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ABOUT THIS BOOK

The content of this book is organized to align with and supplement the syllabus of the Introduction to
Astronomy course at Fanshawe College. The course presents an exclusively scientific survey of modern
astronomy, from cosmology and galaxies, to stars, planets, and atoms. It also highlights the impact of
astronomical developments on history and culture and encourages an appreciation for astronomy in the
context of overall human existence.

The outline and the in-depth syllabus for the course, in its present form, have been developed over several
semesters of first-hand delivery by Dr. Iftekhar Haque, professor of science and mathematics at Fanshawe
College. Dr. Haque would like to acknowledge the valuable roadmap through the vast field of astronomical
knowledge provided by the original outline for the course, developed by Peter Jedicke, former Fanshawe

College faculty.

Accessibility Statement

We are actively committed to increasing the accessibility and usability of the textbooks we
produce. Every attempt has been made to make this OER accessible to all learners and is
compatible with assistive and adaptive technologies. We have attempted to provide closed
captions, alternative text, or multiple formats for on-screen and off-line access.

The web version of this resource has been designed to meet Web Content Accessibility
Guidelines 2.0, level AA. In addition, it follows all guidelines in Appendix A: Checklist for
Accessibility of the Accessibility Toolkit - 2nd Edition.

In addition to the web version, additional files are available in a number of file formats including
PDF, EPUB (for eReaders), and MOBI (for Kindles).

If you are having problems accessing this resource, please contact us at oer@fanshawec.ca.
Please include the following information:
« The location of the problem by providing a web address or page description

« A description of the problem
« The computer, software, browser, and any assistive technology you are using that can
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help us diagnose and solve your issue (e.g., Windows 10, Google Chrome (Version
65.0.3325181), NVDA screen reader)

Your feedback is welcomed. Please share your adoption, and any feedback you have about the book with us at

oer@fanshawec.ca
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CHANGES FROM ADAPTED SOURCE

This book is a compilation of a number of open resources. Specific changes to each chapter can be found in

the table below. As well some overall changes were made to this version.

Overall Changes

* Some images replaced with high-resolution versions.

* Some images replaced where links to originals could not be located.

* Attributions with links added for all images.

* Some image captions modified.

* Added new learning outcomes to each chapter

* Added key terms to each chapter.

* Removed Youtube videos embedded or linked.

* Some sections were removed or reformatted to make all chapters consistent.
* Removed key concepts and summaries.

* Removed references to other chapters.
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* 1.2 & 1.3 from Douglas College Astronomy 1105

* 1.4 - 1.6 from Physical Geography and Natural Disasters

° Omitted the sentence: “Among these, denial of climate change is strongly connected

Chapter 1 with geography.”

> Replaced the sentence “Geologists, scientists, or anyone exploring scientific inquiry
must discern valid sources of information from pseudoscience and
misinformation.” with “Anyone exploring scientific inquiry must discern valid
sources of information from pseudoscience and misinformation.”

¢ 2.1,2.3,2.4,2.6,2.7 from Douglas College Astronomy 1105
° A few sentences changed, and only some of the original source used.
¢ 2.2 from Introductory Chemistry — 1st Canadian Edition

Chapter 2 * 2.5 from Physics
¢ 2.8 from Contemporary Mathematics
* 2.9 from Prealgebra 2e
Chapter 3 * All sections from Douglas College Astronomy 1105.

° Omitted Canadians in Space boxed section

¢ All sections from Douglas College Astronomy 1105.
Chapter 4 > Notall content from original source was included. Some sections were omitted.
* 4.8 includes content from Adpative Optics

* 5.1,5.2 from Douglas College Astronomy 1105.
Chapter 5 ° Omitted Canadians in Space boxed section.
* 5.3 from Physical Geography and Natural Disasters

* 6.1 -6.3from Douglas College Astronomy 1105.
* 6.4 from Astronomy 2e and Introduction to Astronomy

Chapter 6 * 6.5 & 6.6 from Astronomy 2e
° Omitted subsection The Origin of Mercury
Chapter 7 ¢ All sections from Astronomy 2e

o Omitted subsection Winds and Weather
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* 8.1-8.4& 8.8 from Astronomy 2e
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* 8.5 from Introduction to Astronomy
° Included subsections The Nature of Pluto, Geology of Pluto and A Quick Look at
Charon.
* 8.6 - 8.7 from Physical Geography and Natural Disasters

Chapter 8

* 9.1 from Physical Geography and Natural Disasters
Chapter 9 * 9.2 -9.6 from Douglas College Astronomy 1105
° Some content re—organized. Some sections omitted.

* All sections from from Douglas College Astronomy 1105
Chapter 10 ° Omitted rows about Mean Angular Diameter and Inclination of equator to ecliptic
from Figure. As well only some sections of content included.

* 11.1-11.6and 11.8 - 11.13 from from Douglas College Astronomy 1105
* 11.7 from Introduction to Astronomy
> some sections omitted. 11.11 — The Synthesis of Heavy Elements, Neutrinos from
SN 1987A
°11.12 removed references to spinning ice skater and omitted subsection Tests of the

Model

Chapter 11

* All sections from from Douglas College Astronomy 1105
Chapter 12 ° Omitted The Milky Way Galaxy in Myth and Legend boxed item, and the
Canadians in Space boxed item

* All sections from from Douglas College Astronomy 1105

ShapEH ° Omitted Recession Speed of a Quasar boxed item.
¢ All sections from from Douglas College Astronomy 1105
° Omitted boxed item Hubble-Lemaitre Law and distant galaxies example,
Chapter 14 . . . :
Mass-to-Light Ratio section, references to Astronomy Basics feature box
Gravitational Lensing.
Chapter 15 * All sections from from Douglas College Astronomy 1105

° Omitted boxed items
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Chapter 16

¢ All sections from from Douglas College Astronomy 1105
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1.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn to:

« Define astronomy.

- Critically evaluate sources of information related to scientific research, distinguishing
between reputable scientific works and pseudoscience, and recognizing the importance of
peer review in scientific inquiry.

- Describe the scientific approach by which astronomers have come to understand the realms
beyond Earth.
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1.1 AN INVITATION TO INQUIRY

We invite you to come along on a series of voyages to explore the universe as astronomers understand it today.
Beyond Earth are vast and magnificent realms full of objects that have no counterpart on our home planet.
Nevertheless, we hope to show you that the evolution of the universe has been directly responsible for your

presence on Earth today.

Distant Galaxies

Figure 1.1. These two interacting islands of stars (galaxies) are so far away that their light takes hundreds
of millions of years to reach us on Earth (photographed with the Hubble Space Telescope).

Interacting Galaxies Arp 273 by NASA, ESA, the Hubble Heritage (STScl/AURA)-ESA/Hubble Collaboration,
and K. Noll (STScl), NASA Media Licence.

Along your journey, you will encounter:

* acanyon system so large that, on Earth, it would stretch from Los Angeles to Washington, DC, USA.
* acrater and other evidence on Earth that tell us that the dinosaurs (and many other creatures) died

because of a cosmic collision.
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a tiny moon whose gravity is so weak that one good throw from its surface could put a baseball into
orbit.

a collapsed star so dense that to duplicate its interior we would have to squeeze every human being on
Earth into a single raindrop.

exploding stars whose violent end could wipe clean all of the life-forms on a planet orbiting a
neighbouring star.

a “cannibal galaxy” that has already consumed a number of its smaller galaxy neighbours and is not yet
finished finding new victims.

a radio echo that is the faint but unmistakable signal of the creation event for our universe.
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Mars Mosaic

Figure 1.2. This image of Mars is centred on the Valles Marineris (Mariner Valley) complex of canyons,
which is as long as the United States is wide.
Valles Marineris: The Grand Canyon of Mars by NASA, NASA Media Licence.

Such discoveries are what make astronomy such an exciting field for scientists and many others—but you will

explore much more than just the objects in our universe and the latest discoveries about them. We will pay
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equal attention to the process by which we have come to understand the realms beyond Earth and the tools we
use to increase that understanding. We gather information about the cosmos from the messages the universe
sends our way. Because the stars are the fundamental building blocks of the universe, decoding the message of
starlight has been a central challenge and triumph of modern astronomy. By the time you have finished reading

this text, you will know a bit about how to read that message and how to understand what it is telling us.

Stellar Corpse

Figure 1.3. We observe the remains of a star that was seen to explode in our skies in 1054 (and was,
briefly, bright enough to be visible during the daytime). Today, the remnant is called the Crab Nebula and
its central region is seen here. Such exploding stars are crucial to the development of life in the universe.
Messier 1(The Crab Nebula) by NASA, ESA, |. Hester (Arizona State University), NASA Media Licence.

Attribution

“1.0 Introduction” from Astronomy by Andrew Fraknoi, David Morrison, Sidney C. Wolff, © OpenStax -
Rice University is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted.
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1.2 THE NATURE OF ASTRONOMY

Astronomy is defined as the study of the objects that lie beyond our planet Earth and the processes by which
these objects interact with one another. We will see, though, that it is much more. It is also humanity’s attempt
to organize what we learn into a clear history of the universe, from the instant of its birth in the Big Bang to the
present moment. Throughout this book, we emphasize that science is a progress report—one that changes
constantly as new techniques and instruments allow us to probe the universe more deeply.

In considering the history of the universe, we will see again and again that the cosmos evolves; it changes
in profound ways over long periods of time. For example, the universe made the carbon, the calcium, and the
oxygen necessary to construct something as interesting and complicated as you. Today, many billions of years
later, the universe has evolved into a more hospitable place for life. Tracing the evolutionary processes that

continue to shape the universe is one of the most important (and satistying) parts of modern astronomy.

Attribution

“1.1 The Nature of Astronomy” from Douglas College Astronomy 1105 by Douglas College Department of
Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International License, except

where otherwise noted. Adapted from Astronomy 2e.
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1.3 THE NATURE OF SCIENCE

The ultimate judge in science is always what nature itself reveals based on observations, experiments, models,
and testing. Science is not merely a body of knowledge, but a method by which we attempt to understand
nature and how it behaves. This method begins with many observations over a period of time. From the trends
found through observations, scientists can model the particular phenomena we want to understand. Such
models are always approximations of nature, subject to further testing.

As a concrete astronomical example, ancient astronomers constructed a model (partly from observations
and partly from philosophical beliefs) that Earth was the center of the universe and everything moved around it
in circular orbits. At first, our available observations of the Sun, Moon, and planets did fit this model; however,
after further observations, the model had to be updated by adding circle after circle to represent the movements
of the planets around Earth at the center. As the centuries passed and improved instruments were developed
for keeping track of objects in the sky, the old model (even with a huge number of circles) could no longer
explain all the observed facts. As we will see in a later chapter, a new model, with the Sun at the center, fit the
experimental evidence better. After a period of philosophical struggle, it became accepted as our view of the
universe.

When they are first proposed, new models or ideas are sometimes called hypotheses. You may think there
can be no new hypotheses in a science such as astronomy—that everything important has already been learned.
Nothing could be further from the truth. Throughout this textbook you will find discussions of recent, and
occasionally still controversial, hypotheses in astronomy. For example, the significance that the huge chunks
of rock and ice that hit Earth have for life on Earth itself is still debated. And while the evidence is strong
that vast quantities of invisible “dark energy” make up the bulk of the universe, scientists have no convincing
explanation for what the dark energy actually is. Resolving these issues will require difficult observations done
at the forefront of our technology, and all such hypotheses need further testing before we incorporate them
fully into our standard astronomical models.

This last point is crucial: a hypothesis must be a proposed explanation that can be zested. The most
straightforward approach to such testing in science is to perform an experiment. If the experiment is conducted
properly, its results either will agree with the predictions of the hypothesis or they will contradict it. If the
experimental result is truly inconsistent with the hypothesis, a scientist must discard the hypothesis and try to
develop an alternative. If the experimental result agrees with predictions, this does not necessarily prove that
the hypothesis is absolutely correct; perhaps later experiments will contradict crucial parts of the hypothesis.
But, the more experiments that agree with the hypothesis, the more likely we are to accept the hypothesis as a
useful description of nature.

One way to think about this is to consider a scientist who was born and lives on an island where only black
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sheep live. Day after day the scientist encounters black sheep only, so he or she hypothesizes that all sheep are
black. Although every observed sheep adds confidence to the theory, the scientist only has to visit the mainland
and observe one white sheep to prove the hypothesis wrong.

When you read about experiments, you probably have a mental picture of a scientist in a laboratory
conducting tests or taking careful measurements. This is certainly the case for a biologist or a chemist, but what
can astronomers do when our laboratory is the universe? It’s impossible to put a group of stars into a test tube
or to order another comet from a scientific supply company.

As a result, astronomy is sometimes called an observational science; we often make our tests by observing
many samples of the kind of object we want to study and noting carefully how different samples vary. New
instruments and technology can let us look at astronomical objects from new perspectives and in greater detail.
Our hypotheses are then judged in the light of this new information, and they pass or fail in the same way we
would evaluate the result of a laboratory experiment.

Much of astronomy is also a historical science—meaning that what we observe has already happened in
the universe and we can do nothing to change it. In the same way, a geologist cannot alter what has happened
to our planet, and a paleontologist cannot bring an ancient animal back to life. While this can make astronomy
challenging, it also gives us fascinating opportunities to discover the secrets of our cosmic past.

You might compare an astronomer to a detective trying to solve a crime that occurred before the detective
arrived at the scene. There is lots of evidence, but both the detective and the scientist must sift through and
organize the evidence to test various hypotheses about what actually happened. And there is another way
in which the scientist is like a detective: they both must prove their case. The detective must convince the
district attorney, the judge, and perhaps ultimately the jury that his hypothesis is correct. Similarly, the scientist
must convince colleagues, editors of journals, and ultimately a broad cross-section of other scientists that her
hypothesis is provisionally correct. In both cases, one can only ask for evidence “beyond a reasonable doubt.”
And sometimes new evidence will force both the detective and the scientist to revise their last hypothesis.

This self-correcting aspect of science sets it off from most human activities. Scientists spend a great deal
of time questioning and challenging one another, which is why applications for project funding—as well
as reports for publication in academic journals—go through an extensive process of peer review, which is
a careful examination by other scientists in the same field. In science (after formal education and training),
everyone is encouraged to improve upon experiments and to challenge any and all hypotheses. New scientists
know that one of the best ways to advance their careers is to find a weakness in our current understanding of
something and to correct it with a new or modified hypothesis.

This is one of the reasons science has made such dramatic progress. An undergraduate science major today
knows more about science and math than did Sir Isaac Newton, one of the most renowned scientists who ever
lived. Even in this introductory astronomy course, you will learn about objects and processes that no one a few

generations ago even dreamed existed.
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Attribution

“1.2 The Nature of Science” from Douglas College Astronomy 1105 by Douglas College Department of
Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International License, except

where otherwise noted. Adapted from Astronomy 2e.
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1.4 UNDERSTANDING SCIENCE

Scientists seek to understand the fundamental principles that explain natural patterns and processes. Science
is more than just a body of knowledge; science provides a means to evaluate and create new knowledge without
bias. Scientists use objective evidence over subjective evidence to reach sound and logical conclusions.

Objective observation is without personal bias and the same by all individuals. Humans are biased by
nature, so they cannot be completely objective; the goal is to be unbiased. A subjective observation is based
on a person’s feelings and beliefs and is unique to that individual.

Another way scientists avoid bias is by using quantitative over qualitative measurements whenever
possible. Quantitative measurement is expressed with a specific numerical value. Qualitative observations
are general or relative descriptions. For example, describing a rock as red or heavy is a qualitative observation.
Determining a rock’s colour by measuring wavelengths of reflected light or its density by measuring the
proportions of minerals it contains is quantitative. Numerical values are more precise than general
descriptions, and they can be analyzed using statistical calculations. This is why quantitative measurements are
much more useful to scientists than qualitative observations.

It is challenging to establish truth in science because all scientific claims are falsifiable, which means any
initial hypothesis may be tested and proven false. Only after exhaustively eliminating false results, competing
ideas, and possible variations does a hypothesis become regarded as a reliable scientific theory. This meticulous
scrutiny reveals weaknesses or flaws in a hypothesis and is the strength that supports all scientific ideas and
procedures. Proving current ideas are wrong has been the driving force behind many scientific careers.

Falsifiability separates science from pseudoscience. Scientists are wary of explanations of natural
phenomena that discourage or avoid falsifiability. An explanation that cannot be tested or does not meet
scientific standards is not considered science, but pseudoscience. Pseudoscience is a collection of ideas that
may appear scientific but does not use the scientific method. Astrology is an example of pseudoscience. It is a
belief system that attributes the movement of celestial bodies to influencing human behavior. Astrologers rely
on celestial observations, but their conclusions are not based on experimental evidence, and their statements
are not falsifiable. This is not to be confused with astronomy, which is the scientific study of celestial bodies
and the cosmos.

Science is also a social process. Scientists share their ideas with peers at conferences, seeking guidance and
feedback. Research papers and data submitted for publication are rigorously reviewed by qualified peers,
scientists who are experts in the same field. The scientific review process aims to weed out misinformation,
invalid research results, and wild speculation. Thus, it is slow, cautious, and conservative. Scientists tend to wait
until a hypothesis is supported by an overwhelming amount of evidence from many independent researchers

before accepting it as a scientific theory.
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Attribution

“1.1 Science as a Way of Knowing” from Physical Geography and Natural Disasters by R. Adam Dastrup, MA,
GISP is licensed under a Creative Commons Attribution Non-Commerical Share-Alike 4.0 International

License, except where otherwise noted.
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1.5 GOALS OF SCIENCE

The broad goals of science are to understand natural phenomena and explain how they may be changing
over time. To achieve those goals, scientists undertake investigations based on information, inferences, and
conclusions developed through a systematic application of logic, usually of the inductive sort. As such,
scientists carefully observe natural phenomena and conduct experiments.

A higher goal of scientific research is to formulate laws that describe the workings of the universe in
general terms. Universal laws, along with theories and hypotheses, are used to understand and explain natural
phenomena. However, many natural phenomena are incredibly complicated and may never be fully
understood in terms of physical laws. This is particularly true of the ways that organisms and ecosystems are
organized and function.

Scientific investigations may be pure or applied. Pure science is driven by intellectual curiosity — it is the
unfettered search for knowledge and understanding, without regard for its usefulness in human welfare.
Applied science is more goal-oriented and deals with practical difficulties and problems of one sort or another.
Applied science might examine how to improve technology, advance the management of natural resources, or

reduce pollution or other environmental damages associated with human activities.

Attribution

“1.1 Science as a Way of Knowing” from Physical Geography and Natural Disasters by R. Adam Dastrup, MA,
GISP is licensed under a Creative Commons Attribution Non-Commerical Share-Alike 4.0 International

License, except where otherwise noted.
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1.6 SCIENCE DENIAL AND EVALUATING
SOURCES

Introductory science courses usually deal with accepted scientific theory and do not include opposing ideas,
even though these alternate ideas may be credible. This makes it easier for students to understand complex
material. Advanced students will encounter more controversies as they continue to study their discipline.
Some groups argue that some established scientific theories are wrong, not based on their scientific merit
but the group’s ideology. This section focuses on how to identify evidence-based information and differentiate

it from pseudoscience.

Science Denial

Science denial happens when people argue that established scientific theories are wrong, not based on
scientific merit but rather on subjective ideology — such as for social, political, or economic reasons.
Organizations and people use science denial as a rhetorical argument against issues or ideas they oppose. Three

examples of science denial versus science are:

* Teaching evolution in public schools
* Linking tobacco smoke to cancer

* Linking human activity to climate change.

A climate denier denies explicitly or doubts the objective conclusions of geologists and climate scientists.
Science denial generally uses three false arguments. The first argument tries to undermine the scientific
conclusion’s credibility by claiming the research methods are flawed, or the theory is not universally
accepted—the science is unsettled. The notion that scientific ideas are not absolute creates doubt for non-
scientists; however, a lack of universal truths should not be confused with scientific uncertainty. Because
science is based on falsifiability, scientists avoid claiming universal truths and use language that conveys
uncertainty. This allows scientific ideas to change and evolve as more evidence is uncovered.

The second argument claims the researchers are not objective and motivated by ideology or economic
agenda. This is an ad hominem argument in which a person’s character is attacked instead of the merit of
their argument. They claim results have been manipulated so researchers can justify asking for more funding.
They claim that because a federal grant funds the researchers, they are using their results to lobby for expanded

government regulation.
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The third argument is to demand a balanced view, equal time in media coverage, and educational curricula
to engender the false illusion of two equally valid arguments. Science deniers frequently demand equal coverage
of their proposals, even when there is little scientific evidence supporting their ideology. For example, science
deniers might demand religious explanations to be taught as an alternative to the well-established theory of
evolution. Alternatively, all possible causes of climate change are discussed as equally probable, regardless of the
body of evidence. Conclusions derived using the scientific method should not be confused with those based
on ideologies.

Furthermore, conclusions about nature derived from ideologies have no place in science research and
education. For example, it would be inappropriate to teach the flat earth model in modern geography or
earth science courses because this idea has been disproved by the scientific method. Unfortunately, widespread
scientific illiteracy allows these arguments to be used to suppress scientific knowledge and spread
misinformation.

The formation of new conclusions based on the scientific method is the only way to change scientific
conclusions. We would not teach Flat Earth geology and plate tectonics because Flat Earthers do not follow
the scientific method. The fact that scientists avoid universal truths and change their ideas as more evidence
is uncovered should not be seen as meaning that the science is unsettled. Because of widespread scientific
illiteracy, these arguments are used by those who wish to suppress science and misinform the general public.

