from supernovae, 595-596, 597,
639, 645

shocked quartz, 371

Shoemaker-Levy (SL9) (comet), 370-371

shooting stars, 354. See also meteorite(s)

shutter, of camera, 167

sidereal clock, 97

sidereal day, 85, 86, A-2

sidereal month, 86, A-2

sidereal period, of planet(s), 86-88

sidereal time, 97

sidereal year, 86, A-2

Siding Spring (comet), 364

Sierra Nevada, 267

silicon-fusing core, 553

single-lined spectroscopic binary, 506

singly ionized element, 148

singularity, 574-575

Sirius, 4, 25, 385, 502, 503, 500, 511, 513, 521, 564,

560, t504
sky, color of, 283, 284
“sky crane,” 211
Slipher, Vesto, 625
Sloan Digital Sky Survey, 620, 692, 693
Sloan Great Wall, 692, 693
SMACS 0723, 688
Small Magellanic Clouds, 17, 590, 618
small solar system body, 4, 351. See also
asteroid(s); comet(s); dwarf planet(s)
small-angle formula, 28
Smoot, George, 666
snowball Earth, 305-306, 311
sodium, emission line spectrum of, 153
SOFIA, 182
SOHO spacecraft, 196, 352, 353
SOHO-6 (comet), 352
soil samples, Mars, 259
solar activity, 488-493. See also sunspots
Solar and Heliospheric Observatory (SOHO), t212
solar brightening, 290
solar calendar, 57
solar core, 479, 480, 481, 482-483
solar cycle, 491-493
solar day, 85-86, 94, A-2
Solar Dynamics Observatory, 476, 489, 490, t212
solar eclipse, 41, 42-45, t45
solar energy, 311
solar flares, 476, 488, 489, 490, 491
solar granulation, 484n
solar gravity, 223
solar maximum, 491
solar minimum, 491
solar nebula, 219, 223
clearing of, 224-225
collapse of, 220-221, 232
condensation of materials in, 226, 229
heating, spinning, and flattening of, 220-221,
224,228, 229
materials in, 222-223, t222
primitive meteorites and, 358-359
solar neutrino problem, 487
solar prominences, 489, 491
solar sail, 731
solar storms, 196, 489
solar system, 2, 3, 4, 109
age of, 230-232
formation theories of, 218-220, 401-403
history of, 11-14
life in, 719-722
major features, 194-195, 220-230
number of planets in, 8
orbits of planets in, 194-195
patterns in, 207-208
rotation curve of, 682
scale of, 6-8, 209
spacecraft exploration of, 209-212, t212
studying, 193-207
Voyage scale model of, 178, 196-205
solar thermostat, 482-483, 545, 546-547,
586, 739