In a classic case of science denial, beginning in the 1960s and for the next three decades, the tobacco industry
and their scientists used rhetorical arguments to deny a connection between tobacco usage and cancer. Once
it became clear scientific studies overwhelmingly found that using tobacco dramatically increased a person’s
likelihood of getting cancer, their next strategy was to create a sense of doubt about the science. The tobacco
industry suggested the results were not yet fully understood, and more study was needed. They used this
doubt to lobby for delaying legislative action to warn consumers of the potential health hazards. This tactic is

currently employed by those who deny the significance of human involvement in climate change.

Evaluating Sources of Information

In the age of the internet, information is plentiful. Anyone exploring scientific inquiry must discern valid
sources of information from pseudoscience and misinformation. This evaluation is especially critical in
scientific research because scientific knowledge is respected for its reliability. Textbooks such as this one can aid
this complex and crucial task. At its roots, quality information comes from the scientific method, beginning
with the empirical thinking of Aristotle. The application of the scientific method helps produce unbiased
results. A valid inference or interpretation is based on objective evidence or data. Credible data and inferences
are clearly labelled, separated, and differentiated. Anyone looking over the data can understand how the
author’s conclusion was derived or come to an alternative conclusion.

Scientific procedures are clearly defined, so the investigation can be replicated to confirm the original results

or expanded further to produce new results. These measures make a scientific inquiry valid and its use as a
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source reputable. Of course, substandard work occasionally slips through, and retractions are published from
time to time. An infamous article linking the MMR vaccine to autism appeared in the highly reputable journal
Lancet in 1998. Journalists discovered that the author had multiple conflicts of interest and fabricated data,
and the article was retracted in 2010.

In addition to methodology, data, and results, the authors of a study should be investigated. When looking
into any research, the author(s) should be investigated. An author’s credibility is based on multiple factors,
such as having a degree in a relevant topic or being funded from an unbiased source.

The same rigor should be applied to evaluating the publisher, ensuring the results reported come from an
unbiased process. The publisher should be easy to discover. Good publishers will show the latest papers in
the journal and make their contact information and identification clear. Reputable journals show their peer
review style. Some journals are predatory, where they use unexplained and unnecessary fees to submit and
access journals. Reputable journals have recognizable editorial boards. Often, a reputable journal will associate
with a trade, association, or recognized open-source initiative.

One of the hallmarks of scientific research is peer review. Research should be transparent to peer review.
This allows the scientific community to reproduce experimental results, correct and retract errors, and validate
theories. This allows the reproduction of experimental results, corrections of errors, and proper justification of
the research to experts.

Citation is imperative to avoid plagiarism, and also allows readers to investigate an author’s line of thought
and conclusions. When reading scientific works, it is essential to confirm that the citations are from reputable
scientific research. Most often, scientific citations are used to reference paraphrasing rather than quotes. The
number of times a work is cited is said to measure the investigation has within the scientific community,

although this technique is inherently biased.

Critical Evaluation of an Overload of Information

More so than any previous society, we live today in a world of accessible and abundant information. It
has become remarkably easy for people to communicate with others over vast distances, turning the world
into a “global village” (a phrase coined by Marshall McLuhan (1911-1980), a Canadian philosopher, to
describe the phenomenon of universal networking). Technologies have facilitated this global connectedness
for transferring ideas and knowledge — mainly electronic communication devices, such as radio, television,
computers, and their networks. Today, these technologies compress space and time to achieve a virtually
instantaneous communication. So much information is now available that the situation is often referred to
as an “information overload” that must be analyzed critically. Critical analysis is the process of sorting
information and making scientific inquiries about data. Involved in all aspects of the scientific process, critical

analysis scrutinizes information, and research by posing sensible questions such as the following:

* Is the information derived from a scientific framework consisting of a hypothesis that has been
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developed and tested within the context of an existing body of knowledge and theory in the field?

* Were the methodologies used likely to provide data that are objective, accurate, and precise? Were the
data analyzed using statistical methods appropriate to the data structure and the questions being asked?

* Were the results of the research compared with other pertinent work that has been previously published?
Were key similarities and differences discussed and a conclusion deduced about what the new work
reveals about the issue being investigated?

* Is the information based on research published in a refereed journal that requires highly qualified
reviewers in the subject area to scrutinize the work, followed by an editorial decision about whether it
warrants publication?

* If the analysis of an issue was based on incomplete or possibly inaccurate information, was a
precautionary approach used to accommodate the uncertainty inherent in the recommendations? All
users of published research have an obligation to critically evaluate what they are reading in these ways in
order to decide whether the theory is appropriate, the methodologies reliable, and the conclusions
sufficiently robust. Because so many environmental issues are controversial, with data and information
presented on both sides of the debate, people need to formulate objectively critical judgments. Thus,
people need a high degree of environmental literacy — an informed understanding of the causes and
consequences of environmental damage. Being able to analyze information critically is a key personal

benefit of studying environmental science.
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1.7 KEY TERMS

Ad hominem argument: argument that claims the researchers are not objective and motivated by ideology or
economic agenda. 1.6

Astronomy is defined as the study of the objects that lie beyond our planet Earth and the processes by which
these objects interact with one another. 1.2

Critical analysis is the process of sorting information and making scientific inquiries about data. 1.6

Falsifiability: any initial hypothesis may be tested and proven false. 1.4

Historical science: what we observe has already happened in the universe and we can do nothing to change
it. 1.3

Hypothesis: a newly proposed model or idea that can be tested. 1.3

Method: In science, a method begins with many observations over a period of time. 1.3

Model: After obtaining trends from observations, a model provides an approximation of the particular
phenomena we want to understand, subject to further testing. 1.3

Objective observation is without personal bias and the same by all individuals. 1.4

Observational science: conducting tests by observing many samples of the kind of object we want to study
and noting carefully how different samples vary. 1.3

Peer review: a careful examination by other scientists in the same field conducted in applications for project
funding, as well as reports for publication in academic journals. 1.3

Progress report: a report that changes constantly as new techniques and instruments become available. In
this book science is emphasized as an example. 1.2

Pseudoscience is a collection of ideas that may appear scientific but does not use the scientific method. 1.4

Qualitative observations are general or relative descriptions. 1.4

Quantitative measurement is expressed with a specific numerical value. 1.4

Science denial happens when people argue that established scientific theories are wrong, not based on
scientific merit but rather on subjective ideology — such as for social, political, or economic reasons. 1.6

Subjective observation: based on a person’s feelings and beliefs and is unique to that individual. 1.4
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2.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn to:

« Explain how scientific laws apply consistently throughout the universe and how this
consistency benefits fields like astronomy.

- Describe the process of expressing numbers in both standard notation and scientific
notation, and demonstrate the ability to convert between the two forms.

- Use scientific notation to describe distances in the universe, such as using light-years as a
unit of measurement.

- Analyze the concept of speed, including average speed and instantaneous speed, and its
relationship to distance and time.

- Examine the significance of the speed of light as a fundamental limit in receiving information
from distant celestial objects.

- Create and solve ratios and proportions to express and solve problems involving comparisons
of quantities, such as converting between weights on different planetary bodies.

- Apply properties of circles to calculate circumference and area, and explore the volume and
surface area of a sphere based on its radius.
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2.1 THE LAWS OF NATURE

Over centuries scientists have extracted various scientific laws from countless observations, hypotheses, and
experiments. These scientific laws are, in a sense, the “rules” of the game that nature plays. One remarkable
discovery about nature—one that underlies everything you will read about in this text—is that the same laws
apply everywhere in the universe. The rules that determine the motion of stars so far away that your eye cannot
see them are the same laws that determine the arc of a baseball after a batter has hit it out of the park.

Note that without the existence of such universal laws, we could not make much headway in astronomy. If
each pocket of the universe had different rules, we would have little chance of interpreting what happened in
other “neighbourhoods.” But, the consistency of the laws of nature gives us enormous power to understand
distant objects without travelling to them and learning the local laws. In the same way, if every region of a
country had completely different laws, it would be very difficult to carry out commerce or even to understand
the behaviour of people in those different regions. A consistent set of laws, though, allows us to apply what we
learn or practice in one state to any other state.

This is not to say that our current scientific models and laws cannot change. New experiments and
observations can lead to new, more sophisticated models—models that can include new phenomena and laws
about their behaviour. The general theory of relativity proposed by Albert Einstein is a perfect example of such
a transformation that took place about a century ago; it led us to predict, and eventually to observe, a strange
new class of objects that astronomers call black holes. Only the patient process of observing nature ever more
carefully and precisely can demonstrate the validity of such new scientific models.

One important problem in describing scientific models has to do with the limitations of language. When
we try to describe complex phenomena in everyday terms, the words themselves may not be adequate to do
the job. For example, you may have heard the structure of the atom likened to a miniature solar system. While
some aspects of our modern model of the atom do remind us of planetary orbits, many other of its aspects are
fundamentally different.

This problem is the reason scientists often prefer to describe their models using equations rather than words.
In this book, which is designed to introduce the field of astronomy, we use mainly words to discuss what
scientists have learned. We avoid complex math, but if this course piques your interest and you go on in science,

more and more of your studies will involve the precise language of mathematics.
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2.2 EXPRESSING NUMBERS

Quantities have two parts: the number and the unit. The number tells “how many.” It is important to be able
to express numbers properly so that the quantities can be communicated properly.

Standard notation is the straightforward expression of a number. Numbers such as 17, 101.5, and 0.00446
are expressed in standard notation. For relatively small numbers, standard notation is fine. However, for very
large numbers, such as 306,000,000, or for very small numbers, such as 0.000000419, standard notation can
be cumbersome because of the number of zeros needed to place nonzero numbers in the proper position.

Scientific notation is an expression of a number using powers of 10. Powers of 10 are used to express

numbers that have many zeros:

Table 2.1 Powers of 10

10° -1

10! =10

10? =100 = 10 x 10

108 =1,000 =10 x 10 x 10

104 =10,000 = 10 x 10 x 10 x 10

and so forth. The raised number to the right of the 10 indicating the number of factors of 10 in the original
number is the exponent. (Scientific notation is sometimes called exponential notation.) The exponent’s value
is equal to the number of zeros in the number expressed in standard notation.

Small numbers can also be expressed in scientific notation but with negative exponents:
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Table 2.2 Powers of Negative 10

107 =01=—
10
1
2 001 = —
10 100
50,001 = —
10 ' 1,000
4 Z0.0001 = —
0= =5 10, 000

and so forth. Again, the value of the exponent is equal to the number of zeros in the denominator of the
associated fraction. A negative exponent implies a decimal number less than one.

A number is expressed in scientific notation by writing the first nonzero digit, then a decimal point, and then
the rest of the digits. The part of a number in scientific notation that is multiplied by a power of 10 is called
the coefficient. Then determine the power of 10 needed to make that number into the original number and
multiply the written number by the proper power of 10. For example, to write 79,345 in scientific notation,

79,345 = 7.9345 x 10,000 = 7.9345 x 10*
Thus, the number in scientific notation is 7,9345 x 10*. For small numbers, the same process is used,

but the exponent for the power of 10 is negative:

0.000411 = 4.11 x —4.11 x107*

10,000

Typically, the extra zero digits at the end or the beginning of a number are not included.

Problems

Express these numbers in scientific notation.

1. 306,000
2. 0.00884
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3. 2,760,000
4..0.000000559

Solutions

1. The number 306, 000 is 3.06 times 100, 000, or 3.06 times 1(®. In scientific notation,
the numberis 3.06 % 10°-

1
2. The number ).00884 is 8.84 times 1000 which is 8.84 times 10—3. In scientific

)

notation, the numberis 8 84 x 1073-

3. The number 2, 760, 000 is 2.76 times 1, 000, 000, which is the same as 2.76 times 1%
. In scientific notation, the number is written as 9 76 % 1(8. Note that we omit the zeros at
the end of the original number.

1
4. The number 0.000000559 is 5.59 times m which is 5,59 times 19~7. In

scientific notation, the number is writtenas 5. 59 x 10~ 7-

Express these numbers in scientific notation.

1. 23,070
2. 0.0009706

Solutions

1.2.307 x 10*
2. 9.706 x 1074

Another way to determine the power of 10 in scientific notation is to count the number of places you need to

move the decimal point to get a numerical value between 1 and 10. The number of places equals the power of
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10. This number is positive if you move the decimal point to the right and negative if you move the decimal
point to the left.

Many quantities in chemistry are expressed in scientific notation. When performing calculations, you may
have to enter a number in scientific notation into a calculator. Be sure you know how to correctly enter a

number in scientific notation into your calculator. Different models of calculators require different actions for

properly entering scientific notation. If in doubt, consult your instructor immediately.

1. Express these numbers in scientific notation.

a. 56.9
b. 563,100

¢ 0.0804
d. 0.00000667

2. Express these numbers in scientific notation.

a. —890,000
b. 602, 000, 000, 000
¢ 0.0000004099

d. 0.000000000000011

3. Express these numbers in scientific notation.

a. 0.00656
b. 65,600

c. 4,567,000
d. 0.000005507

4. Express these numbers in scientific notation.

a. 65

b. —321.09

¢. 0.000077099

d. 0.000000000218
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5. Express these numbers in standard notation.

a. 1.381 x 10°
b. 5.22 x 10~7
¢ 9.998 x 10*

6. Express these numbers in standard notation.

a. 7.11 x 1072
b. 9.18 x 102
¢ 3.09 x 10719

7. Express these numbers in standard notation.

a. 8.09 x 10°
b. 3.088 x 107°
¢ —4.239 x 102

8. Express these numbers in standard notation.

a. 2.87x 1078
b. 1.78 x 10!
¢ 1.381 x 10723

9. These numbers are not written in proper scientific notation. Rewrite them so that they are in
proper scientific notation.

a. 72.44 x 10°
b. 9,943 x 107°

¢ 588,399 x 102

10. These numbers are not written in proper scientific notation. Rewrite them so that they are in
proper scientific notation.

a. 0.000077 x 10~7
b. 0.000111 x 108
¢ 602,000 x 10'8

1. These numbers are not written in proper scientific notation. Rewrite them so that they are in
proper scientific notation.
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a. 345.1 x 102
b. 0.234 x 1073
¢ 1,800 x 1072

These numbers are not written in proper scientific notation. Rewrite them so that they are in
proper scientific notation.

a. 8,099 x 108
b. 34.5 x 10°
¢ 0.000332 x 10*

Write these numbers in scientific notation by counting the number of places the decimal
point is moved.

a. 123,456.78
b. 98,490
¢ 0.000000445

Write these numbers in scientific notation by counting the number of places the decimal
point is moved.

a. 0.000552
b. 1,987

¢. 0.00000000887

Use your calculator to evaluate these expressions. Express the final answer in proper
scientific notation.

a. 456 x (7.4 x 10%) =?
b. (3.02 x 10°) + (9.04 x 10'5) =?
c. 0.0044 x 0.000833 =?

Use your calculator to evaluate these expressions. Express the final answer in proper
scientific notation.

a. 98,000 x 23,000 =?
b. 98,000 = 23,000 =?
C. (4.6 x 107°) x (2.09 x 10°) =?
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17. Use your calculator to evaluate these expressions. Express the final answer in proper
scientific notation.

a. 45 x 132 + 882 =?
b. [(6.37 x 10*) x (8.44 x 107 *)] = (3.2209 x 10"°) =?

18. Use your calculator to evaluate these expressions. Express the final answer in proper
scientific notation.

a. (9.09 x 10%) + [(6.33 x 10°) x (4.066 x 10~ 7)] =?
b. 9,345 x 34.866 + 0.00665 =?

Solutions to Odd-Numbered Questions

1. a. 5.69 x 10*
b. 5.631 x 10°
¢ 8.04 x 1072

6.67 x 1076

cE

6.56 x 1073
6.56 x 10*
4.567 x 10°
5.507 x 1076

a n O o

5. a. 138,100

b.-0.000000522
¢ 99,980

/. a. 8.09
b. 0.00003088
¢ —423.9

9 a. 7.244 % 10*
b. 9.943 x 102
¢ 5.88399 x 10”

n. a. 3.451 x 10*
b. 2.34 x 107*
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¢ 1.8 x 10*

13.

e

1.2345678 x 10°
b. 9.849 x 104
C 4.45 %1077

15. a. 3.3744 x 10'1
b. 3.3407 x 107!
¢ 3.665 x 10°°

17.

Q)

- 6.7346 x 10°
1.6691 x 10~

o
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2.3 MULTIPLICATION AND DIVISION

Scientific notation is not only compact and convenient, it also simplifies arithmetic. To multiply two numbers
expressed as powers of ten, you need only multiply the numbers out front and then add the exponents. If
there are no numbers out front, as in 100 X 100, 000, then you just add the exponents (in our notation,
102 x 10° = 107)- When there are numbers out front, you have to multiply them, but they are much easier
to deal with than numbers with many zeros in them.
Here’s an example:
(3 x 10°) x (2 x 10%) = (3 x 2) x (10°"?) = 6 x 10™
And here’s another example:
0.04 x 6,000,000 = (4 x 1072) x (6 x 10°)
— (4 x 6) x (10727%)
= 24 x 10*
= 2.4 x 10°
Note in the second example that when we added the exponents, we treated negative exponents as we do in
regular arithmetic (-2 plus 6 equals 4). Also, notice that our first result had a 24 in it, which was not in the
acceptable form, having two places to the left of the decimal point, and we therefore changed it to 2.4 and
changed the exponent accordingly.

To divide, you divide the numbers out front and subtract the exponents. Here are several examples:

1,000,000  10°

— =103 =10°
1000 103
9 x 102
° 2><—103 = 45 X 101273 = 45 X 109
X
2.8 x 102
. 62X—105 _ 452 x 10%° = 452 x 10°% = 4.52 x 104
4 X

In the last example, our first result was not in the standard form, so we had to change 0.452 into 4.52, and
change the exponent accordingly.

If this is the first time that you have met scientific notation, we urge you to practice many examples using it.
You might start by solving the exercises below. Like any new language, the notation looks complicated at first

but gets easier as you practice it.
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1. Atthe end of September 2015, the New Horizons spacecraft (which encountered Pluto for
the first time in July 2015) was 4.898 billion km from Earth. Convert this number to scientific
notation. How many astronomical units is this? (An astronomical unit is the distance from
Earth to the Sun, or about 150 million km.)

Solution
4.898 billionis 4.898 x 109 km. One astronomical unit (AU) is 150 million km =
1.5 x 108 km. Dividing the first number by the second, we get

3.27 x 10978) = 3.27 x 101 AU

2. During the first six years of its operation, the Hubble Space Telescope circled Earth 37, 000
times, for a total of 1, 280, 000, 000 km. Use scientific notation to find the number of km
in one orbit.

Solution
(1.28 x 10° km)

(3.7 x 10* orbits)

= 0.346 x 100 = 0.346 x 10° = 3.46 x 10* km per orbit

3. Inalarge university cafeteria, a soybean-vegetable burger is offered as an alternative to
regular hamburgers. If 889, 875 burgers were eaten during the course of a school year, and
997 of them were veggie-burgers, what fraction and what percent of the burgers does this
represent?

Solution
(9.97 x 10% veggie burgers)

—1.12x10@% =112 x 103
(8.90 x 10° total burgers)

(or roughly about one thousandth) of the burgers were vegetarian. Percent means per
hundred. So

1.12 x 1072 x 10% = 1.12 x 10(73+?) =1.12 x 10! percent
4. Ina 2012 Kelton Research poll, 36 percent of adult Americans thought that alien beings have
actually landed on Earth. The number of adults in the United States in 2012 was about

222,000, 000. Use scientific notation to determine how many adults believe aliens have
visited Earth.
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Solution

36% is 36 hundredthsor 0.36 or 3.6 x 10~. Multiply thatby 9 992 % 108 and you get
about 7 99 « 10(-1+8) — 7.99 % 107 or almost 80 million people who believe that

aliens have landed on our planet. We need more astronomy courses to educate all those
people.

5. Inthe school year 2009-2010, American colleges and universities awarded 2, 354, 678
degrees. Among these were 48, 069 PhD degrees. What fraction of the degrees were
PhDs? Express this number as a percent. (Now go and find a job for all those PhDs!)
Solution

(4.81 x 10%)
(2.35 x 10°)

(Note that in these examples we are rounding off some of the numbers so that we don't

—2.05 x 10479 = 2.05 x 10°2 = about 2%

have more than 9 places after the decimal point.)

6. Astar g( light-years away has been found to have a large planet orbiting it. Your uncle
wants to know the distance to this planet in old-fashioned miles. Assume light travels
186, 000 miles per second, and there are 6( seconds in a minute, 60 minutes in an hour,
24 hours in a day, and 365 days in a year. How many miles away is that star?
Solution
One light-year is the distance that light travels in one year. (Usually, we use metric units and
not the old British system that the United States is still using, but we are going to humor
your uncle and stick with miles.) If light travels 186, 000 miles every second, then it will
travel §( times that in a minute, and () times that in an hour, and 24 times that in a day,
and 365 times that in a year. So we have

1.86 x 10° x 6.0 x 10' x 6.0 x 10" x 2.4 x 10 x 3.65 x 10%.
So we multiply all the numbers out front together and add all the exponents. We get

586.57 x 1010 = 5.86 x 102 milesin a light year (which is roughly 6 trillion miles—a
heck of a lot of miles). So if the star is () light-years away, its distance in miles is

6 x 10 x 5.86 x 102 = 35.16 x 10'® = 3.516 x 10 miles.
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2.4 UNITS USED IN SCIENCE

In the American system of measurement (originally developed in England), the fundamental units of length,

weight, and time are the foot, pound, and second, respectively. There are also larger and smaller units, which

include the ton (2240 Ib), the mile (5280 ft), the rod (16% ft), the yard (3 ft), the inch (1/12 ft), the ounce

(1/16 Ib), and so on. Such units, whose origins in decisions by British royalty have been forgotten by most
people, are quite inconvenient for conversion or doing calculations.

In science, therefore, it is more usual to use the metric system, which has been adopted in virtually all
countries except the United States. Its great advantage is that every unit increases by a factor of ten, instead of

the strange factors in the American system. The fundamental units of the metric system are:

* length: 1 meter (m)
* mass: | kilogram (kg)

* time: 1 second (s)
A meter was originally intended to be 1 ten-millionth of the distance from the equator to the North Pole along

the surface of Earth. It is about 1,1 yd. A kilogram is the mass that on Earth results in a weight of about 2,2

Ib. The second is the same in metric and American units.

Length

The most commonly used quantities of length of the metric system are the following.

Table 2.3 Length

Conversions

1 kilometer (km) = 1000 metres = (0.6214 mile

1 meter (m) =(0.001 km = 1.094 yards = 39.37 inches
1 centimeter (cm) = (.01 meter = 0.3937 inch

1 millimeter (mm) = 0.001 meter = (.1 cm

1 micrometer (um) = 0.000001 meter = 0.0001 cm

1 nanometer (nm) = ]_0_9 meter = ]_0_7 cm
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To convert from the American system, here are a few helpful factors:

* 1mile=1.61km
* 1inch=2.54cm

Mass

Although we don’t make the distinction very carefully in everyday life on Earth, strictly speaking the kilogram
is a unit of mass (measuring the quantity of matter in a body, roughly how many atoms it has,) while the pound
is a unit of weight (measuring how strongly Earth’s gravity pulls on a body).

The most commonly used quantities of mass of the metric system are the following.

Table 2.4 Mass

Conversions

1 metric ton = 1 ()6 grams = 1000 kg (and it produces a weight of 2 205 x 103 b on Earth)
1 kg = 1000 grams (and it produces a weight of 2. 2046 Ib on Earth)

1 gram (g) = 0.0353 oz (and the equivalent weight is 0.002205 Ib)

1 milligram (mg) = (0.001 g

A weight of 1 Ib is equivalent on Earth to a mass of 0.4536 kg, while a weight of 1 oz is produced by a mass
of 28.35g.

Temperature

Three temperature scales are in general use:
* Fahrenheit (F); water freezes at 32 °F and boils at 2192 °F.
* Celsius or centigrade1 (C); water freezes at () °C and boils at 100 °C.
* Kelvin or absolute (K); water freezes at 273 K and boils at 373 K.

All molecular motion ceases at about —459 °F =—273 °C=( K, a temperature called absolute zero. Kelvin

1. Celsius is now the name used for centigrade temperature; it has a more modern standardization but differs from the old centigrade scale by less
than [latex]0.1[/latex]°.
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temperature is measured from this lowest possible temperature, and it is the temperature scale most often used
in astronomy. Kelvins have the same value as centigrade or Celsius degrees, since the difference between the
freezing and boiling points of water is 100 degrees in each. (Note that we just say “kelvins,” not kelvin degrees.)

On the Fahrenheit scale, the difference between the freezing and boiling points of water is 180 degrees.

Thus, to convert Celsius degrees or kelvins to Fahrenheit degrees, it is necessary to multiply by

180 9
100 5
To convert from Fahrenheit degrees to Celsius degrees or kelvins, it is necessary to multiply by
100 5
180 9

The full conversion formulas are:

* K=°C+4273
* °C=0.555x (°F —32)
* F=(1.8x°C)+32

Attribution

“A.4 Units Used in Science — Metric System” from Douglas College Astronomy 1105 by Douglas College
Department of Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International

License, except where otherwise noted. Adapted from Astronomy 2e.
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2.5 AVERAGE SPEED

A description of how fast or slow an object moves is its speed. Speed is the rate at which an object changes
its location. The SI unit of time is the second (s), and the SI unit of speed is metres per second (m/s), but
sometimes kilometres per hour (km/h), miles per hour (mph) or other units of speed are used.

When you describe an object’s speed, you often describe the average over a time period. Average speed,

Vm,g, is the distance traveled divided by the time during which the motion occurs.

distance
V:wg - .
time
You can, of course, rearrange the equation to solve for either distance or time:
. distance
time = —
Vavg

distance = V,,4 X time
Suppose, for example, a car travels 150 kilometres in 3.2 hours. Its average speed for the trip is
Ving = dlsjcance
time
150 km
3.2h
=47 km/h
A car’s speed would likely increase and decrease many times over a 3.2 hour trip. Its speed at a specific instant

in time, however, is its instantaneous speed. A car’s speedometer describes its instantaneous speed.

Attribution

“2.2 Speed and Velocity” from Physics by Paul Peter Urone, Roger Hinrichs, © OpenStax is licensed under a

Creative Commons Attribution 4.0 International License, except where otherwise noted.
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2.6 USEFUL MEASUREMENTS IN
ASTRONOMY

In astronomy we deal with distances on a scale you may never have thought about before, with numbers
larger than any you may have encountered. We adopt two approaches that make dealing with astronomical
numbers a little bit easier. First, we use a system for writing large and small numbers called scientific notation (or
sometimes powers-of-ten notation). This system is very appealing because it eliminates the many zeros that can
seem overwhelming to the reader. In scientific notation, if you want to write a number such as 500, 000, 000
, you express it as § x 1(08. The small raised number after the 10, called an exponent, keeps track of the
number of places we had to move the decimal point to the left to convert 500, 000, 000 to 5. The second
way we try to keep numbers simple is to use a consistent set of units—the metric International System of Units,

or SI (from the French Systéme International d’Unités).

Watch this brief PBS animation that explains how scientific notation works and why it's useful.

A common unit astronomers use to describe distances in the universe is a light-year, which is the distance
light travels during one year. Because light always travels at the same speed, and because its speed turns out
to be the fastest possible speed in the universe, it makes a good standard for keeping track of distances. You
might be confused because a “light-year” seems to imply that we are measuring time, but this mix-up of time
and distance is common in everyday life as well. For example, when your friend asks where the movie theater is
located, you might say “about 2( minutes from downtown.”

So, how many kilometres are there in a light-year? Light travels at the amazing pace of § % 1()° kilometres
per second (km/s), which makes a light-year 9 46 x 102 kilometres. You might think that such a large unit
would reach the nearest star easily, but the stars are far more remote than our imaginations might lead us to
believe. Even the nearest star is 4.3 light-years away—more than 4() trillion kilometres. Other stars visible to

the unaided eye are hundreds to thousands of light-years away as seen in Figure 2.1.
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ORION NEBULA
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Figure 2.1. This beautiful cloud of cosmic raw material (gas and dust from which new stars and planets are
being made) called the Orion Nebula is about 1400 light-years away. That's a distance of roughly 1.34 x
1016 kilometres—a pretty big number. The gas and dust in this region are illuminated by the intense light
from a few extremely energetic adolescent stars.

Hubble's Sharpest View of the Orion Nebula by NASA, ESA, M. Robberto (Space Telescope Science
Institute/ESA) and the Hubble Space Telescope Orion Treasury Project Team, NASA Media Licence.
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Table 2.4 Astronomical Constants

speed of Light (c)
astronomical unit (AU)

light-year (ly)

parsec (pe)

sidereal year (y)

mass of Earth (MEarth)
equatorial radius of Earth (Rparth )
obliquity of ecliptic

surface gravity of Earth (g)

escape velocity of Earth (VEarth)
mass of Sun (Mgyn)

equatorial radius of Sun (RSun)
luminosity of Sun (LSun )

solar constant (flux of energy received at
Earth) (S)

Hubble constant (Hp)

3 x 10° km/s

1.496 x 10" m

9.461 x 10 m

3.086 x 10'® m = 3.262 light-years

3.156 x 107 s
5.974 x 10** kg

6.378 x 10° m
23.4°26'

9.807 m/s’

1.119 x 10* m/s
1.989 x 10*° kg
6.960 x 10° m
3.85 x 1020 W
1.368 x 10° W/m®

approximately 2() km/s per million light-years, or approximately 70 km/s
per megaparsec

Attribution
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2.7 CONSEQUENCES OF THE FINITE SPEED
OF LIGHT

There is another reason the speed of light is such a natural unit of distance for astronomers. Information about
the universe comes to us almost exclusively through various forms of light, and all such light travels at the
speed of light-that is, 1 light-year every year. This sets a limit on how quickly we can learn about events in the
universe. If a star is 100 light-years away, the light we see from it tonight left that star 100 years ago and is just
now arriving in our neighborhood. The soonest we can learn about any changes in that star is 100 years after
the fact. For a star 500 light-years away, the light we detect tonight left 500 years ago and is carrying 500-year-
old news.

Because many of us are accustomed to instant news from the Internet, some might find this frustrating.

“You mean, when I see that star up there,” you ask, “I won’t know what’s actually happening there for
another 500 years?”

But this isn’t the most helpful way to think about the situation. For astronomers, zow is when the light
reaches us here on Earth. There is no way for us to know anything about that star (or other object) until its
light reaches us.

But what at first may seem a great frustration is actually a tremendous benefit in disguise. If astronomers
really want to piece together what has happened in the universe since its beginning, they must find evidence
about each epoch (or period of time) of the past. Where can we find evidence today about cosmic events that
occurred billions of years ago?

The delay in the arrival of light provides an answer to this question. The farther out in space we look,
the longer the light has taken to get here, and the longer ago it left its place of origin. By looking billions of
light-years out into space, astronomers are actually seeing billions of years into the past. In this way, we can
reconstruct the history of the cosmos and get a sense of how it has evolved over time.

This is one reason why astronomers strive to build telescopes that can collect more and more of the faint
light in the universe. The more light we collect, the fainter the objects we can observe. On average, fainter

objects are farther away and can, therefore, tell us about periods of time even deeper in the past.

Attribution

“1.5 Consequences of Light Travel Time” from Douglas College Astronomy 1105 by Douglas College
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Department of Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International
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2.8 RATIOS

Ratios and proportions are used in a wide variety of situations to make comparisons. For example, using
the information from Figure 2.2, we can see that the number of Facebook users compared to the number
of Twitter users is 2,498 m to 386 m. Note that the “m” stands for million, so 2,498 million is actually
2,498,000,000 and 386 million is 386,000,000. Similarly, the number of Qzone users compared to the number

of Pinterest users is in a ratio of 517 million to 366 million. These types of comparisons are ratios.
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Facebook Dominates the
Social Media Landscape

Monthly active users of selected social networks and
messaging services”

MW Facebook Inc. ™ Tencent Inc. Other
Facebook K3 2,498m
YouTube B3

WhatsApp &
Messenger @
WecChat (]
Instagram [&]
TikTok
QQ 8
Qzone

Sina Weibo &
Reddit ©
Kuaishou
Snapchat &
Twitter ¥
Pinterest ®

* April 2020 or latest available
Source: Company data via DataReportal Global Digital Statshot

@®G statista ¥a

Figure 2.2 This bar graph shows popular social media app usage.
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Chart: Facebook Inc. Dominates the Social Media Landscape by Statista, CC BY-ND 3.0.

Constructing Ratios to Express Comparison of Two Quantities

Note there are three different ways to write a ratio, which is a comparison of two numbers that can be written
as: @ to h OR @ : b OR the fraction a / b. Which method you use often depends upon the situation. For the
most part, we will want to write our ratios using the fraction notation. Note that, while all ratios are fractions,
not all fractions are ratios. Ratios make part to part, part to whole, and whole to part comparisons. Fractions

make part to whole comparisons only.

Example 2.3

Expressing the Relationship between Two Currencies as a Ratio

The Euro (€) is the most common currency used in Europe. Twenty-two nations, including Italy,
France, Germany, Spain, Portugal, and the Netherlands use it. On June 9, 2021, 1 U.S. dollar was
worth (.82 Euros. Write this comparison as a ratio.

Solution
Using the definition of ratio, let ¢ = 1 U.S. dollar and let p = (.82 Euros. Then the ratio can be

1
written as either 1 t0 0.82;0r1 : (0.82; or .
0.82

Exercise 2.3

OnJune 9, 2021, 1 U.S. dollar was worth 1,21 Canadian dollars. Write this comparison as a ratio.
Solution
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a = 1 US. dollar,and p = 1.21 Canadian dollars, the ratiois 1 to 1.21;0r1 : 1.21;0r R

Example 2.4

Expressing the Relationship between Two Weights as a Ratio

The gravitational pull on various planetary bodies in our solar system varies. Because weight is the
force of gravity acting upon a mass, the weights of objects is different on various planetary bodies
than they are on Earth. For example, a person who weighs 200 pounds on Earth would weigh only
33 pounds on the moon! Write this comparison as a ratio.

pounds on Earth and let

Solution
Using the definition of ratio, let ¢ = 200 pounds on Earth and let p = 33 pounds on the moon.

Then the ratio can be written as either 200 to 33; or 200 : 33; or %

Exercise 2.4

A person who weighs 170 pounds on Earth would weigh 64 pounds on Mars. Write this
comparison as a ratio.
Solution

With ¢ = 170 pounds on Earth, and p = 64 pounds on Mars, the ratio is 170 to 64; or

170-64'0r@
T 64
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Using and Applying Proportional Relationships to Solve Problems

Using proportions to solve problems is a very useful method. It is usually used when you know three parts of

a
the proportion, and one part is unknown. Proportions are often solved by setting up like ratios. If — and —

b d

are two ratios such that — = 1 then the fractions are said to be proportional. Also, two fractions 3 and

c

a C
E are proportional (3 = E) ifandonlyifg x d = b X ¢

Example 2.5

Solving a Proportion Involving Two Currencies

You are going to take a trip to France. You have $52(0 U.S. dollars that you wish to convert to
Euros. You know that 1 U.S. dollar is worth (.82 Euros. How much money in Euros can you get in
exchange for $520°

be the variable that represents the unknown. Notice that U.S. dollar amounts are in both
numerators and Euro amounts are in both denominators.

Solution

Step 1: Set up the two ratios into a proportion; let  be the variable that represents the unknown.
Notice that U.S. dollar amounts are in both numerators and Euro amounts are in both
denominators.

I 520
0.82 =z
a c
Step 2: Cross multiply, since the ratios 3 and E are proportional, then
520(0.82) = 1(x)
426.4 = x

You should receive 426 .4 Euros.
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Exercise 2.5

After your trip to France, you have 180 Euros remaining. You wish to convert them back into U.S.
dollars. Assuming the exchange rate is the same ($1 = 0.82 €), how many dollars should you
receive? Round to the nearest cent if necessary.

Solution

$219.51

Example 2.6

Solving a Proportion Involving Weights on Different Planets

A person who weighs 170 pounds on Earth would weigh 64 pounds on Mars. How much would a
typical racehorse (1, 000 pounds) weigh on Mars? Round your answer to the nearest tenth.

Solution
Step 1: Set up the two ratios into a proportion. Notice the Earth weights are both in the numerator
and the Mars weights are both in the denominator.
170 1,000
64 =
Step 2: Cross multiply, and then divide to solve.

170z = 1,000(64)
170z = 64,000
170z 64,000

170 170
x = 376.5
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So the 1, 000-pound horse would weigh about 376.5 pounds on Mars.

Exercise 2.6

A person who weighs 200 pounds on Earth would weigh only 33 pounds on the moon. A 2021
Toyota Prius weighs 3, 040 pounds on Earth; how much would it weigh on the moon? Round to
the nearest tenth if necessary.

Solution

501.6 pounds

Example 2.7

Solving a Proportion Involving Baking

A cookie recipe needs 2% cups of flour to make () cookies. Jackie is baking cookies for a large
fundraiser; she is told she needs to bake 1, 020 cookies! How many cups of flour will she need?
Solution

Step 1: Set up the two ratios into a proportion. Notice that the cups of flour are both in the
numerator and the amounts of cookies are both in the denominator. To make the calculations more
efficient, the cups of flour (2%) is converted to a decimal number (2.25).

225 z
60 1020
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Step 2: Cross multiply, and then simplify to solve.
2.25(1, 020) = 60z
2,295 = 60z
38.25 =

Jackie will need 38.25, or 38%, cups of flour to bake 1, 020 cookies.

Attribution
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2.9 GEOMETRY

Properties of Circles

Figure 2.3. Properties of a circle.

7 is the length of the radius
d is the length of the diameter
«d=2r

Circumference is the perimeter of a circle. The formula for circumference is

2
C==
r
« The formula for area of a circle is
A = 7r?

22
Remember, that we approximate 7 with 3.14 or 7 depending on whether the radius of the circle is given

as a decimal or a fraction. If you use the 7r key on your calculator to do the calculations in this chapter, your
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answers will be slightly different from the answers shown. That is because the 7 key uses more than two

decimal places.

Volume and Surface Area of a Sphere

For a sphere with radius 7:

Volume: V= %mﬂ
Surface Area: 5 = 4nr2

Figure 2.4. Volume and Surface Area of a Sphere.

Attribution

“9.5 Solve Geometry Applications: Circles and Irregular Figures” and “9.6 Solve Geometry Applications:
Volume and Surface Area” from Prealgebra 2e by Lynn Marecek, MaryAnne Anthony-Smith, and Andrea
Honeycutt Mathis, © OpenStax are licensed under a Creative Commons Attribution 4.0 International

License, except where otherwise noted.
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2.10 KEY TERMS

Absolute zero: temperature  at  which  all  molecular  motion  ceases  (at  about
—459 °F = —273°C =0K) 24

Average speed (V:wg): is the distance traveled divided by the time during which the motion occurs. 2.5

Coeflicient: the part of a number in scientific notation that is multiplied by a power of 10. 2.2

Exponent: the raised number to the right of the 10 indicating the number of factors of 10 in the original
number. 2.2

Instantaneous speed: the speed at a specific instant in time. 2.5

Light-year: the distance that light travels during one year. 2.6

Metric system: system of measurement that has been adopted in virtually all countries except the United

States and where every unit increases by a factor of ten. 2.4

Cc
Proportional: for ratios, if 3 and e two ratios such that 3 = 7 then the fractions are said to be

proportional. 2.8
Ratio: a comparison of two numbers that can be written as: @ to h OR @ : b OR the fraction a /b. 2.8
Scientific notation is an expression of a number using powers of 10. 2.2
Standard notation is the straightforward expression of a number. 2.2

Speed is the rate at which an object changes its location. 2.5
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3.0 LEARNING OBJECTIVES

Learning Objectives

By the end of this chapter, learners will be able to:

- ldentify the order of celestial bodies encountered during a space traveler’s journey from
Earth to distant galaxies.

- Explain the concept of an astronomical unit (AU).

. Assess the significance of the discovery of dark matter and its role in shaping our
understanding of the universe, including its implications on the formation and evolution of
galaxies.

- Discuss the fundamental forces that explain all observable phenomena in the universe.
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3.1 ATOUR OF THE UNIVERSE

We can now take a brief introductory tour of the universe as astronomers understand it today to get acquainted
with the types of objects and distances you will encounter throughout the text. We begin at home with Earth,
a nearly spherical planet about 13,000 kilometres in diameter as shown in Figure 3.1. A space traveller entering
our planetary system would easily distinguish Earth from the other planets in our solar system by the large
amount of liquid water that covers some two thirds of its crust. If the traveller had equipment to receive radio
or television signals, or came close enough to see the lights of our cities at night, she would soon find signs that

this watery planet has sentient life.
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HUMANITY'S HOME BASE



72 | 31 ATOUR OF THE UNIVERSE

Figure 3.1. This image shows the Western hemisphere as viewed from space 35400 kilometres (about
22,000 miles) above Earth. Data about the land surface from one satellite was combined with another
satellite’s data about the clouds to create the image.

Blue Marble 2000 by R. Stockli, A. Nelson, F. Hasler, NASA/ GSFC/ NOAA/ USGS, CCBY 2.0.

Our nearest astronomical neighbour is Earth’s satellite, commonly called the Moon. Figure 3.2 shows Earth
and the Moon drawn to scale on the same diagram. Notice how small we have to make these bodies to fit

them on the page with the right scale. The Moon’s distance from Earth is about 30 times Earth’s diameter,
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or approximately 384,000 kilometres, and it takes about a month for the Moon to revolve around Earth. The

Moon’s diameter is 3476 kilometres, about one fourth the size of Earth.

Earth and Moon, Drawn to Scale

Figure 3.2. This image shows Earth and the Moon shown to scale for both size and distance.
Earth-Moon by Nickshanks, CC BY 2.5.

Light (or radio waves) takes 1.3 seconds to travel between Earth and the Moon. If you’ve seen videos of the
Apollo flights to the Moon, you may recall that there was a delay of about 3 seconds between the time Mission
Control asked a question and the time the astronauts responded. This was not because the astronomers were
thinking slowly, but rather because it took the radio waves almost 3 seconds to make the round trip.

Earth revolves around our star, the Sun, which is about 150 million kilometres away—approximately 400
times as far away from us as the Moon. We call the average Earth—Sun distance an astronomical unit (AU)
because, in the early days of astronomy, it was the most important measuring standard. Light takes slightly
more than 8 minutes to travel 1 astronomical unit, which means the latest news we receive from the Sun is
always 8 minutes old. The diameter of the Sun is about 1.5 million kilometres; Earth could fit comfortably
inside one of the minor eruptions that occurs on the surface of our star. If the Sun were reduced to the size of
a basketball, Earth would be a small apple seed about 30 metres from the ball.

It takes Earth 1 year (3 % 1(7 seconds) to go around the Sun at our distance; to make it around, we must
travel at approximately 110,000 kilometres per hour. (If you, like many students, still prefer miles to kilometres,
you might find the following trick helpful. To convert kilometres to miles, just multiply kilometres by 0.6.
Thus, 110,000 kilometres per hour becomes 66,000 miles per hour.) Because gravity holds us firmly to Earth
and there is no resistance to Earth’s motion in the vacuum of space, we participate in this extremely fast-moving
trip without being aware of it day to day.