solar time
apparent, 88, 94
mean, 88-89, 94
solar vibrations, 485, 486
solar weather, 488-493
solar wind, 196, 224-225, 285, 321, 480, 490, 547
coronal holes and, 490
loss of atmospheric gases and, 292
magnetosphere and, 285-286
solid, 147, 148
solidity, illusion of, 146
solstices, 33, 34-35, 36, 95, 99, 100, 101
constellations of, 92
Sombrero Galaxy, 617
Song Dynasty, 556
Song of the Sky Loom, 138
sound, in space, 596
South African Large Telescope, t172
south celestial pole, 26, 29, 31, 93
South Korea, robotic solar system missions, t212
South Pole, 15, 93, 100
Southern Cross, 27, 31
southern lights, 285-286
Southern Ring Nebula, 550
Soviet Union, Venera 14 lander, 263
space
expansion of universe, 19
scale of space and time, 9
Space Shuttle missions, 53, 278, 280
Space Station. See International Space Station
Space Telescope Institute, 625n
space telescopes, 177-179, t180
spacecraft exploration, 209-212, t212
spaceship Earth, 14
spacetime, 433-434, 573
curved, 439, 441, 442, 475, 573
dimensions of, 436-439
Earth’s effect on, 442, 444
geometry of, 436, 440-441
gravity and, 434, 441, 442, 574
mass and, 433, 434, 441-442, 574
ripples in, 670
rubber sheet analogy for, 441-443, 573-574
time and, 432, 437-439, 443
twin paradox and, 427n, 449
spacetime diagram, 437-439
special theory of relativity, 411-412, 433, 477
Einstein’s equation and, 425
formulas of, 423
interstellar travel and, 731-732
motion and, 414-417
reference frames and, 418-419, 421
simultaneous events in, 419-422
testing of, 423-424
velocity addition and, 422, 423
spectographs, 174
spectra. See spectrum
spectral fingerprints
of atoms, 153-154
of molecules, 154
spectral lines, 153, 156-157, 159. See also absorp-
tion lines; emission lines
spectral resolution, 174
spectral sequence, 504-506
spectral type, 504
stellar classification by, 503-506, 512, 537
temperature and, 504-506
spectroscopic binary systems, 506-507
spectroscopy, 150, 172, 174, 219, 325, 341,
504-506, 507, 720
spectrum, 138, 150
absorption line, 151, 152, 159
of comets, 361-362
continuous, 150, 151, 153-156, 158
electromagnetic, 142-143, 190-191
emission line, 151-153, 158
of extrasolar planets, 726
of quasars, 647, 652-653
reading information from, 158-159
reflected light, 153
thermal radiation, 154, 503-504, 666
types of, 150-151
ultraviolet, 174
speed, 111, 141. See also orbital speed; speed of light
of distant object, 156-157
Doppler shifts, 19-20



Milky Way galaxy, motion of, 16-17
movement of galaxies in universe, 18-19
of rotation and orbit, 16
speed of light (c), 2, 4, 141, 144, A-2
absoluteness of, 413, 414-417, 422-423
measuring, 424
Spektr-RG/eROSITA, t180
spherical geometry of universe, 440, 441, 671, 672
spherical shape, of planets, 240
spheroid component, 617
spheroidal galaxies. See elliptical galaxies
Spica, 511, 513
spin, of subatomic particles, 448, 457
spinning disks, throughout universe, 119
spiral arms, 589, 601-603
spiral density waves, 603
spiral galaxies, 589, 616-617, 639, 643, 682-683
barred, 617, 619
dark matter in, 683
formation of elliptical galaxies from, 640-643
groups of, 620, 621
Hubble’s classification of, 619
mass-to-light ratio of, 683-684
from protogalactic clouds, 604-605, 639, 640
spiral nebulae, 593, 624
Spirit rover, 258-259
Spitzer Space Telescope, 182, 396, 397, 526, t180
spring equinox, 33, 34-35
spring tides, 129, 130
standard candles, 621-622, 623, 627, 696, 697
standard model, for structure of matter, 457
standard time, 90, 91
standing wave, 465
star(s), 2, 4. See also binary star systems; brown
dwarfs; high-mass stars; low-mass stars;
neutron stars; red giants; white dwarf(s)
artificial, 176
astrology and positions of, 77
birth stages of, 531-535
brightest, A-14-A-15
bulge, 591, 592, 605
carbon, 548, 549
circumpolar, 29
classification of, 503-506, 512, 536
clusters of, 515-517, 523, 528, 545
colors of, 503-509, 512, 514, 525, 536
coronagraphs of, 382-383
data on, A-14-A-15
in daytime, 30
disk, 589, 590-591, 605, 617
distances to, 499-500
effects of quantum laws on, 466-467
evolutionary track of, 534, 545-547, 558-559
failed, 320, 689
falling, 354
first generation of, 529-530
flare, 546
formation of, 219-220, 523-530
halo, 591, 603-604, 605, 617
intermediate-mass, 544, 553
life cycles of, 11-14, 558-559, 586-587
lifetimes of, 511, 513, 544
luminosity of, 499-501, 509-512, 619-620,
A-14-A-15
main-sequence, 510-511, 512, 513, 534, 544,
545-546, 558