Earth is only one of eight planets that revolve around the Sun. These planets, along with their moons and
swarms of smaller bodies such as dwarf planets, make up the solar system as shown Figure 3.3. A planet is
defined as a body of significant size that orbits a star and does not produce its own light. (If a large body
consistently produces its own light, it is then called a star.) Later in the book this definition will be modified a

bit, but it is perfectly fine for now as you begin your voyage.
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Our Solar Family

—— “Planets”

“Dwarf
Planets“

Figure 3.3. The Sun, the planets, and some dwarf planets are shown with their sizes drawn to scale. The
orbits of the planets are much more widely separated than shown in this drawing. Notice the size of Earth
compared to the giant planets.

Planets 2008 by Farry, NASA, NASA Media Licence.

We are able to see the nearby planets in our skies only because they reflect the light of our local star, the Sun.
If the planets were much farther away, the tiny amount of light they reflect would usually not be visible to us.
The planets we have so far discovered orbiting other stars were found from the pull their gravity exerts on their
parent stars, or from the light they block from their stars when they pass in front of them. We can’t see most of
these planets directly, although a few are now being imaged directly.

The Sun is our local star, and all the other stars are also enormous balls of glowing gas that generate vast
amounts of energy by nuclear reactions deep within. We will discuss the processes that cause stars to shine in
more detail later in the book. The other stars look faint only because they are so very far away. If we continue
our basketball analogy, Proxima Centauri, the nearest star beyond the Sun, which is 4.3 light-years away, would
be almost 7000 kilometres from the basketball.

When you look up at a star-filled sky on a clear night, all the stars visible to the unaided eye are part of a single

collection of stars we call the Milky Way Galaxy, or simply the Galaxy. (When referring to the Milky Way,
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we capitalize Galaxy; when talking about other galaxies of stars, we use lowercase galaxy.) The Sun is one of
hundreds of billions of stars that make up the Galaxyj its extent, as we will see, staggers the human imagination.
Within a sphere 10 light-years in radius centred on the Sun, we find roughly ten stars. Within a sphere 100
light-years in radius, there are roughly 10,000 (104) stars—far too many to count or name—but we have still
traversed only a tiny part of the Milky Way Galaxy. Within a 1000-light-year sphere, we find some ten million
(1()7) stars; within a sphere of 100,000 light-years, we finally encompass the entire Milky Way Galaxy.

Our Galaxy looks like a giant disk with a small ball in the middle. If we could move outside our Galaxy and
look down on the disk of the Milky Way from above, it would probably resemble the galaxy in Figure 3.4, with

its spiral structure outlined by the blue light of hot adolescent stars.
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Spiral Galaxy

Figure 3.4. This galaxy of billions of stars, called by its catalogue number NGC 1073, is thought to be similar
to our own Milky Way Galaxy. Here we see the giant wheel-shaped system with a bar of stars across its
middle.

Hubble Observes NGC 1073 by NASA, ESA, NASA Media Licence.

The Sun is somewhat less than 30,000 light-years from the centre of the Galaxy, in a location with nothing
much to distinguish it. From our position inside the Milky Way Galaxy, we cannot see through to its far rim (at
least not with ordinary light) because the space between the stars is not completely empty. It contains a sparse
distribution of gas (mostly the simplest element, hydrogen) intermixed with tiny solid particles that we call
interstellar dust. This gas and dust collect into enormous clouds in many places in the Galaxy, becoming the
raw material for future generations of stars. Figure 3.5 shows an image of the disk of the Galaxy as seen from

our vantage point.
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Milky Way Galaxy

Figure 3.5. Because we are inside the Milky Way Galaxy, we see its disk in cross-section flung across the
sky like a great milky white avenue of stars with dark “rifts” of dust.
The Milky Way extends above the Earth’s horizon by NASA, NASA Media Licence.

Typically, the interstellar material is so extremely sparse that the space between stars is a much better vacuum
than anything we can produce in terrestrial laboratories. Yet, the dust in space, building up over thousands of
light-years, can block the light of more distant stars. Like the distant buildings that disappear from our view
on a smoggy day in Los Angeles, the more distant regions of the Milky Way cannot be seen behind the layers
of interstellar smog. Luckily, astronomers have found that stars and raw material shine with various forms of
light, some of which do penetrate the smog, and so we have been able to develop a pretty good map of the
Galaxy.

Recent observations, however, have also revealed a rather surprising and disturbing fact. There appears to
be more—much more—to the Galaxy than meets the eye (or the telescope). From various investigations, we

have evidence that much of our Galaxy is made of material we cannot currently observe directly with our
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instruments. We therefore call this component of the Galaxy dark matter. We know the dark matter is there by
the pull its gravity exerts on the stars and raw material we can observe, but what this dark matter is made of and
how much of it exists remain a mystery. Furthermore, this dark matter is not confined to our Galaxy; it appears
to be an important part of other star groupings as well.

By the way, not all stars live by themselves, as the Sun does. Many are born in double or triple systems
with two, three, or more stars revolving about each other. Because the stars influence each other in such close
systems, multiple stars allow us to measure characteristics that we cannot discern from observing single stars. In
anumber of places, enough stars have formed together that we recognized them as star clusters as seen in Figure
3.6. Some of the largest of the star clusters that astronomers have catalogued contain hundreds of thousands of

stars and take up volumes of space hundreds of light-years across.
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Star Cluster

Figure 3.6 This large star cluster is known by its catalogue number, M9. It contains some 250,000 stars and
is seen more clearly from space using the Hubble Space Telescope. It is located roughly 25,000 light-years
away.

Messier 9 by NASA, ESA, NASA Media Licence.

You may hear stars referred to as “eternal,” but in fact no star can last forever. Since the “business” of stars is
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making energy, and energy production requires some sort of fuel to be used up, eventually all stars run out of
fuel. This news should not cause you to panic, though, because our Sun still has at least 5 or 6 billion years to
go. Ultimately, the Sun and all stars will die, and it is in their death throes that some of the most intriguing and
important processes of the universe are revealed. For example, we now know that many of the atoms in our
bodies were once inside stars. These stars exploded at the ends of their lives, recycling their material back into

the reservoir of the Galaxy. In this sense, all of us are literally made of recycled “star dust.”
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3.2 THE UNIVERSE ON THE LARGE SCALE

In a very rough sense, you could think of the solar system as your house or apartment and the Galaxy as your
town, made up of many houses and buildings. In the twentieth century, astronomers were able to show that,
just as our world is made up of many, many towns, so the universe is made up of enormous numbers of galaxies.
(We define the universe to be everything that exists that is accessible to our observations.) Galaxies stretch as
far into space as our telescopes can see, many billions of them within the reach of modern instruments. When
they were first discovered, some astronomers called galaxies Zsland universes, and the term is aptly descriptive;
galaxies do look like islands of stars in the vast, dark seas of intergalactic space.

The nearest galaxy, discovered in 1993, is a small one that lies 75,000 light-years from the Sun in the direction
of the constellation Sagittarius, where the smog in our own Galaxy makes it especially difficult to discern. (A
constellation, we should note, is one of the 88 sections into which astronomers divide the sky, each named
after a prominent star pattern within it.) Beyond this Sagittarius dwarf galaxy lie two other small galaxies, about
160,000 light-years away. First recorded by Magellan’s crew as he sailed around the world, these are called the
Magellanic Clouds. They are shown in Figure 3.7. All three of these small galaxies are satellites of the Milky
Way Galaxy, interacting with it through the force of gravity. Ultimately, all three may even be swallowed by our

much larger Galaxy, as other small galaxies have been over the course of cosmic time.
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Neighbour Galaxies

Figure 3.7. This image shows both the Large Magellanic Cloud and the Small Magellanic Cloud above the
telescopes of the Atacama Large Millimeter/Submillimeter Array (ALMA) in the Atacama Desert of
northern Chile.

Under the spell of the Magellanic Clouds by ESO/C. Malin, CC BY 4.0.

The nearest large galaxy is a spiral quite similar to our own, located in the constellation of Andromeda, and is
thus called the Andromeda galaxy; it is also known by one of its catalog numbers, M31, shown in Figure 3.8.
M31 is a little more than 2 million light-years away and, along with the Milky Way, is part of a small cluster of

more than 50 galaxies referred to as the Local Group.
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Closest Spiral Galaxy

Figure 3.8. The Andromeda galaxy (M31) is a spiral-shaped collection of stars similar to our own Milky
Way.
The Galaxy Next Door by NASA/JPL-Caltech, NASA Media Licence.

At distances of 10 to 15 million light-years, we find other small galaxy groups, and then at about 50 million
light-years there are more impressive systems with thousands of member galaxies. We have discovered that

galaxies occur mostly in clusters, both large and small as shown in Figure 3.9.
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Fornax Cluster of Galaxies

Figure 3.9. In this image, you can see part of a cluster of galaxies located about 60 million light-years away
in the constellation of Fornax. All the objects that are not pinpoints of light in the picture are galaxies of
billions of stars.

Inside the Fiery Furnace by ESQ, J. Emerson, VISTA. Acknowledgement: Cambridge Astronomical Survey
Unit, CCBY 4.0.

Some of the clusters themselves form into larger groups called superclusters. The Local Group is part of a
supercluster of galaxies, called the Virgo Supercluster, which stretches over a diameter of 110 million light-
years. We are just beginning to explore the structure of the universe at these enormous scales and are already
encountering some unexpected findings.

At even greater distances, where many ordinary galaxies are too dim to see, we find quasars. These are
brilliant centres of galaxies, glowing with the light of an extraordinarily energetic process. The enormous
energy of the quasars is produced by gas that is heated to a temperature of millions of degrees as it falls toward

a massive black hole and swirls around it. The brilliance of quasars makes them the most distant beacons we
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can see in the dark oceans of space. They allow us to probe the universe 10 billion light-years away or more, and
thus 10 billion years or more in the past.

With quasars we can see way back close to the Big Bang explosion that marks the beginning of time. Beyond
the quasars and the most distant visible galaxies, we have detected the feeble glow of the explosion itself, filling
the universe and thus coming to us from all directions in space. The discovery of this “afterglow of creation” is
considered to be one of the most significant events in twentieth-century science, and we are still exploring the
many things it has to tell us about the earliest times of the universe.

Measurements of the properties of galaxies and quasars in remote locations require large telescopes,
sophisticated light-amplifying devices, and painstaking labour. Every clear night, at observatories around the
world, astronomers and students are at work on such mysteries as the birth of new stars and the large-scale

structure of the universe, fitting their results into the tapestry of our understanding.
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3.3 THE UNIVERSE OF THE VERY SMALL

The foregoing discussion has likely impressed on you that the universe is extraordinarily large and
extraordinarily empty. On average, it is 10,000 times more empty than our Galaxy. Yet, as we have seen, even
the Galaxy is mostly empty space. The air we breathe has about 10* atoms in each cubic centimeter—and we
usually think of air as empty space. In the interstellar gas of the Galaxy, there is about one atom in every cubic
centimeter. Intergalactic space is filled so sparsely that to find one atom, on average, we must search through a
cubic meter of space. Most of the universe is fantastically empty; places that are dense, such as the human body,
are tremendously rare.

Even our most familiar solids are mostly space. If we could take apart such a solid, piece by piece, we would
eventually reach the tiny molecules from which it is formed. Molecules are the smallest particles into which
any matter can be divided while still retaining its chemical properties. A molecule of water (H20), for example,
consists of two hydrogen atoms and one oxygen atom bonded together.

Molecules, in turn, are built of atoms, which are the smallest particles of an element that can still be
identified as that element. For example, an atom of gold is the smallest possible piece of gold. Nearly 100
different kinds of atoms (elements) exist in nature. Most of them are rare, and only a handful account for more
than 99% of everything with which we come in contact. The most abundant elements in the cosmos today are

listed in Table 3.1; think of this table as the “greatest hits” of the universe when it comes to elements.

Table 3.1. The Cosmically Abundant Elements

Number of Atoms per

Element!  Symbol Million Hydrogen Atoms

Hydrogen H 1,000,000
Helium He 80,000
Carbon C 450
Nitrogen N 92
Oxygen @) 740
Neon Ne 130

Magnesium Mg 40
Silicon Si 37
Sulfur S 19

Iron Fe 32
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All atoms consist of a central, positively charged nucleus surrounded by negatively charged electrons. The bulk
of the matter in each atom is found in the nucleus, which consists of positive protons and electrically neutral
neutrons all bound tightly together in a very small space. Each element is defined by the number of protons in
its atoms. Thus, any atom with 6 protons in its nucleus is called carbon, any with 50 protons is called #%, and
any with 70 protons is called yzzerbium.

The distance from an atomic nucleus to its electrons is typically 100,000 times the size of the nucleus itself.
This is why we say that even solid matter is mostly space. The typical atom is far emptier than the solar system
out to Neptune. (The distance from Earth to the Sun, for example, is only 100 times the size of the Sun.) This
is one reason atoms are not like miniature solar systems.

Remarkably, physicists have discovered that everything that happens in the universe, from the smallest
atomic nucleus to the largest superclusters of galaxies, can be explained through the action of only four forces:
gravity, electromagnetism (which combines the actions of electricity and magnetism), and two forces that act
at the nuclear level. The fact that there are four forces (and not a million, or just one) has puzzled physicists and

astronomers for many years and has led to a quest for a unified picture of nature.
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1. This list of elements is arranged in order of the atomic number, which is the number of protons in each nucleus.
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If you are new to astronomy, you have probably reached the end of our brief tour in this chapter with mixed
emotions. On the one hand, you may be fascinated by some of the new ideas you’ve read about and you may
be eager to learn more. On the other hand, you may be feeling a bit overwhelmed by the number of topics we
have covered, and the number of new words and ideas we have introduced. Learning astronomy is a little like
learning a new language: at first it seems there are so many new expressions that you’ll never master them all,
but with practice, you soon develop facility with them.

At this point you may also feel a bit small and insignificant, dwarfed by the cosmic scales of distance and
time. But, there is another way to look at what you have learned from our first glimpses of the cosmos. Let us
consider the history of the universe from the Big Bang to today and compress it, for easy reference, into a single
year. (We have borrowed this idea from Carl Sagan’s 1997 Pulitzer Prize-winning book, The Dragons of Eden.)

On this scale, the Big Bang happened at the first moment of January 1, and this moment, when you are
reading this chapter would be the end of the very last second of December 31. When did other events in the
development of the universe happen in this “cosmic year?” Our solar system formed around September 2, and

the first life appeared on Earth on September 21 as shown in Table 3.2.
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Table 3.2. On a cosmic calendar, where the time since the Big Bang is compressed into 1 year,
creatures we would call human do not emerge on the scene until the evening of December 31
(Data Source: Wikipedia).

Date Event

January 1 Big Bang Occurs

January 26 First Galaxies Form

March 16 Milky Way Galaxy Formed

May 13 Milky Way Galaxy Disk Formed
September 2 Formation of the Solar System
September 21 First Life on Earth

October 29 Oxygenation of Earth’s Atmosphere
December 5 First Multicellular Life

December 19 Fish and Proto-amphibians Appear
December 20 Land Plants Appear

December 25 Dinosaurs Appear

December 26 Mammals Appear

December 27 Birds (Avian Dinosaurs)

December 30 Dinosaurs Become Extinct
December 31, 10:24PM Humans Appear

Where does the origin of human beings fall during the course of this cosmic year? The answer turns out to
be the evening of December 31. The invention of the alphabet doesn’t occur until the fiftieth second of 11:59
p-m. on December 31. And the beginnings of modern astronomy are a mere fraction of a second before the
New Year. Seen in a cosmic context, the amount of time we have had to study the stars is minute, and our
success in piecing together as much of the story as we have is remarkable.

Certainly our attempts to understand the universe are not complete. As new technologies and new ideas
allow us to gather more and better data about the cosmos, our present picture of astronomy will very likely
undergo many changes. Still, as you read our current progress report on the exploration of the universe, take a

few minutes every once in a while just to savor how much you have already learned.
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3.5 KEY TERMS

Astronomical unit (AU): the average Earth-Sun distance. 3.1

Constellation: one of the 88 sections into which astronomers divide the sky, each named after a prominent
star pattern within it. 3.2

Interstellar dust: dust that, together with a sparse distribution of gas, collects into enormous clouds in
many places in the Galaxy, becoming the raw material for future generations of stars. 3.1

Milky Way Galaxy: a single collection of stars which contains the Sun, the stars visible to the unaided eye
from Earth, as well as hundreds of billions of other stars. 3.1

Moon: our nearest astronomical neighbour which is also Earth’s satellite. 3.1

Planet: a body of significant size that orbits a star and does not produce its own light. 3.1

Quasars: brilliant centres of galaxies, glowing with the light of an extraordinarily energetic process. 3.2

Star: a large body that consistently produces its own light. 3.1

Superclusters: when clusters of galaxies themselves form into larger groups. 3.2
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4.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn how to:

- ldentify and define the three fundamental components of a modern system for measuring
radiation from astronomical sources: telescope, wavelength-sorting instrument, and
detector.

« Summarize the historical development of astronomical telescopes, including their ancient
observatory origins and the impact of Galileo's telescope on our understanding of celestial
objects.

« (Calculate the light-collecting area of telescopes with different mirror diametres and
demonstrate the concept of increasing light collection with larger apertures.

- ldentify the technological advancements that enabled the construction of larger telescopes in
the decades starting from 1990.

. Assess the effectiveness of adaptive optics in correcting atmospheric distortions and
improving image quality in ground-based telescopes.

« Summarize the importance of using electronic equipment to detect radio waves from space
instead of relying on human senses.
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4.1 INTRODUCTION

There are three basic components of a modern system for measuring radiation from astronomical sources.
First, there is a telescope, which serves as a “bucket” for collecting visible light (or radiation at other
wavelengths, as shown in Figure 4.1. Just as you can catch more rain with a garbage can than with a coftee
cup, large telescopes gather much more light than your eye can. Second, there is an instrument attached to the
telescope that sorts the incoming radiation by wavelength. Sometimes the sorting is fairly crude. For example,
we might simply want to separate blue light from red light so that we can determine the temperature of a
star. But at other times, we want to see individual spectral lines to determine what an object is made of, or to
measure its speed . Third, we need some type of detector, a device that senses the radiation in the wavelength

regions we have chosen and permanently records the observations.
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Orion Region at Different Wavelengths

(@ (b) (©)

Figure 4.1. The same part of the sky looks different when observed with instruments that are sensitive to
different bands of the spectrum. (a) Visible light: this shows part of the Orion region as the human eye
sees it, with dotted lines added to show the figure of the mythical hunter, Orion. (b) X-rays: here, the view
emphasizes the point-like X-ray sources nearby. The colours are artificial, changing from yellow to white to
blue with increasing energy of the X-rays. The bright, hot stars in Orion are still seen in this image, but so
are many other objects located at very different distances, including other stars, star corpses, and galaxies
at the edge of the observable universe. () Infrared radiation: here, we mainly see the glowing dust in this
region. (credit a: modification of work by Howard McCallon/NASA/IRAS; credit b: modification of work by
Howard McCallon/NASA/IRAS; credit ¢: modification of work by Michael F. Corcoran; CC-BY-4.0)
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4.2 HISTORY OF TELESCOPES

The history of the development of astronomical telescopes is about how new technologies have been applied
to improve the efficiency of these three basic components: the telescopes, the wavelength-sorting device, and
the detectors. Let’s first look at the development of the telescope.

Many ancient cultures built special sites for observing the sky as shown in Figure 4.2. At these ancient
observatories, they could measure the positions of celestial objects, mostly to keep track of time and date.
Many of these ancient observatories had religious and ritual functions as well. The eye was the only device
available to gather light, all of the colours in the light were observed at once, and the only permanent record of

the observations was made by human beings writing down or sketching what they saw.

Two Pre-Telescopic Observatories

(@) (b)

Figure 4.2. (a) Machu Picchu is a fifteenth century Incan site located in Peru. (b) Stonehenge, a
prehistoric site (3000-2000 BCE), is located in England.

(a): Peru Machu Picchu Sunrise 2 by Allard Schmidt, CCO 1.0.

(b): Stonehenge Closeup by Daveahern, CCO 1.0.

While Hans Lippershey, Zaccharias Janssen, and Jacob Metius are all credited with the invention of the
telescope around 1608—applying for patents within weeks of each other—it was Galileo who, in 1610, used

this simple tube with lenses (which he called a spyglass) to observe the sky and gather more light than his eyes
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alone could. Even his small telescope—used over many nights—revolutionized ideas about the nature of the

planets and the position of Earth.
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4.3 HOW TELESCOPES WORK

Telescopes have come a long way since Galileo’s time. Now they tend to be huge devices; the most expensive
cost hundreds of millions to billions of dollars. (To provide some reference point, however, keep in mind
that just renovating college football stadiums typically costs hundreds of millions of dollars—with the most
expensive recent renovation, at Texas A&M University’s Kyle Field, costing $450 million.) The reason
astronomers keep building bigger and bigger telescopes is that celestial objects—such as planets, stars, and
galaxies—send much more light to Earth than any human eye (with its tiny opening) can catch, and bigger
telescopes can detect fainter objects. If you have ever watched the stars with a group of friends, you know that
there’s plenty of starlight to go around; each of you can see each of the stars. If a thousand more people were
watching, each of them would also catch a bit of each star’s light. Yet, as far as you are concerned, the light
not shining into your eye is wasted. It would be great if some of this “wasted” light could also be captured and
brought to your eye. This is precisely what a telescope does.

The most important functions of a telescope are (1) to collect the faint light from an astronomical source and
(2) to focus all the light into a point or an image. Most objects of interest to astronomers are extremely faint: the
more light we can collect, the better we can study such objects. (And remember, even though we are focusing
on visible light first, there are many telescopes that collect other kinds of electromagnetic radiation.)

Telescopes that collect visible radiation use a lens or mirror to gather the light. Other types of telescopes may
use collecting devices that look very different from the lenses and mirrors with which we are familiar, but they
serve the same function. In all types of telescopes, the light-gathering ability is determined by the area of the
device acting as the light-gathering “bucket.” Since most telescopes have mirrors or lenses, we can compare their
light-gathering power by comparing the apertures, or diametres, of the opening through which light travels or
reflects.

The amount of light a telescope can collect increases with the size of the aperture. A telescope with a mirror
that is 4 metres in diameter can collect 16 times as much light as a telescope that is 1 meter in diameter. (The

diameter is squared because the area of a circle equals wd? / 4, where d is the diameter of the circle.)
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Example 4.1

Calculating the Light-Collecting Area

What is the area of a 1 m diameter telescope? A 4 m diameter one?

Solution
Using the equation for the area of a circle,

A— md”
4
the area of a 1 m telescope is
rd>  7w(1m)
= = 0.79 m’
1 1 o
and the area of a 4 m telescope is
d? (4 m)?
md _ B 6m?
4 4
Exercise 4.1

Show that the ratio of the two areasis 16 : 1.

Solution
12.6 m?
0.79 m?

of a 1 m telescope.

— 16 . Therefore, with 16 times the area, a 4 m telescope collects 16 times the light

After the telescope forms an image, we need some way to detect and record it so that we can measure,
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reproduce, and analyze the image in various ways. Before the nineteenth century, astronomers simply viewed
images with their eyes and wrote descriptions of what they saw. This was very inefficient and did not lead to
a very reliable long-term record; you know from crime shows on television that eyewitness accounts are often
inaccurate.

In the nineteenth century, the use of photography became widespread. In those days, photographs were a
chemical record of an image on a specially treated glass plate. Today, the image is generally detected with sensors
similar to those in digital cameras, recorded electronically, and stored in computers. This permanent record
can then be used for detailed and quantitative studies. Professional astronomers rarely look through the large

telescopes that they use for their research.
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4.4 REFRACTION VS, REFLECTION

Whether or not you wear glasses, you see the world through lenses; they are key elements of your eyes. A lens is
a transparent piece of material that bends the rays of light passing through it. If the light rays are parallel as they
enter, the lens brings them together in one place to form an image as shown in Figure 4.3. If the curvatures of
the lens’ surfaces are just right, all parallel rays of light (say, from a star) are bent, or refracted, in such a way that
they converge toward a point, called the focus of the lens. At the focus, an image of the light source appears.
In the case of parallel light rays, the distance from the lens to the location where the light rays focus, or image,

behind the lens is called the focal length of the lens.

Formation of an Image by a Simple Lens

Focal length

Figure 4.3. Parallel rays from a distant source are bent by the convex lens so that they all come together in
a single place (the focus) to form an image. Image by Open Stax, CC BY 4.0
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As you look at Figure 4.3, you may ask why two rays of light from the same star would be parallel to each other.
After all, if you draw a picture of star shining in all directions, the rays of light coming from the star don’t look
parallel at all. But remember that the stars (and other astronomical objects) are all extremely far away. By the
time the few rays of light pointed toward us actually arrive at Earth, they are, for all practical purposes, parallel
to each other. Put another way, any rays that were 7ot parallel to the ones pointed at Earth are now heading in
some very different direction in the universe.

To view the image formed by the lens in a telescope, we use an additional lens called an eyepiece. The
eyepiece focuses the image at a distance that is either directly viewable by a human or at a convenient place for a
detector. Using different eyepieces, we can change the magnification (or size) of the image and also redirect the
light to a more accessible location. Stars look like points of light, and magnifying them makes little difference,
but the image of a planet or a galaxy, which has structure, can often benefit from being magnified.

Many people, when thinking of a telescope, picture a long tube with a large glass lens at one end. This
design, which uses a lens as its main optical element to form an image, as we have been discussing, is known
as a refractor, as shown in Figure 4.4, and a telescope based on this design is called a refracting telescope.
Galileo’s telescopes were refractors, as are today’s binoculars and field glasses. However, there is a limit to
the size of a refracting telescope. The largest one ever built was a 49-inch refractor built for the Paris 1900
Exposition, and it was dismantled after the Exposition. Currently, the largest refracting telescope is the 40-inch

refractor at Yerkes Observatory in Wisconsin.
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Refracting and Reflecting Telescopes

Starlight
Starlight

Mirror

Lens

To eye
Refractor Reflector

Figure 4.4. Light enters a refracting telescope through a lens at the upper end, which focuses the light
near the bottom of the telescope. An eyepiece then magnifies the image so that it can be viewed by the
eye, or a detector like a photographic plate can be placed at the focus. The upper end of a reflecting
telescope is open, and the light passes through to the mirror located at the bottom of the telescope. The
mirror then focuses the light at the top end, where it can be detected. Alternatively, as in this sketch, a
second mirror may reflect the light to a position outside the telescope structure, where an observer can
have easier access to it. Professional astronomers’ telescopes are more complicated than this, but they
follow the same principles of reflection and refraction. Image by Open Stax, CC BY 4.0

One problem with a refracting telescope is that the light must pass through the lens of a refractor. That means
the glass must be perfect all the way through, and it has proven very difficult to make large pieces of glass
without flaws and bubbles in them. Also, optical properties of transparent materials change a little bit with the
wavelengths (or colours) of light, so there is some additional distortion, known as chromatic aberration. Each

wavelength focuses at a slightly different spot, causing the image to appear blurry.
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In addition, since the light must pass through the lens, the lens can only be supported around its edges (just
like the frames of our eyeglasses). The force of gravity will cause a large lens to sag and distort the path of the
light rays as they pass through it. Finally, because the light passes through it, both sides of the lens must be
manufactured to precisely the right shape in order to produce a sharp image.

A different type of telescope uses a concave primary mirror as its main optical element. The mirror is
curved like the inner surface of a sphere, and it reflects light in order to form an image as shown in Figure 4.4.
Telescope mirrors are coated with a shiny metal, usually silver, aluminum, or, occasionally, gold, to make them
highly reflective. If the mirror has the correct shape, all parallel rays are reflected back to the same point, the
focus of the mirror. Thus, images are produced by a mirror exactly as they are by a lens.

Telescopes designed with mirrors avoid the problems of refracting telescopes. Because the light is reflected
from the front surface only, flaws and bubbles within the glass do not affect the path of the light. In a telescope
designed with mirrors, only the front surface has to be manufactured to a precise shape, and the mirror
can be supported from the back. For these reasons, most astronomical telescopes today (both amateur and
professional) use a mirror rather than a lens to form an image; this type of telescope is called a reflecting
telescope. The first successful reflecting telescope was built by Isaac Newton in 1668.

In a reflecting telescope, the concave mirror is placed at the bottom of a tube or open framework. The mirror
reflects the light back up the tube to form an image near the front end at a location called the prime focus.
The image can be observed at the prime focus, or additional mirrors can intercept the light and redirect it to a
position where the observer can view it more easily as shown in Figure 4.5. Since an astronomer at the prime
focus can block much of the light coming to the main mirror, the use of a small secondary mirror allows more

light to get through the system.
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Focus Arrangements for Reflecting Telescopes

Prime focus Newtonian focus Cassegrain focus

Figure 4.5. Reflecting telescopes have different options for where the light is brought to a focus. With
prime focus, light is detected where it comes to a focus after reflecting from the primary mirror. With
Newtonian focus, light is reflected by a small secondary mirror off to one side, where it can be detected
(see also [link]). Most large professional telescopes have a Cassegrain focus in which light is reflected by
the secondary mirror down through a hole in the primary mirror to an observing station below the
telescope. Image by Open Stax, CCBY 4.0

Choosing Your Own Telescope

If the astronomy course you are taking whets your appetite for exploring the sky further, you
may be thinking about buying your own telescope. Many excellent amateur telescopes are
available, and some research is required to find the best model for your needs. Some good
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sources of information about personal telescopes are the two popular US magazines aimed at
amateur astronomers: Sky & Telescope and Astronomy. Both carry regular articles with advice,
reviews, and advertisements from reputable telescope dealers.

Some of the factors that determine which telescope is right for you depend upon your
preferences:

- Will you be setting up the telescope in one place and leaving it there, or do you want an
instrument that is portable and can come with you on outdoor excursions? How portable
should it be, in terms of size and weight?

- Do you want to observe the sky with your eyes only, or do you want to take
photographs? (Long-exposure photography, for example, requires a good clock drive to
turn your telescope to compensate for Earth’s rotation.)

- What types of objects will you be observing? Are you interested primarily in comets,
planets, star clusters, or galaxies, or do you want to observe all kinds of celestial sights?

You may not know the answers to some of these questions yet. For this reason, you may want
to “test-drive” some telescopes first. Most communities have amateur astronomy clubs that
sponsor star parties open to the public. The members of those clubs often know a lot about
telescopes and can share their ideas with you. Your instructor may know where the nearest
amateur astronomy club meets: or, to find a club near you, use a good search engine. In
Canada, the Royal Astronomical Society of Canada keeps an up to date list. The Vancouver
chapter is Jennifer Kirkey's favourite. https://www.rasc.ca/

Furthermore, you may already have an instrument like a telescope at home (or have access to
one through a relative or friend). Many amateur astronomers recommend starting your survey
of the sky with a good pair of binoculars. These are easily carried around and can show you
many objects not visible (or clear) to the unaided eye.

When you are ready to purchase a telescope, you might find the following ideas useful:

« The key characteristic of a telescope is the aperture of the main mirror or lens; when
someone says they have a 6-inch or 8-inch telescope, they mean the diameter of the
collecting surface. The larger the aperture, the more light you can gather, and the fainter
the objects you can see or photograph.

. Telescopes of a given aperture that use lenses (refractors) are typically more expensive
than those using mirrors (reflectors) because both sides of a lens must be polished to
great accuracy. And, because the light passes through it, the lens must be made of high-
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quality glass throughout. In contrast, only the front surface of a mirror must be accurately
polished.

« Magpnification is not one of the criteria on which to base your choice of a telescope. As we
discussed, the magnification of the image is done by a smaller eyepiece, so the
magnification can be adjusted by changing eyepieces. However, a telescope will magnify
not only the astronomical object you are viewing but also the turbulence of Earth’s
atmosphere. If the magnification is too high, your image will shimmer and shake and be
difficult to view. A good telescope will come with a variety of eyepieces that stay within
the range of useful magnification.

« The mount of a telescope (the structure on which it rests) is one of its most critical
elements. Because a telescope shows a tiny field of view, which is magnified significantly,
even the smallest vibration or jarring of the telescope can move the object you are
viewing around or out of your field of view. A sturdy and stable mount is essential for
serious viewing or photography (although it clearly affects how portable your telescope
can be).

. Atelescope requires some practice to set up and use effectively. Don't expect everything
to go perfectly on your first try. Take some time to read the instructions. If a local
amateur astronomy club is nearby, use it as a resource.

Attribution

“6.1 Telescopes” from Douglas College Astronomy 1105 by Douglas College Department of Physics and
Astronomy, is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted. Adapted from Astronomy 2e.
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4.5 MODERN OBSERVATORIES

Since Newton’s time, when the sizes of the mirrors in telescopes were measured in inches, reflecting telescopes
have grown ever larger. In 1948, US astronomers built a telescope with a 5-meter (200-inch) diameter mirror
on Palomar Mountain in Southern California. It remained the largest visible-light telescope in the world for
several decades. The giants of today, however, have primary mirrors (the largest mirrors in the telescope) that

are 8- to 10-metres in diameter, and larger ones are being built as shown in Figure 4.6.

Large Telescope Mirror

Figure 4.6. This image shows one of the primary mirrors of the European Southern Observatory's Very
Large Telescope, named Yepun, just after it was recoated with aluminum. The mirror is a little over 8
metres in diameter.

Recoating Yepun's mirror by ESO/G. Huedepohl, CC BY 4.0.
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Modern Visible-Light and Infrared Telescopes

The decades starting in 1990 saw telescope building around the globe grow at an unprecedented rate. (See
Table 4.1, which also includes websites for each telescope in case you want to visit or learn more about
them.) Technological advancements had finally made it possible to build telescopes significantly larger than the

S-meter telescope at Palomar at a reasonable cost. New technologies have also been designed to work well in the

infrared, and not just visible, wavelengths.
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Table 4.1. Large Single-Dish Visible-Light and Infrared Telescopes

(LSST)

Aperture | Telescope Location Status Website
(m) Name
European
Extremely Cerro First light
39 Large Armazonas, | 2025 www.eso.org/sci/facilities/eelt
Telescope Chile (estimated)
(E-ELT)
Thirty-Meter First light
30 Telescope I\H/[f una Kea, 2025 WWW.tmt.org
(TMT) (estimated)
ﬁiantu n Iéasm a First light
24.5 agera ampatias 2025 WWW.gmto.org
Telescope Observatory, (estimated)
(GMT) Chile estimate
Southern
. Sutherland,
11.1x African Large South 2005 www.salt.ac.za
9.9 Telescope Afri
(SALT) rica
Gran
La Palma
Telescopio ’ First light ) .
10.4 Canarias Ef:;aéz 2007 http://www.gtc.iac.es
(GTC)
10.0 geck Tand II Mauna Kea, | Completed keckobservat .
. WO oI 1993296 www.keckobservatory.org
telescopes)
Hobby-Eberly | ro e Completed
9.1 Telescope www.as.utexas.edu/mcdonald/het
Locke, TX 1997
(HET)
Large
Binocular o
Mount First light
8.4 Telescope 8 www.lbto.org
(LBT) (two Graham, AZ | 2004
telescopes)
Large Synoptic The Cerro
Survey X First light
8.4 Pachén, www.Isst.org
Telescope Chile 2021
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Aperture | Telescope Location Status Website
(m) Name
33 Subaru Mauna Kea, | First light a0 .o
) Telescope HI 1998 WWW-N20).018
Very Large Cerro ‘tA}l four
8.2 Telescope Paranal, ; rericcl)pteil www.eso.org/public/teles-instr/paranal
(VLI) Chile ;‘(’)Og’ ete
Mauna Kea, | Firstlight
Gemini North HI (North) | 1999
. and Cerro (North), .
8.1 and Gemini . . www.gemini.edu
Pachén, First light
South .
Chile 2000
(South) (South)
Magellan
;l;elescopes Las First light
6.5 wo Campanas, | 2000 and obs.carnegiescience.edu/Magellan
telescopes: Chile 2002
Baade and
Landon Clay)
Multi-Mirror | Mount Completed
6.5 Telescope Hopkins, 1 9079p cte WWW.MMmto.org
(MMT) AZ
Big Telescope | Mount Completed
6.0 Altazimuth Pastukhov, 1 907 6p ¢ Ww0.sa0.ru/Doc-en/ Telescopes/bta/descrip.html
(BTA-6) Russia
Mount Completed
5.1 Hale Telescope | Palomar, 1948 www.astro.caltech.edu/palomar/about/telescopes/hale.html
CA

The differences between the Palomar telescope and the modern Gemini North telescope (to take an example)

are easily seen in Figure 4.7. The Palomar telescope is a massive steel structure designed to hold the 14.5-ton

primary mirror with a S-meter diameter. Glass tends to sag under its own weight; hence, a huge steel structure

is needed to hold the mirror. A mirror 8 metres in diameter, the size of the Gemini North telescope, if it were

built using the same technology as the Palomar telescope, would have to weigh at least eight times as much and

would require an enormous steel structure to support it.
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Modern Reflecting Telescopes - Hale and Gemini

(b)

Figure 4.7. (a) The Palomar 5-meter reflector: The Hale telescope on Palomar Mountain has a complex
mounting structure that enables the telescope (in the open “tube” pointing upward in this photo) to swing
easily into any position. (b) The Gemini North 8-meter telescope: The Gemini North mirror has a larger
area than the Palomar mirror, but note how much less massive the whole instrument seems.

(a): Hale Telescope, Palomar Observatory by NASA/JPL, NASA Media Licence.

(b:) Gemini North Telescope by Gemini Observatory/AURA, CC BY 4.0.

The 8-meter Gemini North telescope looks like a featherweight by contrast, and indeed it is. The mirror is
only about 8 inches thick and weighs 24.5 tons, less than twice as much as the Palomar mirror. The Gemini
North telescope was completed about 50 years after the Palomar telescope. Engineers took advantage of new
technologies to build a telescope that is much lighter in weight relative to the size of the primary mirror. The
Gemini mirror does sag, but with modern computers, it is possible to measure that sag many times each second
and apply forces at 120 different locations to the back of the mirror to correct the sag, a process called active
control. Seventeen telescopes with mirrors 6.5 metres in diameter and larger have been constructed since 1990.

The twin 10-meter Keck telescopes on Mauna Kea, which were the first of these new-technology

instruments, use precision control in an entirely novel way. Instead of a single primary mirror 10 metres in
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diameter, each Keck telescope achieves its larger aperture by combining the light from 36 separate hexagonal
mirrors, each 1.8 metres wide as shown in Figure 4.8. Computer-controlled actuators (motors) constantly
adjust these 36 mirrors so that the overall reflecting surface acts like a single mirror with just the right shape to

collect and focus the light into a sharp image.

Thirty-Six Eyes Are Better Than One

I1—

Figure 4.8. The mirror of the 10-meter Keck telescope is composed of 36 hexagonal sections.
Primary Mirror of Keck Telescope by z2amiller, CC BY-SA 2.0.

Learn more about the Keck Observatory on Mauna Kea through this link.

In addition to holding the mirror, the steel structure of a telescope is designed so that the entire telescope can

be pointed quickly toward any object in the sky. Since Earth is rotating, the telescope must have a motorized
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drive system that moves it very smoothly from east to west at exactly the same rate that Earth is rotating from
west to east, so it can continue to point at the object being observed. All this machinery must be housed in
a dome to protect the telescope from the elements. The dome has an opening in it that can be positioned in

front of the telescope and moved along with it, so that the light from the objects being observed is not blocked.

George Ellery Hale: Master Telescope Builder

George Ellery Hale, shown in Figure 4.9, was a giant among early telescope builders. Not once, but four times,
he initiated projects that led to the construction of what was the world’s largest telescope at the time. And he

was a master at winning over wealthy benefactors to underwrite the construction of these new instruments.
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George Ellery Hale (1868-1938)



118 | 4.5 MODERN OBSERVATORIES

Figure 4.9. Hale's work led to the construction of several major telescopes,
including the 40-inch refracting telescope at Yerkes Observatory, and three
reflecting telescopes: the 60-inch Hale and 100-inch Hooker telescopes at Mount
Wilson Observatory, and the 200-inch Hale Telescope at Palomar Observatory.
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Photo in the Public Domain

Hale’s training and early research were in solar physics. In 1892, at age 24, he was named associate professor of
astral physics and director of the astronomical observatory at the University of Chicago. At the time, the largest
telescope in the world was the 36-inch refractor at the Lick Observatory near San Jose, California. Taking
advantage of an existing glass blank for a 40-inch telescope, Hale set out to raise money for a larger telescope
than the one at Lick. One prospective donor was Charles T. Yerkes, who, among other things, ran the trolley
system in Chicago.

Hale wrote to Yerkes, encouraging him to support the construction of the giant telescope by saying that “the
donor could have no more enduring monument. It is certain that Mr. Lick’s name would not have been nearly
so widely known today were it not for the famous observatory established as a result of his munificence.” Yerkes
agreed, and the new telescope was completed in May 1897; it remains the largest refractor in the world, it is

shown in Figure 4.10.
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World's Largest Refractor

Figure 4.10. The Yerkes 40-inch (1-meter) telescope.
Photo by Kb9vrg, CCO 1.0.

Even before the completion of the Yerkes refractor, Hale was not only dreaming of building a still larger
telescope but was also taking concrete steps to achieve that goal. In the 1890s, there was a major controversy

about the relative quality of refracting and reflecting telescopes. Hale realized that 40 inches was close to the
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maximum feasible aperture for refracting telescopes. If telescopes with significantly larger apertures were to be
built, they would have to be reflecting telescopes.

Using funds borrowed from his own family, Hale set out to construct a 60-inch reflector. For a site, he left
the Midwest for the much better conditions on Mount Wilson—at the time, a wilderness peak above the small
city of Los Angeles. In 1904, at the age of 36, Hale received funds from the Carnegie Foundation to establish
the Mount Wilson Observatory. The 60-inch mirror was placed in its mount in December 1908.

Two years earlier, in 1906, Hale had already approached John D. Hooker, who had made his fortune in
hardware and steel pipe, with a proposal to build a 100-inch telescope. The technological risks were substantial.
The 60-inch telescope was not yet complete, and the usefulness of large reflectors for astronomy had yet to be
demonstrated. George Ellery Hale’s brother called him “the greatest gambler in the world.” Once again, Hale
successfully obtained funds, and the 100-inch telescope was completed in November 1917. (It was with this
telescope that Edwin Hubble was able to establish that the spiral nebulae were separate islands of stars—or
galaxies—quite removed from our own Milky Way.)

Hale was not through dreaming. In 1926, he wrote an article in Harper’s Magazine about the scientific value
of a still larger telescope. This article came to the attention of the Rockefeller Foundation, which granted $6
million for the construction of a 200-inch telescope. Hale died in 1938, but the 200-inch (5-meter) telescope

on Palomar Mountain was dedicated 10 years later and is now named in Hale’s honour.

Picking the Best Observing Sites

A telescope like the Gemini or Keck telescope costs about $100 million to build. That kind of investment
demands that the telescope be placed in the best possible site. Since the end of the nineteenth century,
astronomers have realized that the best observatory sites are on mountains, far from the lights and pollution
of cities. Although a number of urban observatories remain, especially in the large cities of Europe, they have
become administrative centres or museums. The real action takes place far away, often on desert mountains
or isolated peaks in the Atlantic and Pacific Oceans, where we find the staff’s living quarters, computers,
electronic and machine shops, and of course the telescopes themselves. A large observatory today requires a
supporting staft of 20 to 100 people in addition to the astronomers.