masses of, 506-507, 508, 511, 512, 513, 535-538,

544-545, 557
Milky Way Galaxy, motion of, 16-17
Milky Way Galaxy, size of, 9-10
nurseries of, 523-530
orbital velocities of, 507-508, 682-683
orbits of, 591-593
as other suns, 384
paths of, 29, 95-101, 591-593
patterns among, 507-515
patterns in Earth’s night sky, 25-32
photos of, 505
possibilities of life on, 722-726
proper motion of, 591
properties of, 499-507
radii of, 507, 509
shooting, 354
temperature of, 502-506, 530
tidally locked, 560
twinkling of, 177

variable, 514-515, 622-623
velocity of, 386
star catalogs, 391
star charts, A-21-A-25
star clocks, Egyptian, 55-56
star clusters, 515-517, 523, 528, 545
star stuff, 11-14
“star stuff,” 219, 544, 556
star system(s), 4
brightness of, 385, 386, 391
starburst galaxies, 644, 645
Stardust mission, 212, 355, 363
star-gas-star cycle, 593-603, 605, 638, 644-646,
651-652, 700
Starlink satellites, 176
starship design, 731
state, t76
steady state universe hypothesis, 667
steam planets, 401
Stefan-Boltzmann constant, A-2
Stefan-Boltzmann law, of thermal radiation,
155, A-3
Steins (asteroid), 355
stellar luminosities, 499-503, A-14-A-15, t512
stellar nurseries, 523-530
stellar occultation, 342
stellar orbits, 591-593
stellar parallax, 47-48, 65, 68, 385, A-3
measuring distance through, 501, 621
stellar spectroscopy, 504-506, 507
stellar winds, 531, 547, 548, 549, 552, 594-595
sterilizing impacts, 712
stick chart, Micronesian, 59
Stonehenge, 56, 108
stony primitive meteorites, 358-359
strange quarks, 458
stratosphere, 283, 284-285, 302, 325
Stratospheric Observatory For Infrared Astronomy
(SOFIA), 182
stratovolcanoes, 246, 262
Strelley Pool Formation, 711
string theory, 462
strings, 462
stromatolites, 711
strong force, 458, 459, 481, 660, 661, 662,
669-670, t460
electromagnetic repulsion vs., 146n, 481, 547
Styx (moon of Pluto), 367
Subaru cluster, 515
Subaru telescope, t172
subatomic particles, 457, 662-663
annihilation of, 459, 660, 731
quantum state of, 464
wave-particle duality and, 461, 463
subduction, 266
subgiant, 546, 548
sublimation, 147, 292
submillimeter waves, 142
subsurface habitability, 724-725
sulfur, 332
sulfur dioxide, 332
sulfuric acid, 263, 291
summer solstice, 33, 34-35, 36
Sun, 2, 7, 196, 477-478
activity of, 488-493
angular size, 27
atmosphere of, 478
celestial coordinates of, 94-95, 102
color of, 156
composition of, 196
connection of Earth and, 486-491
constellations and, 32
convection zone of, 478, 483
core pressure of, 486-487
corona of, 156, 479, 480, 489, 490
coronagraphs of, 382-383, 382n
diameter of, 52
distance of planets from, 67, 251
energy radiated by, 164, 482-483
gravity of, 196, 223
habitable zone of, 722, 739
interior of, 480, 485-487
life track of, 546, 549, 551
long-term climate change and, 290
luminosity of, 479, 487, 500, 501-502, 551,
A-2, 1480