The performance of a telescope is determined not only by the size of its mirror but also by its location.
Earth’s atmosphere, so vital to life, presents challenges for the observational astronomer. In at least four ways,

our air imposes limitations on the usefulness of telescopes:

1. The most obvious limitation is weather conditions such as clouds, wind, and rain. At the best sites, the
weather is clear as much as 75% of the time.

2. Even on a clear night, the atmosphere filters out a certain amount of starlight, especially in the infrared,
where the absorption is due primarily to water vapour. Astronomers therefore prefer dry sites, generally

found at high altitudes.
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3. The sky above the telescope should be dark. Near cities, the air scatters the glare from lights, producing
an illumination that hides the faintest stars and limits the distances that can be probed by telescopes.
(Astronomers call this effect light pollution.) Observatories are best located at least 100 miles from the
nearest large city.

4. Finally, the air is often unsteady; light passing through this turbulent air is disturbed, resulting in blurred
star images. Astronomers call these effects “bad seeing.” When seeing is bad, images of celestial objects

are distorted by the constant twisting and bending of light rays by turbulent air.

The best observatory sites are therefore high, dark, and dry. The world’s largest telescopes are found in such
remote mountain locations as the Andes Mountains of Chile as shown in Figure 4.11, the desert peaks of
Arizona, the Canary Islands in the Atlantic Ocean, and Mauna Kea in Hawaii, a dormant volcano with an
altitude of 13,700 feet (4200 metres).

Light pollution is a problem not just for professional astronomers but for everyone who wants
to enjoy the beauty of the night sky. In addition research is now showing that it can disrupt the
life cycle of animals with whom we share the urban and suburban landscape. And the light
wasted shining into the sky leads to unnecessary municipal expenses and use of fossil fuels.
Concerned people have formed an organization, the International Dark-Sky Association, whose
website is full of good information. A citizen science project called Globe at Night allows you to
measure the light levels in your community by counting stars and to compare it to others
around the world.
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High and Dry Site

Figure 4.11. Cerro Paranal, a mountain summit 2.7 kilometres above sea level in Chile's Atacama Desert, is
the site of the European Southern Observatory’s Very Large Telescope. This photograph shows the four
8-meter telescope buildings on the site and vividly illustrates that astronomers prefer high, dry sites for
their instruments. The 41-meter Visible and Infrared Survey Telescope for Astronomy (VISTA) can be seen
in the distance on the next mountain peak.

An aerial view of the Paranal Observatory in Chile by ESO/G.Hiidepohl, CC BY 4.0.

Attribution

“6.2 Telescopes Today” from Douglas College Astronomy 1105 by Douglas College Department of Physics
and Astronomy, is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted. Adapted from Astronomy 2e.
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4.6 CANADIAN TELESCOPES OF
HISTORICAL IMPORTANCE

Dominion Astrophysical Observatory in Victoria, British
Columbia, Canada

Since becoming operational in 1918, the 1.8 metre Plaskett has accumulated nearly a century of upgrades that
make it 10,000 times more sensitive than when it was first built. The 1.8-m Plaskett Telescope can perform
optical imaging as well as spectroscopy. The Observatory has been designated a national historic site because of
its important role in establishing Canada’s international scientific reputation in astronomy. Over the decades,
these telescopes have contributed significantly to our understanding of the rotation, size and mass of the Milky
Way, and of the rarefied interstellar medium between the stars. Recent projects include orbital determination
of comets and asteroids, spectroscopy of magnetic stars, and ongoing studies of distant quasars and galaxies.
A group called Friends of the Observatory is working to restore the glory of this telescope and conducts tours

and star parties in the summer (https://centreoftheuniverse.org/).
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Dominion Astrophysical Observatory

Figure 412. Dominion Astrophysical Observatory in Victoria, British Columbia, Canada
Dominion Astrophysical Observatory by Government of Canada, Public Domain.

David Dunlap Observatory in Richmond Hill, Ontario,
Canada

This opened in 1935. The David Dunlap Observatory (DDO) is the largest telescope in Canada. A number
of important studies have taken place here, including providing the first direct evidence that Cygnus X-1
was a black hole, pioneering measurements of the distance to globular clusters and the discovery that Polaris
was stabilizing. The DDO property was 76.5 hectares (189 acres) bordered by Hillsview Drive to the north,
Bayview Avenue to the east, 16th Avenue to the south and the Canadian National Railway Bala Line to the
west. The property was the site of a 19th century farmstead owned by Alexander Marsh, comprised of a brick

farmhouse, a lane from Yonge Street, agricultural fields with hedgerows and an orchard.
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The University of Toronto constructed the Observatory on the site. It included a dome, housing a 74-inch
(1.88m) reflector telescope, and an Administration Building, with three smaller telescope domes. When
construction was complete in 1935, the main telescope was the second largest in the world and the largest in
Canada.

On September 29, 2009, Richmond Hill Council designated the DDO Property as a “property of cultural

heritage value or interest” under Part IV, Section 29 of the Ontario Heritage Act.
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David Dunlap Observatory

Figure 413. The 74 inch telescope at the David Dunlap Observatory in Ontario, Canada.
Dunlap Observatory by John H. Martin, CC BY-SA 3.0.
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Attribution
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4.7 THE RESOLUTION OF A TELESCOPE

In addition to gathering as much light as they can, astronomers also want to have the sharpest images possible.
Resolution refers to the precision of detail present in an image: that is, the smallest features that can be
distinguished. Astronomers are always eager to make out more detail in the images they study, whether they
are following the weather on Jupiter or trying to peer into the violent heart of a “cannibal galaxy” that recently
ate its neighbour for lunch.

One factor that determines how good the resolution will be is the size of the telescope. Larger apertures
produce sharper images. Until very recently, however, visible-light and infrared telescopes on Earth’s surface
could not produce images as sharp as the theory of light said they should.

The problem—as we saw earlier in this chapter—is our planet’s atmosphere, which is turbulent. It contains
many small-scale blobs or cells of gas that range in size from inches to several feet. Each cell has a slightly
different temperature from its neighbour, and each cell acts like a lens, bending (refracting) the path of the light
by a small amount. This bending slightly changes the position where each light ray finally reaches the detector
in a telescope. The cells of air are in motion, constantly being blown through the light path of the telescope by
winds, often in different directions at different altitudes. As a result, the path followed by the light is constantly
changing.

For an analogy, think about watching a parade from a window high up in a skyscraper. You decide to throw
some confetti down toward the marchers. Even if you drop a handful all at the same time and in the same
direction, air currents will toss the pieces around, and they will reach the ground at different places. As we
described earlier, we can think of the light from the stars as a series of parallel beams, each making its way
through the atmosphere. Each path will be slightly different, and each will reach the detector of the telescope
at a slightly different place. The result is a blurred image, and because the cells are being blown by the wind, the
nature of the blur will change many times each second. You have probably noticed this effect as the “twinkling”
of stars seen from Earth. The light beams are bent enough that part of the time they reach your eye, and part of
the time some of them miss, thereby making the star seem to vary in brightness. In space, however, the light of
the stars is steady.

Astronomers search the world for locations where the amount of atmospheric blurring, or turbulence, is as
small as possible. It turns out that the best sites are in coastal mountain ranges and on isolated volcanic peaks
in the middle of an ocean. Air that has flowed long distances over water before it encounters land is especially
stable.

The resolution of an image is measured in units of angle on the sky, typically in units of arcseconds. One
arcsecond is 1/3600 degree, and there are 360 degrees in a full circle. So we are talking about tiny angles on the

sky. To give you a sense of just how tiny, we might note that 1 arcsecond is how big a quarter would look when
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seen from a distance of 5 kilometres. The best images obtained from the ground with traditional techniques
reveal details as small as several tenths of an arcsecond across. This image size is remarkably good. One of the
main reasons for launching the Hubble Space Telescope was to escape Earth’s atmosphere and obtain even

sharper images.

Attribution
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4.8 OPTICAL DETECTORS AND ADAPTIVE
OPTICS

Throughout most of the twentieth century, photographic film or glass plates served as the prime astronomical
detectors, whether for photographing spectra or direct images of celestial objects. In a photographic plate, a
light-sensitive chemical coating is applied to a piece of glass that, when developed, provides a lasting record of
the image. At observatories around the world, vast collections of photographs preserve what the sky has looked
like during the past 100 years. Photography represents a huge improvement over the human eye, but it still
has limitations. Photographic films are ineflicient: only about 1% of the light that actually falls on the film
contributes to the chemical change that makes the image; the rest is wasted.

Astronomers today have much more efficient electronic detectors to record astronomical images. Most
often, these are charge-coupled devices (CCDs), which are similar to the detectors used in video camcorders
or in digital cameras (like the one more and more students have on their cell phones). In a CCD, photons of
radiation hitting any part of the detector generate a stream of charged particles (electrons) that are stored and
counted at the end of the exposure. Each place where the radiation is counted is called a pixel (picture element),

and modern detectors can count the photons in millions of pixels (megapixels, or MPs).
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Charge-Coupled Devices (CCDs)

(a) (b)

Figure 4.14. (a) This CCD is a mere 300-micrometres thick (thinner than a human hair) yet holds more than
21 million pixels. (b) This matrix of 42 CCDs serves the Kepler telescope.

(): Fabrication run 3 (100 mm wafers) by Berkeley Lab/US Department of Energy, Berkeley Lab Media
Licence.

(b): Kepler Focal Plane Array by NASA/Ball Aerospace, NASA Media Licence.

Because CCDs typically record as much as 60-70% of all the photons that strike them, and the best silicon and
infrared CCDs exceed 90% sensitivity, we can detect much fainter objects. Among these are many small moons
around the outer planets, icy dwarf planets beyond Pluto, and dwarf galaxies of stars. CCDs also provide
more accurate measurements of the brightness of astronomical objects than photography, and their output is

digital—in the form of numbers that can go directly into a computer for analysis.

Charge-coupled devices are not only used for detailed astronomical observations but are also
the basis for most digital photography. Canadian physicist Willard S. Boyle (and American
George E. Smith) created the first CCD in 1969 at Bell Labs. They shared the 2009 Nobel Prize in
Physics for this new “electronic eye” along with Charles K. Kao for his work on fibre optic
technology.
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Figure 415. Willard S. Boyle.
Willard Boyle by Prolineserver, CC BY-SA 3.0.

Willard Boyle was born in 1924 in Amherst, Nova Scotia. He completed his education at McGill
University with a Doctorate in Physics in 1950 after flying Spitfire fighter planes for the Royal
Canadian Navy. Besides inventing the CCD, Willard was a co-creator of the first continuously
operating ruby laser. He also worked as the Director of Space Science and Exploratory Studies
at Bellcom (a division of Bell Labs) and supported the Apollo space program. Specifically, Willard
aided in the selection of certain lunar landing sites during the 1960s. Willard worked on 18
patents during his career at Bell Labs and won several other awards for his work. In 2010, he
was appointed a Companion to the Order of Canada before passing in 2011.

When fast-acting cameras, and faster-acting computers, were developed in the 1970s and 1980s, some

astronomers began to think about ways to get around the blurring effects of the atmosphere. They have

developed several approaches to the problem, but all are given the name adaptive optics.

The basic idea sounds pretty simple:

. take a quick picture of a bright object with a “fast camera”

A
B. measure quantitatively how imperfect the image is
C.
D
E

figure out how the atmosphere must be distorting the light rays right now

. using an active optical element, distort the light rays in exactly the OPPOSITE manner

. focus the un-distorted light rays on a “slow camera”

The first thing one needs is a “fast camera”, because the motion of the air changes the distortion of light rays

many times each second. Typical “fast cameras” run at video rate—30 times per second—or even faster; some

take over 1000 frames per second!

What sort of thing is an active optical element? There are several different types, but most are basically

flexible mirrors with lots of little actuators to bend them. Some are small:
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Liquid Mirror

Figure 4.16.

and others are large:
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Mirror on the MMT

Figure 4.17. Secondary mirror on the MMT, from a talk by Laird Close

How well can these systems correct the air’s distortions? Pretty darn well! It turns out to be easier for light
of long wavelengths, in the near-infrared portion of the spectrum. Let’s look at one example, taken with the

MMT, a telescope of diameter roughly D = 6.5 m, at a wavelength of A = 1650 nm.
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Movie of Theta Ori 1

Figure 418. Movie of Theta Ori 1 observed by the MMT
courtesy of a talk by Laird Close. Clicking on image will
download AVI video file(213 MB, 40s duration).

Okay, let’s compare that to the actual performance:
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Performance of the MMT

e Theta 1 Ori B
AO ON MMT Adaptive Secondary

AO ON

Faint companion

Figure 4.19.

Recently, astronomers have managed to use adaptive optics to improve images in the optical regime, at

wavelengths we can see with our own eyes.

Attribution

“6.3 Visible-Light Detectors and Instruments” from Douglas College Astronomy 1105 by Douglas College
Department of Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International
License, except where otherwise noted. Adapted from Astronomy 2e.

“Removing the effect of the atmosphere” from Adpative Optics by Michael Richmond is licensed under
a Creative Commons Attribution Non-Commercial ShareAlike 4.0 International License, except where

otherwise noted.
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4.9 RADIO TELESCOPES AND
INTERFEROMETRY

In addition to visible and infrared radiation, radio waves from astronomical objects can also be detected from
the surface of Earth. In the early 1930s, Karl G. Jansky, an engineer at Bell Telephone Laboratories, was
experimenting with antennas for long-range radio communication when he encountered some mysterious
static—radio radiation coming from an unknown source as shown in Figure 4.20. He discovered that this
radiation came in strongest about four minutes earlier on each successive day and correctly concluded that
since Earth’s sidereal rotation period (how long it takes us to rotate relative to the stars) is four minutes shorter
than a solar day, the radiation must be originating from some region fixed on the celestial sphere. Subsequent
investigation showed that the source of this radiation was part of the Milky Way Galaxy; Jansky had discovered

the first source of cosmic radio waves.
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First Radio Telescope

Figure 4.20. This rotating radio antenna was used by Jansky in his serendipitous discovery of radio
radiation from the Milky Way.
Karl Jansky and his Merry-go-Round by NRAO/AUI/NSF, NRAO Image Use Policy.

In 1936, Grote Reber, who was an amateur astronomer interested in radio communications, used galvanized
iron and wood to build the first antenna specifically designed to receive cosmic radio waves. Over the years,
Reber built several such antennas and used them to carry out pioneering surveys of the sky for celestial
radio sources; he remained active in radio astronomy for more than 30 years. During the first decade, he
worked practically alone because professional astronomers had not yet recognized the vast potential of radio

astronomy.
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Detection of Radio Energy from Space

It is important to understand that radio waves cannot be “heard”: they are not the sound waves you hear
coming out of the radio receiver in your home or car. Like light, radio waves are a form of electromagnetic
radiation, but unlike light, we cannot detect them with our senses—we must rely on electronic equipment to
pick them up. In commercial radio broadcasting, we encode sound information (music or a newscaster’s voice)
into radio waves. These must be decoded at the other end and then turned back into sound by speakers or
headphones.

The radio waves we receive from space do not, of course, have music or other program information encoded
in them. If cosmic radio signals were translated into sound, they would sound like the static you hear when
scanning between stations. Nevertheless, there is information in the radio waves we receive—information that
can tell us about the chemistry and physical conditions of the sources of the waves.

Just as vibrating charged particles can produce electromagnetic waves, electromagnetic waves can make
charged particles move back and forth. Radio waves can produce a current in conductors of electricity such
as metals. An antenna is such a conductor: it intercepts radio waves, which create a feeble current in it.
The current is then amplified in a radio receiver undil it is strong enough to measure or record. Like your
television or radio, receivers can be tuned to select a single frequency (channel). In astronomy, however, it
is more common to use sophisticated data-processing techniques that allow thousands of separate frequency
bands to be detected simultaneously. Thus, the astronomical radio receiver operates much like a spectrometer
on a visible-light or infrared telescope, providing information about how much radiation we receive at each
wavelength or frequency. After computer processing, the radio signals are recorded on magnetic disks for
further analysis.

Radio waves are reflected by conducting surfaces, just as light is reflected from a shiny metallic surface, and
according to the same laws of optics. A radio-reflecting telescope consists of a concave metal reflector (called a
dish), analogous to a telescope mirror. The radio waves collected by the dish are reflected to a focus, where they
can then be directed to a receiver and analyzed. Because humans are such visual creatures, radio astronomers
often construct a pictorial representation of the radio sources they observe. Figure 4.21 shows such a radio
image of a distant galaxy, where radio telescopes reveal vast jets and complicated regions of radio emissions that

are completely invisible in photographs taken with light.
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Radio Image of a Galaxy in Cygnus A

Figure 4.21. This image has been constructed of radio observations at the Very Large Array of a
galaxy called Cygnus A. Colours have been added to help the eye sort out regions of different
radio intensities. Red regions are the most intense, blue the least. The visible galaxy would be a
small dot in the centre of the image. The radio image reveals jets of expelled material (more
than 160,000 light-years long) on either side of the galaxy.

Cygnus A (3C405) by NRAO/AUI, adapted by Mhardcastle, CC BY-SA 3.0.

Radio astronomy is a young field compared with visible-light astronomy, but it has experienced tremendous
growth in recent decades. The world’s largest radio reflectors that can be pointed to any direction in the sky
have apertures of 100 metres. One of these has been built at the US National Radio Astronomy Observatory

in West Virginia as shown in Figure 4.22. Table 4.2 lists some of the major radio telescopes of the world.
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Robert C. Byrd Green Bank Telescope

Figure 4.22. This fully steerable radio telescope in West Virginia went into operation in August 2000. Its
dish is about 100 metres across.
Green Bank 100m diameter Radio Telescope by NRAQ/AUI, CC BY 3.0.
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Table 4.2. Major Radio Observatories of the World

Observatory

Location

Description

‘Website

Individual Radio Dishes

Arecibo, Puerto

Arecibo Observatory Rico 305-m fixed dish www.naic.edu
Green Bank Telescope 110 x 100-m steerable . e
(GBT) Green Bank, WV dish www.science.nrao.edu/facilities/gbt

Eftelsberg 100-m Telescope

Bonn, Germany

100-m steerable dish

www.mpifr-bonn.mpg.de/en/

effelsberg

Manchester,

Lovell Telescope E 76-m steerable dish www.jb.man.ac.uk/aboutus/lovell
ngland
Canberra .Dee.p Space Tidbinbilla, .
Communication Complex ) 70-m steerable dish www.cdscc.nasa.gov
Australia
(CDSCCQ)
Goldstone Deep Space
Communications Complex | Barstow, CA 70-m steerable dish www.gdscc.nasa.gov
(GDSCC)
Parkes Observatory Parkes, Australia 64-m steerable dish www.parkes.atnf.csiro.au

Arrays of Radio Dishes

Thousands of dishes, km?

Square Kilometre Array South Africa and . :
(SKA) Western Australia | collecting area, partial www.skatelescope.org
array in 2020
Atacama Large Millimeter/ Atacama desert
submillimeter Array Northern Chile | €6 7-m and 12-m dishes www.almaobservatory.org
(ALMA)
Socorro, New 27-element array of 25-m . .y
Very Large Array (VLA) Mexico dishes (36-km baseline) www.science.nrao.edu/facilities/vla
Westerbork Synthesis Radio | Westerbork, the 12-element array of 25-m | www.astron.nl/radio-observatory/
Telescope (WSRT) Netherlands dishes (1.6-km baseline) public/public-0
Very Long Baseline Array ;fe?hU%is;tei;, HL | 1 0-clement array of 25-m ience.nrao.cdu/facilities/vib
(VLBA) I?lanis & dishes (9000 km baseline) | 7' > CIEHCEHTA0-cAUTACTIHES/ VDA
. N 8-element array (seven
Australia Telescope Several sites in . Y . .
. 22-m dishes plus Parkes 64 | www.narrabri.atnf.csiro.au
Compact Array (ATCA) Australia m)
Multi-Element Radio Cambridge, ,
Linked Interferometer England, and Network of seven dishes www.e-merlin.ac.uk

Network (MERLIN)

other British sites

(the largest is 32 m)

Millimeter-wave Telescopes
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Observatory Location Description Website

. 30-m steerable mm-wave . I
IRAM Granada, Spain dish www.iram-institute.org
%tzzg:%{g{l&%eﬂ Mauna Kea, HI CIhSS-}Iln steerable mm-wave www.eaobservatory.org/jemt
Nobeyama Radio Minamimaki, 6-element array of 10-m nron - Jen
Observatory (NRO) Japan wave dishes AIro-nao-acjpre
Hat Creek Radio Cassel. CA 6-element array of 5-m ) ijirzi.ecirfr;/;ﬁiieasr/ch—develop ment/
Observatory (HCRO) < wave dishes pee e

hat-creek-radio-observatory

Radio Interferometry

As we discussed earlier, a telescope’s ability to show us fine detail (its resolution) depends upon its aperture,
but it also depends upon the wavelength of the radiation that the telescope is gathering. The longer the waves,
the harder it is to resolve fine detail in the images or maps we make. Because radio waves have such long
wavelengths, they present tremendous challenges for astronomers who need good resolution. In fact, even the
largest radio dishes on Earth, operating alone, cannot make out as much detail as the typical small visible-
light telescope used in a college astronomy lab. To overcome this difficulty, radio astronomers have learned to
sharpen their images by linking two or more radio telescopes together electronically. Two or more telescopes
linked together in this way are called an interferometer.

“Interferometer” may seem like a strange term because the telescopes in an interferometer work
cooperatively; they don’t “interfere” with each other. Interference, however, is a technical term for the way
that multiple waves interact with each other when they arrive in our instruments, and this interaction allows us
to coax more detail out of our observations. The resolution of an interferometer depends upon the separation
of the telescopes, not upon their individual apertures. Two telescopes separated by 1 kilometre provide the
same resolution as would a single dish 1 kilometre across (although they are not, of course, able to collect as
much radiation as a radio-wave bucket that is 1 kilometre across).