magnetic field of, 225, 244, 488-489, 491,
492-493
mass of, 6, 126, 196, 479, 482, 513, A-2, t480
movement of through local sky, 98-101
nuclear fusion in, 196, 477, 478, 480-485
orbit of, 136, 383-384, 592-593
origin stories for, 235
path of, 32, 33-36, 84, 98-101
properties of, A-11
radius of, 196, 479, 551, A-2, t480
red giant stage of, 546-547
robotic solar system missions, t212
rotation of, 225, t480
scale of solar system, 6-8
stability of, 477-478
structure of, 479-780
sunspot cycle of, 491-493
temperature of, 164, 480-481, 482, 483,
503, t504
tidal force of, 129, 130
visible surface of, 196
visible-light spectrum of, 137, 151, 158-159
Sun Dagger, 56, 57
Sun signs, 38
Sun-centered model of universe
by Aristarchus, 47, 48, 60, 64
by Copernicus, 63-64, 73, 108
sundial, 55, 56, 88, 90
sunspots, 196, 479, 480, 488-489
cycle of, 491-493
superbubbles, 596-597, 644-645
supercluster(s), 2, 4, 691, 692
superconductivity, 466, 570
“super-Earths,” 398, 399, 400, 403, 724
superfluidity, 466, 570
supergiants, 509, 510, 511, 512, 513, t512
from high-mass stars, 552, 558, 559
red, 512, 554, 558
supergravity theory, 661
superior conjunction, 87
Super-Kamiokande neutrino observatory, 487
supermassive black holes, 576, 578, 646-652, 700
energy from active galactic nuclei and,
646-650
galaxy evolution and, 649-652
weighing, 650
supernova(e), 11, 64, 232, 551, 555-557, 559,
568-569
bubbles from, 594-598, 644-645
types of, 569n
white dwarf, 569, 623, 626, 627, 696, 697
Supernova 1987A, 460, 557
supernova remnant, 556, 595, 596. See also
Crab Nebula
superstring theory, 661
supersymmetry theory, 661
surface area-to volume ratio, 243
surface ejection process, 292
surface temperature, 197, 198, 199, 200, 205,
502-503, t278
Swift observatory, t180
Swift-Tuttle (comet), t365
synchronous rotation, 40, 130, 333n
of jovian moons, 331
of Moon, 40, 130
of Pluto with Charon, 130, 367
synchrotron radiation, 595
synodic month, 86, A-2
synodic period, of planet, 88-89, 107

T dwarfs, 536
tails, of comets, 351-352, 361-364, 365
tangential velocity, 157, 591
tardigrade, 716
tau neutrino, 487, t458
tauon, t458
Taurid meteor shower, t365
Taurus, 515
tectonics, 245, 247, 248
on Earth, 247, 248, 304, 305
in lunar maria, 252
on Mars, 248, 257, 270
on Mercury, 253-254, 270
planetary properties controlling, 250, 251
on Venus, 262, 263, 264, 270
tektites, 371, 372
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telescope(s), 67, 108, 109, 168-175, t172
angular resolution of, 168-169, 183-184
atmosphere and, 175-179
design of, 181-185
gamma-ray, 182, 183
gravitational wave, 184
imaging through, 173
infrared, 182
largest optical, t172
light collecting area of, 168, 180, 181
magnification and, 169
neutrino, 184, 557
personal, 180
radio, 181-182, 183-184, 650-651, 728-729, 730
reflecting, 170-172
refracting, 169-170
size of, 168
in space, 177-179, t180
spectral resolution and, 174
ultraviolet, 182-183
Xx-ray, 173-174, 182, 183, 644-645, 685, t180
Tempel 1 (comet), 363
Tempel-Tuttle (comet), t365
temperature
altitude and, 283, 284
of background radiation, 666-667
cloud-top, of jovian planets, 201, 202, 203, 204
energy and, 120-121
equalization of, in universe, 670-671
high pressure and, 242
mass and, 512-513
“no greenhouse,” 281-282, t282
phase changes in matter and, 147-149
planet formation and, 220-221
of protostar, 534
scales of, 121
in solar nebula, 220-221
spectral lines and, 153-156
stellar, 502-506, 530, 536
of Sun, 164, 480-481, 482, 483, 503, t504
surface, of terrestrial planets, 308, 309, 310,
312, 1278
of universe, 659, 665, 667n, 669
of Venus, 720
Templo Mayor, 56
terraforming, 299
terrestrial planets, 195, 207-208, 208t, 218. See
also Earth; Mars; Mercury; Venus
atmospheres of, 277, 283-285, t278
average temperatures of, 281-282, 305, 312
compared to jovian planets, 323-324,
408-409, t208
cooling processes in, 242-243
formation of, 223-224, 739
geological activity of, 240-270, 341
greenhouse warming and, 281-282, t282
heat sources of, 241-242
interiors of, 239-244
magnetic fields of, 244
surfaces of, 238-239, 244-250
Tethys (moon of Saturn), 330, 338
Tetrabiblios (Ptolemy), 77-78
Thales, 44, 60, 61
Tharp, Twyla, 638
Tharsis Bulge (Mars), 256, 257
Thatcher (comet), t365
Thatcher, Margaret, 316
Themis (Venus), 263
theory, scientific, 76-77, 218
“theory of everything,” 462, 661, 662
theory of evolution, 712-717
thermal energy, 120-121, 531, 534-535
thermal escape, of atmospheric gases, 292, 293
thermal expansion, 310
thermal pressure, 466, 527
gravity vs., 527, 528, 529, 544, 586-587
thermal pulses, 549
thermal radiation, 121, 154-156, 159, 190-191,
221, 242, 324, A-3
from Mars, 159
Stefan-Boltzmann law of, 155
from Sun, 485
Wien’s law of, 155, A-3
thermal radiation spectrum, 154, 503-504, 666
thermal velocity peak, 293
thermosphere, 283, 285, 325
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third law of motion (Newton), 117, 118

third law of planetary motion (Kepler), 66, 67, 70, 124.

See also Newton’s version of Kepler’s third law
third-quarter moon, 39
Thirty Meter Telescope, 172
tholins, 368
thought experiments, 411, 414-417, 418-422, 426-427
3C 273 quasar, 646, 647
three-dimensional space, 436, 437
Tianwen-1 orbiter, t212
tidal bulges, 128-130, 332, 333
tidal force, 128, 434n
between colliding galaxies, 641, 642, 643
of Moon, 128, 130
near black holes, 576
on other worlds, 130-131
of Sun, 129, 130
tidal friction, 129-130
tidal heating, 332, 333, 335, 339, 340, 341
tidal zone, Roche, 344
tidally locked stars, 560
tides
on Jupiter, 333n
and Moon, 44, 128-129, 130
and Sun, 130
time. See also spacetime
ancient measurements of, 54-57, t55
apparent solar, 88, 90, 94
on cosmic scale, 552
of day, 88-90
in different reference frames, 418-422
equation of, 94
in four-dimensional space, 437
gravity and, 433-434, 443, 444, 446
Greenwich mean, 90
lookback, 631, 638, 639
mean solar, 88-89, 94
railroad, 89-90
sidereal, 97
standard, 90, 91
universal, 90
time, measures of, 2, 4-6
observable universe and, 5
scale of space and time, 9
time dilation, 419, 427, 444, 446, 474
formula for, 420
time monitoring, as astronomical observation, 172,
174-175
time periods, astronomical, 85-91
time travel, 450
time zones, 91
Titan (moon of Saturn), 202, 330, 336, 337,
368-369, 409, 551, 721-722
Titania (moon of Uranus), 330, 339
TNOs (trans-Neptunian Objects), 354
Tombaugh, Clyde, 322
Tombaugh Regio, 367-368
top quarks, 458
topographic map, of Venus, 262
torque, 113, 118
total apparent brightness, 501
total luminosity, 501
total lunar eclipse, 42
total solar eclipse, 42
totality, 42, 43, 45
Toutatis (asteroid), near-miss of Earth by, 380
TRACE mission, 489
transit(s), 87-88, 386
transit method, for planet detection, 383, 386-387,
389, 390, 396, t390
Kepler mission and, 387, 391
planet size and, 393-394
Transiting Planets and Planetesimals Small Tel-
escope (TRAPPIST) mission, 391
transitions, Lyman series of, 152n
transits, 209, 507
Transiting Exoplanet Survey Satellite (TESS), 387, 391
transmission, of light, 139, 140
trans-Neptunian Objects (TNOs), 354
transparent material, 139, 143
TRAPPIST mission, 391
TRAPPIST-1 planetary system, 393-394, 395, 397,
398, 402
tree of life, 714
TrES-1 (exoplanet), 407
Triangulum, 590