To get even better resolution, astronomers combine a large number of radio dishes into an interferometer
array. In effect, such an array works like a large number of two-dish interferometres, all observing the same
part of the sky together. Computer processing of the results permits the reconstruction of a high-resolution
radio image. The most extensive such instrument in the United States is the National Radio Astronomy
Observatory’s Very Large Array (VLA) near Socorro, New Mexico. It consists of 27 movable radio telescopes
(on railroad tracks), each having an aperture of 25 metres, spread over a total span of about 36 kilometres.
By electronically combining the signals from all of its individual telescopes, this array permits the radio
astronomer to make pictures of the sky at radio wavelengths comparable to those obtained with a visible-light

telescope, with a resolution of about 1 arcsecond.
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The Atacama Large Millimetre/submillimetre array (ALMA) in the Atacama Desert of Northern Chile as
shown in Figure 4.23, at an altitude of 16,400 feet, consists of 12 7-meter and 54 12-meter telescopes, and
can achieve baselines up to 16 kilometres. Since it became operational in 2013, it has made observations at

resolutions down to 6 milliarcseconds (0.006 arcseconds), a remarkable achievement for radio astronomy.

Atacama Large Millimeter/Submillimeter Array (ALMA)

Figure 4.23. Located in the Atacama Desert of Northern Chile, ALMA currently provides the highest
resolution for radio observations.
ALMA by ESO/S. Guisard, CC BY 4.0.

Watch this documentary from the European Space Agency that explains the work that went
into designing and building ALMA, discusses some of its first images, and explores its future.
The URL is: https:/lyoutu.be/_Ryctl1Gij4

Initially, the size of interferometer arrays was limited by the requirement that all of the dishes be physically
wired together. The maximum dimensions of the array were thus only a few tens of kilometres. However, larger
interferometer separations can be achieved if the telescopes do not require a physical connection. Astronomers,
with the use of current technology and computing power, have learned to time the arrival of electromagnetic
waves coming from space very precisely at each telescope and combine the data later. If the telescopes are as
far apart as California and Australia, or as West Virginia and Crimea in Ukraine, the resulting resolution far
surpasses that of visible-light telescopes.

The United States operates the Very Long Baseline Array (VLBA), made up of 10 individual telescopes
stretching from the Virgin Islands to Hawaii as shown in Figure 4.24. The VLBA, completed in 1993, can form
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astronomical images with a resolution of 0.0001 arcseconds, permitting features as small as 10 astronomical

units (AU) to be distinguished at the center of our Galaxy.

Very Long Baseline Array

Figure 4.24. This map shows the distribution of 10 antennas that constitute an array of radio
telescopes stretching across the United States and its territories.

Recent advances in technology have also made it possible to do interferometry at visible-light and infrared
wavelengths. At the beginning of the twenty-first century, three observatories with multiple telescopes each
began using their dishes as interferometres, combining their light to obtain a much greater resolution. In
addition, a dedicated interferometric array was built on Mt. Wilson in California. Just as in radio arrays, these

observations allow astronomers to make out more detail than a single telescope could provide.

Table 4.3. Visible-Light Interferometres

Longf:st Telescope Name Location Mirrors Status
Baseline (m)
400 CHARA Array (Center for High Angular Mount Six 1-m Operational since
Resolution Astronomy) Wilson, CA telescopes 2004

Cerro Four 8.2-m

200 Very Large Telescope Paranal, ) Completed 2000
. telescopes

Chile

MaunaKea, Two 10-m Operated from
85 Keck I'and II telescopes HI telescopes 2001 to 2012
22.8 Large Binocular Telescope Mount Two 8.4m First light 2004

Graham, AZ  telescopes
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Radar Astronomy

Radar is the technique of transmitting radio waves to an object in our solar system and then detecting the radio
radiation that the object reflects back. The time required for the round trip can be measured electronically with
great precision. Because we know the speed at which radio waves travel (the speed of light), we can determine
the distance to the object or a particular feature on its surface (such as a mountain).

Radar observations have been used to determine the distances to planets and how fast things are moving in
the solar system (using the Doppler effect). Radar waves have played important roles in navigating spacecraft
throughout the solar system. In addition, as will be discussed in later chapters, radar observations have
determined the rotation periods of Venus and Mercury, probed tiny Earth-approaching asteroids, and allowed
us to investigate the mountains and valleys on the surfaces of Mercury, Venus, Mars, and the large moons of
Jupiter.

Any radio dish can be used as a radar telescope if it is equipped with a powerful transmitter as well as a
receiver. The most spectacular facility in the world for radar astronomy is the 1000-foot (305-meter) telescope
at Arecibo in Puerto Rico ([link]). The Arecibo telescope is too large to be pointed directly at different parts of
the sky. Instead, it is constructed in a huge natural “bowl” (more than a mere dish) formed by several hills, and
it is lined with reflecting metal panels. A limited ability to track astronomical sources is achieved by moving
the receiver system, which is suspended on cables 100 metres above the surface of the bowl. An even larger
(500-meter) radar telescope is currently under construction. It is the Five-hundred-meter Aperture Spherical
Telescope (FAST) in China and is expected to be completed in 2016.
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Largest Radio and Radar Dish

. o
S LA L

Figure 4.25. The Arecibo Observatory, with its 1000-foot radio dish-filling valley in Puerto Rico, is part of
the National Astronomy and lonosphere Center, operated by SRI International, USRA, and UMET under a
cooperative agreement with the National Science Foundation.

NASA Universe Arecibo Observatory Aerial View by H. Schweiker/WIYN and NOAO/AURA/NSF, CC BY 2.0.

Attribution

“6.4 Radio Telescopes” from Douglas College Astronomy 1105 by Douglas College Department of Physics
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and Astronomy, is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted. Adapted from Astronomy 2e.
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4.10 SPACE TELESCOPES

Earth’s atmosphere blocks most radiation at wavelengths shorter than visible light, so we can only make direct
ultraviolet, X-ray, and gamma ray observations from space (though indirect gamma ray observations can be
made from Earth). Getting above the distorting effects of the atmosphere is also an advantage at visible and
infrared wavelengths. The stars don’t “twinkle” in space, so the amount of detail you can observe is limited
only by the size of your instrument. On the other hand, it is expensive to place telescopes into space, and repairs
can present a major challenge. This is why astronomers continue to build telescopes for use on the ground as

well as for launching into space.

Airborne and Space Infrared Telescopes

Water vapor, the main source of atmospheric interference for making infrared observations, is concentrated
in the lower part of Earth’s atmosphere. For this reason, a gain of even a few hundred metres in elevation
can make an important difference in the quality of an infrared observatory site. Given the limitations of
high mountains, most of which attract clouds and violent storms, and the fact that the ability of humans to
perform complex tasks degrades at high altitudes, it was natural for astronomers to investigate the possibility of
observing infrared waves from airplanes and ultimately from space.

Infrared observations from airplanes have been made since the 1960s, starting with a 15-centimetre telescope
on board a Learjet. From 1974 through 1995, NASA operated a 0.9-meter airborne telescope flying regularly
out of the Ames Research Center south of San Francisco. Observing from an altitude of 12 kilometres,
the telescope was above 99% of the atmospheric water vapour. More recently, NASA (in partnership with
the German Aecrospace Center) has constructed a much larger 2.5-meter telescope, called the Stratospheric
Observatory for Infrared Astronomy (SOFIA), which flies in a modified Boeing 747SP as shown in Figure
4.26.
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Stratospheric Observatory for Infrared Astronomy (SOFIA)

Figure 4.26. SOFIA allows observations to be made above most of Earth’s atmospheric water vapour.
SOFIA by NASA, NASA Media Licence.

Getting even higher and making observations from space itself have important advantages for infrared
astronomy. First is the elimination of all interference from the atmosphere. Equally important is the
opportunity to cool the entire optical system of the instrument in order to nearly eliminate infrared radiation
from the telescope itself. If we tried to cool a telescope within the atmosphere, it would quickly become coated
with condensing water vapor and other gases, making it useless. Only in the vacuum of space can optical
elements be cooled to hundreds of degrees below freezing and still remain operational.

The first orbiting infrared observatory, launched in 1983, was the Infrared Astronomical Satellite

(IR AS), built as a joint project by the United States, the Netherlands, and Britain. IRAS was equipped with
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a 0.6-meter telescope cooled to a temperature of less than 10 K. For the first time, the infrared sky could be
seen as if it were night, rather than through a bright foreground of atmospheric and telescope emissions. IRAS
carried out a rapid but comprehensive survey of the entire infrared sky over a 10-month period, cataloguing
about 350,000 sources of infrared radiation. Since then, several other infrared telescopes have operated in space
with much better sensitivity and resolution due to improvements in infrared detectors. The most powerful
of these infrared telescopes is the 0.85-meter Spitzer Space Telescope, which launched in 2003. A few of its
observations are shown in Figure 4.27. With infrared observations, astronomers can detect cooler parts of
cosmic objects, such as the dust clouds around star nurseries and the remnants of dying stars, that visible-light

images don’t reveal.

Observations from the Spitzer Space Telescope (SST)

Flame nebula Cassiopeia A Helix nebula

Figure 4.27. These infrared images—a region of star formation, the remnant of an exploded star, and a
region where an old star is losing its outer shell—show just a few of the observations made and
transmitted back to Earth from the SST. Since our eyes are not sensitive to infrared rays, we don’t perceive
colours from them. The colours in these images have been selected by astronomers to highlight details like
the composition or temperature in these regions.

(a): PIA18249: Inside the Flame Nebula by X-ray: NASA/CXC/PSU/K.Getman, E.Feigelson, M.Kuhn and the
MYStIX team; Infrared: NASA/JPL-Caltech, NASA Media Licence.

(b): PIAO3519: Cassiopeia A: Death Becomes Her by NASA/JPL-Caltech/STScl/CXC/SAO, NASA Media
Licence.

(0): PIA15817: The Helix Nebula: Unraveling at the Seams by NASA/JPL-Caltech, NASA Media Licence.

Hubble Space Telescope

In April 1990, a great leap forward in astronomy was made with the launch of the Hubble Space Telescope

(HST). With an aperture of 2.4 metres, this is the largest telescope put into space so far. (Its aperture was



154 | 410 SPACE TELESCOPES

limited by the size of the payload bay in the Space Shuttle that served as its launch vehicle.) It was named for
Edwin Hubble, the astronomer who discovered the expansion of the universe in the 1920s (whose work we
will discuss in the chapters on Galaxies).

HST is operated jointly by NASA’s Goddard Space Flight Centre and the Space Telescope Science Institute
in Baltimore. It was the first orbiting observatory designed to be serviced by Shuttle astronauts and, over the
years since it was launched, they made several visits to improve or replace its initial instruments and to repair
some of the systems that operate the spacecraft — though this repair program has now been discontinued,
and no more visits or improvements will be made. You can get more information about the history of the
repairs by visiting https://www.nasa.gov/mission_pages/hubble/servicing/index.html .

With the Hubble, astronomers have obtained some of the most detailed images of astronomical objects from
the solar system outward to the most distant galaxies. Among its many great achievements is the Hubble Ultra-
Deep Field, an image of a small region of the sky observed for almost 100 hours. It contains views of about
10,000 galaxies, some of which formed when the universe was just a few percent of its current age as shown in

Figure 4.28.
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Hubble Ultra-Deep Field (HUDF)

Figure 4.28. The Hubble Space Telescope has provided an image of a specific region of space built from
data collected between September 24, 2003, and January 16, 2004. These data allow us to search for

galaxies that existed approximately 13 billion years ago.
Hubble Ultra Deep Field by NASA, ESA, and S. Beckwith (STScl) and the HUDF Team, NASA Media Licence.

The HST’s mirror was ground and polished to a remarkable degree of accuracy. If we were to scale up its
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2.4-meter mirror to the size of the entire continental United States, there would be no hill or valley larger than
about 6 centimetres in its smooth surface. Unfortunately, after it was launched, scientists discovered that the
primary mirror had a slight error in its shape, equal to roughly 1/50 the width of a human hair. Small as that
sounds, it was enough to ensure that much of the light entering the telescope did not come to a clear focus and
that all the images were blurry. (In a misplaced effort to save money, a complete test of the optical system had
not been carried out before launch, so the error was not discovered until HST was in orbit.)

The solution was to do something very similar to what we do for astronomy students with blurry vision:
put corrective optics in front of their eyes. In December 1993, in one of the most exciting and difficult space
missions ever flown, astronauts captured the orbiting telescope and brought it back into the shuttle payload
bay. There they installed a package containing compensating optics as well as a new, improved camera before
releasing HST back into orbit. The telescope now works as it was intended to, and further missions to it were

able to install even more advanced instruments to take advantage of its capabilities.

High-Energy Observatories

Ultraviolet, X-ray, and direct gamma-ray (high-energy electromagnetic wave) observations can be made only
from space. Such observations first became possible in 1946, with V2 rockets captured from Germany after
World War II. The US Naval Research Laboratory put instruments on these rockets for a series of pioneering
flights, used initially to detect ultraviolet radiation from the Sun. Since then, many other rockets have been
launched to make X-ray and ultraviolet observations of the Sun, and later of other celestial objects.

Beginning in the 1960s, a steady stream of high-energy observatories has been launched into orbit to
reveal and explore the universe at short wavelengths. Among recent X-ray telescopes is the Chandra X-ray
Observatory, which was launched in 1999. It is shown in Figure 4.29. It is producing X-ray images with
unprecedented resolution and sensitivity. Designing instruments that can collect and focus energetic radiation
like X-rays and gamma rays is an enormous technological challenge. The 2002 Nobel Prize in physics was
awarded to Riccardo Giacconi, a pioneer in the field of building and launching sophisticated X-ray
instruments. In 2008, NASA launched the Fermi Gamma-ray Space Telescope, designed to measure cosmic
gamma rays at energies greater than any previous telescope, and thus able to collect radiation from some of the

most energetic events in the universe.
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Chandra X-Ray Satellite

Figure 4.29. Chandra, the world’'s most powerful X-ray telescope, was developed by NASA and launched in
July 1999.
Chandra X-Ray Observatory (Chandra XRO) by NASA, NASA Media Licence.

One major challenge is to design “mirrors” to reflect such penetrating radiation as X-rays and gamma rays,
which normally pass straight through matter. However, although the technical details of design are more
complicated, the three basic components of an observing system, as we explained earlier in this chapter, are
the same at all wavelengths: a telescope to gather up the radiation, filters or instruments to sort the radiation
according to wavelength, and some method of detecting and making a permanent record of the observations.

Table 4.3 lists some of the most important active space observatories that humanity has launched.
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Gamma-ray detections can also be made from Earth’s surface by using the atmosphere as the primary

detector. When a gamma ray hits our atmosphere, it accelerates charged particles (mostly electrons) in the

atmosphere. Those energetic particles hit other particles in the atmosphere and give off their own radiation.

The effect is a cascade of light and energy that can be detected on the ground. The VERITAS array in Arizona

and the H.E.S.S. array in Namibia are two such ground-based gamma-ray observatories.

Table 4.3. Recent Observatories in Space

Milky Way

Date Bands of
Observatory Operation | the Notes Website
Began Spectrum
Hubble Space Telescope (HST) 1990 visible, UV, .2.4—m mirror; www.hubblesite.org
IR images and spectra
Chandra X-Ray Observatory 1999 X-rays i}i-erjzriamages and www.chandra.si.edu
http://www.cosmos.esa.int/
XMM-Newton 1999 X-rays X-ray spectroscopy web/xmm-newton
International Gamma-Ray . .
Astrophysics Laboratory 2002 X-and higher resolgtlon http://sci.esa.int/integral/
(INTEGRAL) gamma-rays | gamma-ray images
Spitzer Space Telescope 2003 IR 0.85-m telescope www.spitzer.caltech.edu
first high-energy
Fermi Gamma-ray Space Telescope 2008 gamma-rays | gamma-ray fermi.gsfc.nasa.gov
observations
Kepler 2009 visible-light | planet finder http://kepler.nasa.gov
Wide-field Infrared Survey 2009 R whole-sky map, Www.nasa.gov/
Explorer (WISE) asteroid searches mission_pages/WISE/main
Gaia 2013 visible-light Precise map of the http://sci.esa.int/gaia/

Attribution
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4.11 THE FUTURE OF LARGE TELESCOPES

If you’ve ever gone on a hike, you have probably been eager to see what lies just around the next bend in the
path. Researchers are no different, and astronomers and engineers are working on the technologies that will
allow us to explore even more distant parts of the universe and to see them more clearly.

The premier space facility planned for the next decade is the James Webb Space Telescope as shown in Figure
4.30, which (in a departure from tradition) is named after one of the early administrators of NASA instead
of a scientist. This telescope will have a mirror 6 metres in diameter, made up, like the Keck telescopes, of 36
small hexagons. These will have to unfold into place once the telescope reaches its stable orbit point, some 1.5
million kilometres from Earth (where no astronauts can currently travel if it needs repair.) The telescope is
scheduled for launch in 2018 and should have the sensitivity needed to detect the very first generation of stars,
formed when the universe was only a few hundred million years old. With the ability to measure both visible

and infrared wavelengths, it will serve as the successor to both HST and the Spitzer Space Telescope.



160 | 411 THE FUTURE OF LARGE TELESCOPES

James Webb Space Telescope (JWST)

Figure 4.30. This image shows some of the mirrors of the JWST as they underwent cryogenic testing. The
mirrors were exposed to extreme temperatures in order to gather accurate measurements on changes in
their shape as they heated and cooled.

James Webb Space Telescope Cryogenic Mirror testing by NASA/MSFC/David Higginbotham/Emmett
Given, CCBY 2.0.

On the ground, astronomers have started building the Large Synoptic Survey Telescope (LSST), an 8.4-meter
telescope with a significantly larger field of view than any existing telescopes. It will rapidly scan the sky to find
transients, phenomena that change quickly, such as exploding stars and chunks of rock that orbit near Earth.
The LSST is expected to see first light in 2021.

The international gamma-ray community is planning the Cherenkov Telescope Array (CTA), two arrays of
telescopes, one in each hemisphere, which will indirectly measure gamma rays from the ground. The CTA will
measure gamma-ray energies a thousand times as great as the Fermi telescope can detect.

Several groups of astronomers around the globe interested in studying visible light and infrared are exploring

the feasibility of building ground-based telescopes with mirrors larger than 30 metres across. Stop and think
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what this means: 30 metres is one-third the length of a football field. It is technically impossible to build and
transport a single astronomical mirror that is 30 metres or larger in diameter. The primary mirror of these giant
telescopes will consist of smaller mirrors, all aligned so that they act as a very large mirror in combination. These
include the Thirty-Meter Telescope for which construction has begun at the top of Mauna Kea in Hawaii.
The most ambitious of these projects is the European Extremely Large Telescope (E-ELT) as shown in
Figure 4.31. (Astronomers try to outdo each other not only with the size of these telescopes, but also their
names!) The design of the E-ELT calls for a 39.3-meter primary mirror, which will follow the Keck design and
be made up of 798 hexagonal mirrors, each 1.4 metres in diameter and all held precisely in position so that they

form a continuous surface.

Artist’s Conception of the European Extremely Large Telescope

Figure 4.31. The primary mirror in The Extremely Large Telescope (ELT) is 39.3 metres across. The
telescope is under construction in the Atacama Desert in Northern Chile.
How the ELT will look like at Cerro Armazones by ESO, CC BY 4.0.

Construction on the site in the Atacama Desert in Northern Chile started in 2014. The E-ELT, along with
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the Thirty Meter Telescope https://www.tmt.org and the Giant Magellan Telescope, which are being built
by international consortia led by US astronomers, will combine light-gathering power with high-resolution
imaging. These powerful new instruments will enable astronomers to tackle many important astronomical
problems. For example, they should be able to tell us when, where, and how often planets form around other
stars. They should even be able to provide us images and spectra of such planets and thus, perhaps, give us the

first real evidence (from the chemistry of these planets’ atmospheres) that life exists elsewhere.
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4.12 KEY TERMS

Active control: a process that measures a sag (like that of a Gemini mirror) many times each second and apply
forces at 120 different locations to the back of the mirror to correct the sag. 4.5

Active optical element: flexible mirrors with lots of little actuators to bend them. 4.8

Adaptive optics: systems used with telescopes that can compensate for distortions in an image introduced
by the atmosphere, thus resulting in sharper images. 4.8

Ancient observatories: special sites for observing the sky built by many ancient cultures that often had
religious and ritual functions as well. 4.2

Aperture: diameter of the primary lens or mirror of a telescope. 4.3

Charge-coupled devices (CCDs): clectronic detectors used to record astronomical images which are
similar to the detectors used in video camcorders or in digital cameras. 4.8

Dish: a concave metal reflector. 4.9

Eyepiece: magnifying lens used to view the image produced by the objective lens or primary mirror of a
telescope. 4.4

Focal length (of a lens): the distance from the lens to the location where the light rays focus, or image,
behind the lens. 4.4

Focus (of a lens): the point at which all parallel rays of light converge after refracting due to the curvatures
of alens’ surfaces. 4.4

Glass plates: the prime astronomical detectors used throughout most of the twentieth century, whether for
photographing spectra or direct images of celestial objects. 4.8

Hubble Space Telescope (HST): launched in April 1990, this is the largest telescope put into space so far
with an aperture of 2.4 metres. 4.10

Infrared Astronomical Satellite (IRAS): the first orbiting infrared observatory, launched in 1983 and
built as a joint project by the United States, the Netherlands, and Britain. 4.10

Interference: a technical term for the way that multiple waves interact with each other when they arrive in
our instruments, and this interaction allows us to coax more detail out of our observations. 4.9

Interferometer: two or more radio telescopes linked together electronically to sharpen their images. 4.9

Interferometer array: combination of multiple radio dishes to, in effect, work like a large number of two-
dish interferometres. 4.9

Light pollution: when the air scatters the glare from lights, producing an illumination that hides the
faintest stars and limits the distances that can be probed by telescopes. 4.5

Magnification: the size of the image formed by the lens in a telescope. 4.4
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Primary mirror: a concave mirror that serves as the main optical element in reflecting telescopes and that
is curved like the inner surface of a sphere, reflecting light in order to form an image. 4.4

Prime focus: location near the front end of the telescope where the mirror reflects the light to form an
image. 4.4

Radar is the technique of transmitting radio waves to an object in our solar system and then detecting the
radio radiation that the object reflects back. 4.9

Refracting telescope: a telescope based on a refractor design. 4.4

Refractor: a long tube with a large glass lens at one end that is used as the main optical element to form an
image. 4.4

Resolution: the precision of detail present in an image: that is, the smallest features that can be
distinguished. 4.7

Secondary mirror: used in some reflecting telescopes to allow more light to get through the system. 4.4

Seeing: unsteadiness of Earth’s atmosphere, which blurs telescopic images; good seeing means the
atmosphere is steady. 4.5

Transients: phenomena that change quickly, such as exploding stars and chunks of rock that orbit near
Earth. 4.11
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5.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn how to:

- ldentify the main components of the solar system, including the Sun, planets, moons,
asteroids, comets, and dust.