Trifid nebula, 602

triple alpha reaction. See helium fusion
triply ionized element, 148

tritium, 669

Triton (moon of Neptune), 204, 330, 340, 369, 722
Trojan asteroids, 360, t212

Tropic of Cancer, 37, 100

Tropic of Capricorn, 100-101

tropical year, 86, 91, A-2

troposphere, 283, 285, 325

trough, of wave, 140

true weight, 113, 116

Trumpler, Robert, 590

Tunguska event, 373-374

tuning fork diagram, for galaxy classes, 619
turbulence, of Earth’s atmosphere, 175-176
Tuttle (comet), t365

21-centimeter line, 590, 597, 682, 683

twin paradox, 427n, 449

twinkling, 177

21/Borisov, 361

2007 ORjg (dwarf planet), 353

Tycho Brahe, 64-65, 68, 71, 73, 352, 595
Tycho Crater (Moon), 245

Tyndall, John, 281n

Type I/1I Cepheids, 624n

Type I/1I supernovae, 569n

Tyson, Neil deGrasse, 544

UFOs (unidentified flying objects), 71, 74, 729
UGC 810, 614
ultraviolet light, 142, 143, 178, 283, 284-285
ultraviolet spectrum, 174
ultraviolet telescopes, 182-183
umbra, 41, 42
Umbriel (moon of Uranus), 330, 339
unbound orbits, 124
uncertainty, t76
uncertainty principle, 461-466, 467
degeneracy pressure and, 467
mathematical statement of, 463, 464
virtual particles and, 468-469
Understand, Solve, and Explain (USE), 6
unidentified flying objects (UFOs), 71, 74, 729
unified theories, 461
uniformitarianism, 374
universal coordinated time (UTC), 90
universal law of gravitation. See Newton’s univer-
sal law of gravitation
universal time (UT), 90
universe, 2, 3, 4, 115. See also expansion (of the
universe)
age of, 627-632, 700
fate of, 700-701
geometry of, 440-441, 670, 671-672, 697-700
history of, 11-14, 661-669, 738-739
large structures in, 692-694, 698
life in, 722-726
movement of galaxies in, 17-19
observable, 4, 5, 10, 109, 616
real universe, 19-20
scale of, 2-10
steady state, 667
temperature of, 659, 665, 669
up quarks, 458
uranium
fission of, 555
isotopes of, 231-232
Uranus, 7, 9, 203, 208n, 320, t206
atmosphere of, 326
axis tilt of, 195, 203, 209, 326, 328
cloud-top temperature of, 203
colors of, 203, 326
composition of, 203, 320-321
density of, 203, 320-321
discovery of, 322
distance from Sun of, 203, 321
interior of, 324
magnetic field of, 329, 330
mass of, 203, 320-321
methane on, 324, 326
moons of, 203, 330, 339-340
orbital properties of, 328
properties of, A-11
radius of, 203
rings of, 203, 328, 342, 343



satellites of, A-12
weather patterns on, 328
Urey, Harold, 715
Ursid meteor shower, t365
USE (Understand, Solve, and Explain), 6
UT, 90
UTC, 90

vacuum energy, 469
Valles Marineris (Mars), 200, 256, 257
value(s), t76
Van Allen belts, 285
vapor pressure, 148n
vaporization, 147, 292
on Titan, 336
variable stars, 514-515, 622-623. See also Cepheid
variable stars
Vaughn, Dorothy, 135
Vega, 511
celestial coordinates of, 93
hour angle of, 97
radial velocity of, 160
Vela Nebula, 571
velocity, 111
downward, 112
escape, 127-128, 292, 293, A-2, A-3
peak thermal, 293
peculiar, 691
radial, 157, 160, 591
recession, 626, 627, 685
tangential, 157, 591
in uncertainty principle, 461-462
velocity addition, 422, 423
velocity curve, 391-392
velocity-distance diagram, 626
Venera lander, 264, 300
Venus, 7, 198, t206
atmosphere of, 263, 277, 285, 720, t278
average surface temperature, 198, 300-302, t278
axis tilt, 300n
backward rotation of, 198, 209
circulation cells on, 287, 300
composition of, 198
at conjunction, 87
continents of, 261-262
Coriolis effect on, 289
density of, 198
distance from Sun of, 198
erosion on, 250, 263-264
geological activity of, 243, 250, 261-264, 270
greatest elongation of, 87
greenhouse effect on, 198, 300-302, 311, 720, t282
impact cratering, 263, 270
infrared spectrum of, 726
interior structure of, 239
Ishtar Terra, 262, 263
Lada Terra, 262, 263
lithosphere of, 239, 240, 264
mass of, 198
orbital period of, 89
outgassing on, 247, 248, 250, 263, 300-301
phosphine on, 720
properties of, A-11
Ptolemaic vs. Copernican view of, 68, 69
radius of, 198
robotic solar system missions, t212
rotation period of, 227, 244, 264, 300
surface of, 238, 261-264
synodic period of, 89
tectonics on, 262, 263, 264, 270
temperature of, 720, t278, t282
topographic map of, 262
transits of, 87-88, 209, 319, 386
visibility of, 46
volcanism on, 250, 262, 263, 270, 302
water on, 300-302
Venus Express spacecraft, 263, 300
Vera C. Rubin Observatory, 17n, 175, 361, 685
VERITAS mission, 720, t212
vernal equinox, 33
Very Large Telescope, 222, 225, 571, 597, t172
Vespucci, Amerigo, 103
Vesta (asteroid), 351-352, 353, 355, 356-357, 358,
359, 360
vibration, of electric field, 141
Viking mission, 200, 246, 255, 719

Virgo Cluster, 618, 691
Virgo observatory, 185
virtual particles, 456, 468-469
viruses, 714n
visible light, 142, 143, 144
from Milky Way galaxy, 600
from planets, 178
scattering of, 139, 140, 158, 283
visible-light luminosity, 501
visible-light spectrum, of Sun, 137
visible-light telescopes, 169, t172
vision, 140
visual binary systems, 506, 507
voids, 693
volcanic plains, 247. See also lunar maria
volcanic vents, 714, 716, 720
volcanism, 245, 246-247, 250
on Earth, 246, 247, 248, 266, 307
ice, 340
on lo, 329, 331-333
in lunar maria, 248-249, 252
on Mars, 247, 256-257
on Mercury, 253-254
origin of life and, 714, 723
outgassing from, 247, 291, 332
planetary properties controlling, 250, 251
on Titan, 721
on Venus, 250, 262, 263, 302
Volcanoes National Park, 248
volume, 10
Voyage scale model of solar system, 6-8, 178, 196-205
Voyager missions, 9, 201, 203, 204, 210, 319, 328,
329, 339, 342, 343, 369, 722, 730

W bosons, 662
Walker, Arthur B. C. Jr., 496
waning crescent moon, 39, 40
waning gibbous moon, 39, 40
War of the Worlds (Wells), 255
warp drive, 450
water
on Callisto, 335-336
carbonated, 149
climate-moderating effects of, 37
density of, 121
on Earth, 289-290, 301, 364
on Enceladus, 339
on Europa, 333-334
on Ganymede, 335
heavy, 301
on jovian planets, 325
on Mars, 258-261, 295-299
phase changes in, 147-149
on Titan, 337
on Venus, 300-302
water bear, 716
water clocks, Egyptian, 56
water vapor, 147, 148, 149
atmospheric pressure and, 148-149
as greenhouse gas, 280, 281-282
water worlds, 399-400, 402-403, 724
watt, 138, 479, 500, A-2
wave(s). See also gravitational waves; radio waves
amplitude of, 140n
electromagnetic, 141
frequency of, 140-141, 144
micro-, 142, 143, 663-667
particles and, 140-142
peak of, 140
seismic, 239, 241
spiral density, 603
standing, 465
trough of, 140
wavelength, 140-141
of cosmic background radiation, 669
of electrons, 463n
of radio waves, 143, 144, 181
rest, 156
wave-particle duality, 141-142, 456, 461, 463
waxing crescent moon, 39, 40
horns of, 54, 55
waxing gibbous moon, 39, 40
weak bosons, 460, 662
weak force, 459, 486, 660, 661, t460
weakly interacting massive particles (WIMPs),
690-691, 697

weather, 54, 55, 286-290
on Earth, global warming and, 309
on jovian planets, 325-328
on terrestrial planets, 286-290
Webb, James, 177
Wegener, Alfred, 265
weight, 113
mass vs., 113-114
true, 113, 116
weightlessness, 113-114, 115, 442, 449
Wells, H. G., 255
Wheeler, John, 573
white dwarf(s), 443, 467, 509, 510, 511, 514, 549,
559, 566, 587
in close binary systems, 567-569
composition of, 566-567
density of, 566-567
helium, 547
size of, 566-567
Sun as, 549
white dwarf limit, 567, 577
white dwarf supernova(e), 569, 623, 626, 627, 696, 697
white light, 138, 139, 142
Whitman, Walt, 477
Wien’s law, of thermal radiation, 155, 668, A-3
Wild 2 (comet), 363
Wilkinson Microwave Anisotrophy Probe (WMAP),
666-667, 672
William of Occam, 71
Wilson, Robert, 663, 666
WIMPs (weakly interacting massive particles),
690-691, 697
wind(s). See also solar wind
on Earth, 286-290
galactic, 644-645
on Jupiter, 326-328
on Mars, 295-296
stellar, 531, 547, 548, 549, 552, 594-595
winter solstice, 33, 34-35
Winter Triangle, 25, 499
WMAP (Wilkinson Microwave Anisotrophy Probe),
666-667, 672
Wolf 359, 511
world(s), 4
worldline, 438, 439
wormhole, 450, 460

xenon, in meteorites, 232
XMM-Newton observatory, 182, t180
X-Ray Astronomy Recovery Mission (XARM), t180
x-ray binaries, 572-578
x-ray bursters, 572
x-1ay bursts, 572-573
x-ray flare, 606
X-Ray Imaging and Spectroscopy Mission (XRISM), t180
x-ray luminosity, 501
x-ray telescopes, 173-174, 182, 183, 285, 645, 685, t180
x-rays, 142, 143, 173-174, 178, 283, 543
atmospheric gases and, 283
from elliptical galaxies, 618
from Milky Way, 600, 606
from Sun, 283, 285
temperature and, 156
thermosphere and, 285
from white dwarfs, 568
XRISM (X-Ray Imaging and Spectroscopy Mission), t180

Y dwarfs, 536
year
leap, 90-91
length of, 86
Yerkes Observatory, 109, 169
Yohkoh Space Observatory, 490

Z bosons, 662

Zeeman effect, 488

zenith, 27, 29, 85

zero, absolute, 120, 121

zero eccentricity, 66

zero longitude, 30

zero point energy, 469

zircons, 712n

zodiac, constellations of, 31, 32, 87
zones, of Jupiter, 326, 327
“Zulu time,” 90
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