« Explain how the solar system formed according to the nebular hypothesis, and describe the
key processes involved, such as gravitational collapse, nuclear fusion in the Sun, and
planetesimal formation.

« Compare and contrast the terrestrial planets (Mercury, Venus, Earth, and Mars) with the
Jovian planets (Jupiter, Saturn, Uranus, and Neptune) based on their physical properties,
orbits, and atmospheric composition.
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5.1 AN INVENTORY OF THE SOLAR SYSTEM

The solar system consists of the Sun and many smaller objects: the planets, their moons and rings, and such
“debris” as asteroids, comets, and dust. Decades of observation and spacecraft exploration have revealed that
most of these objects formed together with the Sun about 4.5 billion years ago. They represent clumps of
material that condensed from an enormous cloud of gas and dust. The central part of this cloud became the
Sun, and a small fraction of the material in the outer parts eventually formed the other objects.

During the past 50 years, we have learned more about the solar system than anyone imagined before the
space age. In addition to gathering information with powerful new telescopes, we have sent spacecraft directly
to many members of the planetary system. (Planetary astronomy is the only branch of our science in which we
can, at least vicariously, travel to the objects we want to study.) With evocative names such as Voyager, Pioneer,
Curiosity, and Pathfinder, our robot explorers have flown past, orbited, or landed on every planet, returning
images and data that have dazzled both astronomers and the public. In the process, we have also investigated
two dwarf planets, hundreds of fascinating moons, four ring systems, a dozen asteroids, and several comets
(smaller members of our solar system that we will discuss later).

Our probes have penetrated the atmosphere of Jupiter and landed on the surfaces of Venus, Mars, our
Moon, Saturn’s moon Titan, the asteroids Eros and Itokawa, and the Comet Churyumov-Gerasimenko
(usually referred to as 67P). Humans have set foot on the Moon and returned samples of its surface soil for
laboratory analysis as shown in Figure 5.1. We have even discovered other places in our solar system that might

be able to support some kind of life.
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Astronauts on the Moon

Figure 5. The lunar lander and surface rover from the Apollo 15 mission are seen in this view of the one
place beyond Earth that has been explored directly by humans.
Apollo 15 flag, rover, LM, Irwin by NASA/David R. Scott, modified by Bammesk, NASA Media Licence.
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View this gallery of NASA images that trace the history of the Apollo mission.

An Inventory

The Sun, a star that is brighter than about 80% of the stars in the Galaxy, is by far the most massive member of
the solar system, as shown in Table 5.1. It is an enormous ball about 1.4 million kilometres in diameter, with
surface layers of incandescent gas and an interior temperature of millions of degrees. The Sun will be discussed

in later chapters as our first, and best-studied, example of a star.

Table 5.1. Mass of Members of the Solar System

Object Percentage of Total Mass of Solar System
Sun 99.80

Jupiter 0.10

Comets 0.0005-0.03 (estimate)

All other planets and dwarf planets  0.04

Moons and rings 0.00005
Asteroids 0.000002 (estimate)
Cosmic dust 0.0000001 (estimate)

Table 5.1 also shows that most of the material of the planets is actually concentrated in the largest one, Jupiter,
which is more massive than all the rest of the planets combined. Astronomers were able to determine the
masses of the planets centuries ago using Kepler’s laws of planetary motion and Newton’s law of gravity to
measure the planets’ gravitational effects on one another or on moons that orbit them. Today, we make even
more precise measurements of their masses by tracking their gravitational effects on the motion of spacecraft
that pass near them.

Beside Earth, five other planets were known to the ancients—Mercury, Venus, Mars, Jupiter, and
Saturn—and two were discovered after the invention of the telescope: Uranus and Neptune. The eight planets
all revolve in the same direction around the Sun. They orbit in approximately the same plane, like cars travelling
on concentric tracks on a giant, flat racecourse. Each planet stays in its own “traffic lane,” following a nearly
circular orbit about the Sun and obeying the “traffic” laws discovered by Galileo, Kepler, and Newton. Besides
these planets, we have also been discovering smaller worlds beyond Neptune that are called trans-Neptunian

objects or TNOs as shown in Figure 5.2. The first to be found, in 1930, was Pluto, but others have been
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discovered during the twenty-first century. One of them, Eris, is about the same size as Pluto and has at least
one moon (Pluto has five known moons.) The largest TNOs are also classed as dwarf planets, as is the largest

asteroid, Ceres. To date, more than 1750 of these TNOs have been discovered.

Orbits of the Planets

Solar System

Ceres

_,...,-'& ,’ Jupjf'éF - = ‘___;H__:"_"-*_:.-Earth ;
(I Neptlne ( ( ~ S -
\ \.“‘_Saturn

.

Makemake

Figure 5.2. All eight major planets orbit the Sun in roughly the same plane. The five currently known dwarf
planets are also shown: Eris, Haumea, Pluto, Ceres, and Makemake. Note that Pluto’s orbit is not in the
plane of the planets. Image by Open Stax CC BY 4.0

Each of the planets and dwarf planets also rotates (spins) about an axis running through it, and in most cases
the direction of rotation is the same as the direction of revolution about the Sun. The exceptions are Venus,
which rotates backward very slowly (that is, in a retrograde direction), and Uranus and Pluto, which also
have strange rotations, each spinning about an axis tipped nearly on its side. We do not yet know the spin

orientations of Eris, Haumea, and Makemake.

The four planets closest to the Sun (Mercury through Mars) are called the inner or terrestrial planets. Often,
the Moon is also discussed as a part of this group, bringing the total of terrestrial objects to five. (We generally

call Earth’s satellite “the Moon,” with a capital M, and the other satellites “moons,” with lowercase m’s.) The
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terrestrial planets are relatively small worlds, composed primarily of rock and metal. All of them have solid
surfaces that bear the records of their geological history in the forms of craters, mountains, and volcanoes as

shown in Figure 5.3.



51 AN INVENTORY OF THE SOLAR SYSTEM | 175

Surface of Mercury



176 | 51 AN INVENTORY OF THE SOLAR SYSTEM

Figure 5.3. The pockmarked face of the terrestrial world of Mercury is more typical of the inner planets
than the watery surface of Earth. This black-and-white image, taken with the Mariner 10 spacecraft,
shows a region more than 400 kilometres wide.

PIA16757 by NASA/john Hopkins University Applied Physics Laboratory/Carnegie Institution of
Washington, JPL Media Licence.
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The next four planets (Jupiter through Neptune) are much larger and are composed primarily of lighter ices,
liquids, and gases. We call these four the jovian planets (after “Jove,” another name for Jupiter in mythology)
or giant planets—a name they richly deserve. They are shown in Figure 5.4. More than 1400 Earths could fit
inside Jupiter, for example. These planets do not have solid surfaces on which future explorers might land.

They are more like vast, spherical oceans with much smaller, dense cores.

The Four Giant Planets

Figure 5.4. This montage shows the four giant planets: Jupiter, Saturn, Uranus, and Neptune. Below them,
Earth is shown to scale.
First and Farthest by NASA, Solar System Exploration, NASA Media Licence.

Near the outer edge of the system lies Pluto, which was the first of the distant icy worlds to be discovered
beyond Neptune (Pluto was visited by a spacecraft, the NASA New Horizons mission, in 2015. Figure 5.5 is

the image it captured during its visit). Table 5.2 summarizes some of the main facts about the planets.
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Pluto Close-up

Figure 5.5. This intriguing image from the New Horizons spacecraft, taken when it flew by the dwarf
planet in July 2015, shows some of its complex surface features. The rounded white area is temporarily
being called the Sputnik Plain, after humanity’s first spacecraft.

Sputnik Planum, in Color by NASA/Johns Hopkins University Applied Physics Laboratory/Southwest
Research Institute, JPL Media Licence.
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Table 5.2. The Planets

Name Is)li;tance from Il){:l:(())l&ltion Diameter Mass Density
2

(au) » ORI " (g/om)
Mercury  0.39 0.24 4,878 33 5.4
Venus 0.72 0.62 12,120 48.7 5.2
Earth 1.00 1.00 12,756 59.8 5.5
Mars 1.52 1.88 6,787 6.4 3.9
Jupiter ~ 5.20 11.86 142,984 18,991 1.3
Saturn 9.54 29.46 120,536 5686 0.7
Uranus  19.18 84.07 51,118 866 1.3
Neptune 30.06 164.82 49,660 1030 1.6

Example 5.1

Comparing Densities

Let's compare the densities of several members of the solar system. The density of an object equals
its mass divided by its volume. The volume (V) of a sphere (like a planet) is calculated using the
equation

V= %“R?’
where 7r (the Greek letter pi) has a value of approximately 3.14. Although planets are not perfect
spheres, this equation works well enough. The masses and diametres of the planets are given in
Table 5.2. Let's use Saturn's moon Mimas as our example, with a mass of 4 x 109 kgand a

diameter of approximately 400 km (radius, 200 km = 2 x 10° m)-

Solution
The volume of Mimas is
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4
= x 314 x (2 x 10°m)® = 3.3 x 10" m?

3
Density is mass divided by volume:
4 x 109k
g _12 x 10° kg/m’
3.3 x 10 m3
Note that the density of water in these units is 1000 kg/mg‘, so Mimas must be made mainly of ice,
not rock.

Calculate the average density of our own planet, Earth. Show your work. How does it compare to
the density of an ice moon like Mimas? See Table 5.2 for data.

Solution
For a sphere,

density = ————kg/m®

For Earth, then,

6 x 10k
density = 8 _ 55 x 10° kg/m®
4.2 x 2.6 x 10°° m3

This density is four to five times greater than Mimas'. In fact, Earth is the densest of the planets.

Learn more about NASA's mission to Pluto and see high-resolution images of Pluto’'s moon
Charon.
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5.2 THE SCALE OF THE SOLAR SYSTEM

Astronomy often deals with dimensions and distances that far exceed our ordinary experience. What does 1.4
billion kilometres—the distance from the Sun to Saturn—really mean to anyone? It can be helpful to visualize
such large systems in terms of a scale model.

In our imaginations, let us build a scale model of the solar system, adopting a scale factor of 1 billion
(109)—that is, reducing the actual solar system by dividing every dimension by a factor of 10°. Earth, then, has
a diameter of 1.3 centimetres, about the size of a grape. The Moon is a pea orbiting this at a distance of 40
centimetres, or a little more than a foot away. The Earth-Moon system fits into a standard backpack.

In this model, the Sun is nearly 1.5 metres in diameter, about the average height of an adult, and our Earth
is at a distance of 150 metres—about one city block—from the Sun. Jupiter is five blocks away from the Sun,
and its diameter is 15 centimetres, about the size of a very large grapefruit. Saturn is 10 blocks from the Sun;
Uranus, 20 blocks; and Neptune, 30 blocks. Pluto, with a distance that varies quite a bit during its 249-year
orbit, is currently just beyond 30 blocks and getting farther with time. Most of the moons of the outer solar
system are the sizes of various kinds of seeds orbiting the grapefruit, oranges, and lemons that represent the
outer planets.

In our scale model, a human is reduced to the dimensions of a single atom, and cars and spacecraft to the
size of molecules. Sending the Voyager spacecraft to Neptune involves navigating a single molecule from the
Earth—grape toward a lemon S kilometres away with an accuracy equivalent to the width of a thread in a
spider’s web.

If that model represents the solar system, where would the nearest stars be? If we keep the same scale, the
closest stars would be tens of thousands of kilometres away. If you built this scale model in the city where you

live, you would have to place the representations of these stars on the other side of Earth or beyond.
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Size Comparison of the Sun and Planets

Figure 5.6. The left panel shows the sun as compared to the planets, while the right panel shows the

planets only.
Planets and Sun size comparison by Lsmpascal, CC BY-SA 3.0.

By the way, model solar systems like the one we just presented have been built in cities throughout the world. In
Sweden, for example, Stockholm’s huge Globe Arena has become a model for the Sun, and Pluto is represented
by a 12-centimetere sculpture in the small town of Delsbo, 300 kilometres away. Another model solar system is

in Washington on the Mall between the White House and Congress (perhaps proving they are worlds apart?).

Names in the Solar System

We humans just don't feel comfortable until something has a name. Types of butterflies, new
elements, and the mountains of Venus all need names for us to feel we are acquainted with
them. How do we give names to objects and features in the solar system?

Planets and moons are named after gods and heroes in Greek and Roman mythology (with a
few exceptions among the moons of Uranus, which have names drawn from English literature).
When William Herschel, a German immigrant to England, first discovered the planet we now
call Uranus, he wanted to name it Georgium Sidus (George's star) after King George Il of his
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adopted country. This caused such an outcry among astronomers in other nations, however,
that the classic tradition was upheld—and has been maintained ever since. Luckily, there were a
lot of minor gods in the ancient pantheon, so plenty of names are left for the many small moons
we are discovering around the giant planets.

Comets are often named after their discoverers (offering an extra incentive to comet hunters).
Asteroids are named by their discoverers after just about anyone or anything they want.
Recently, asteroid names have been used to recognize people who have made significant
contributions to astronomy, including the three original authors of this book.

That was pretty much all the naming that was needed while our study of the solar system was
confined to Earth. But now, our spacecraft have surveyed and photographed many worlds in
great detail, and each world has a host of features that also need names. To make sure that
naming things in space remains multinational, rational, and somewhat dignified, astronomers
have given the responsibility of approving names to a special committee of the International
Astronomical Union (IAU), the body that includes scientists from every country that does
astronomy.

This IAU committee has developed a set of rules for naming features on other worlds. For
example, craters on Venus are named for women who have made significant contributions to
human knowledge and welfare. Volcanic features on Jupiter’s moon lo, which is in a constant
state of volcanic activity, are named after gods of fire and thunder from the mythologies of
many cultures. Craters on Mercury commemorate famous novelists, playwrights, artists, and
composers. On Saturn's moon Tethys, all the features are named after characters and places in
Homer's great epic poem, The Odyssey. As we explore further, it may well turn out that more
places in the solar system need names than Earth history can provide. Perhaps by then,
explorers and settlers on these worlds will be ready to develop their own names for the places
they may (if but for a while) call home.

You may be surprised to know that the meaning of the word planet has recently become
controversial because we have discovered many other planetary systems that don't look very
much like our own. Even within our solar system, the planets differ greatly in size and chemical
properties. The biggest dispute concerns Pluto, which is much smaller than the other eight
major planets. The category of dwarf planet was invented to include Pluto and similar icy
objects beyond Neptune. But is a dwarf planet also a planet? Logically, it should be, but even
this simple issue of grammar has been the subject of heated debate among both astronomers
and the general public.
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Attribution
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5.3 FORMATION OF THE SOLAR SYSTEM

The most widely accepted explanation of how the solar system formed is called the nebular hypothesis.
According to this hypothesis, the Sun and the planets of our solar system formed about 4.6 billion years ago
from the collapse of a giant cloud of gas and dust, called a nebula.

The nebula was drawn together by gravity, which released gravitational potential energy. As small particles
of dust and gas smashed together to create larger ones, they released kinetic energy. As the nebula collapsed,
the gravity at the center increased, and the cloud started to spin because of its angular momentum. As it
collapsed further, the spinning got faster, much as an ice skater spins faster when he pulls his arms to his sides
during a spin.

Much of the cloud’s mass migrated to its center, but the rest of the material flattened out in an enormous
disk. The disk contained hydrogen and helium, along with heavier elements and even simple organic
molecules.

As gravity pulled matter into the center of the disk, the density and pressure at the center became intense.
When the pressure in the center of the disk was high enough, nuclear fusion within our star began, and the
blazing star stopped the disk from collapsing further.

Meanwhile, the outer parts of the disk were cooling off. Matter condensed from the cloud, and small pieces
of dust started clumping together to create ever bigger clumps of matter. Larger clumps, called
planetesimals, attracted smaller clumps with their gravity. Gravity at the center of the disk attracted more
massive particles, such as rock and metal, and lighter particles remained further out in the disk. Eventually, the
planetesimals formed protoplanets, which grew to become the planets and moons that we find in our solar
system today.

The gravitational sorting of material with the inner planets, Mercury, Venus, Earth, and Mars, dense rock
and metal formed. The outer planets, Jupiter, Saturn, Uranus, and Neptune, condensed farther from the Sun
from lighter materials such as hydrogen, helium, water, ammonia, and methane. Out by Jupiter and beyond,
where it is frigid, these materials formed solid particles.

The nebular hypothesis was designed to explain some of the essential features of the solar system:

* Orbits of the planets lie in nearly the same plane with the Sun at the center

* Planets revolve in the same direction

* Planets mostly rotate in the same direction

* Axes of rotation of the planets are mostly nearly perpendicular to the orbital plane

* Oldest moon rocks are 4.5 billion years
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Attribution

“2.3 The Solar System” from Physical Geography and Natural Disasters by R. Adam Dastrup, MA, GISP is
licensed under a Creative Commons Attribution Non-Commerical Share-Alike 4.0 International License,

except where otherwise noted.



188 | 5.4 KEY TERMS

5.4 KEY TERMS

Nebula: a giant cloud of gas and dust. 5.3

Nebular hypothesis: the Sun and the planets of our solar system formed about 4.6 billion years ago from
the collapse of a giant cloud of gas and dust, called a nebula. 5.3

Planetesimals: large clumps of matter that attracted smaller clumps with their gravity. 5.3

Protoplanets: former planetesimals formed through the gravitational attraction of more massive particles,
such as rock and metal. 5.3

Terrestrial planet: any of the planets Mercury, Venus, Earth, or Mars; sometimes the Moon is included in
the list. 5.1
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6.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn how to:

- Define the characteristics that distinguish terrestrial planets from giant planets based on size,
composition, and the abundance of elements in their structure.

« Compare and contrast the composition and features of the terrestrial planets.

. Discuss the giant impact hypothesis as the most plausible explanation for the origin of the
Moon.
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6.1 INTRODUCTION

The terrestrial planets are quite different from the giants. In addition to being much smaller, they are
composed primarily of rocks and metals. These, in turn, are made of elements that are less common in
the universe as a whole. The most abundant rocks, called silicates, are made of silicon and oxygen, and the
most common metal is iron. We can tell from their densities that Mercury has the greatest proportion of
metals (which are denser) and the Moon has the lowest. Earth, Venus, and Mars all have roughly similar bulk
compositions: about one third of their mass consists of iron-nickel or iron-sulfur combinations; two thirds
is made of silicates. Because these planets are largely composed of oxygen compounds (such as the silicate
minerals of their crusts), their chemistry is said to be oxidized.

When we look at the internal structure of each of the terrestrial planets, we find that the densest metals are
in a central core, with the lighter silicates near the surface. If these planets were liquid, like the giant planets, we
could understand this effect as the result the sinking of heavier elements due to the pull of gravity. This leads us
to conclude that, although the terrestrial planets are solid today, at one time they must have been hot enough
to melt.

Differentiation is the process by which gravity helps separate a planet’s interior into layers of different
compositions and densities. The heavier metals sink to form a core, while the lightest minerals float to the
surface to form a crust. Later, when the planet cools, this layered structure is preserved. In order for a rocky

planet to differentiate, it must be heated to the melting point of rocks, which is typically more than 1300 K.

Attribution

“7.2 Composition and Structure of Planets” from Douglas College Astronomy 1105 by Douglas College
Department of Physics and Astronomy, is licensed under a Creative Commons Attribution 4.0 International

License, except where otherwise noted. Adapted from Astronomy 2e.
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6.2 EARTH

Earth has vast oceans of liquid water, large masses of exposed land, and a dynamic atmosphere with clouds of
water vapour. Earth also has ice covering its polar regions. Earth’s average surface temperature is 14 degrees
Celsius (57 degrees Fahrenheit). Water is a liquid at this temperature, but the planet also has water in its other
two states, solid and gas. The oceans and the atmosphere help keep Earth’s surface temperatures reasonably

steady.

Cross-Section of Earth
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Rigid mantle
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Figure 6.1. Internal structure of the Earth.
Earth by Kelvinsong, CC BY-SA 3.0.

Earth is the only planet known to have known life. The presence of liquid water, the atmosphere’s ability to

filter out harmful radiation, and many other features make the planet uniquely suited to harbour life. Life and
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Earth now affect each other; for example, the evolution of plants allowed oxygen to enter the atmosphere in
large enough quantities for animals to evolve. Although life has not been found elsewhere in the solar system,
other planets or satellites may harbour primitive life forms. Life may also be found elsewhere in the universe.

The heat that remained from the planet’s accretion, gravitational compression, and radioactive decay
allowed the Earth to melt, probably more than once. As it subsequently cooled, gravity pulled metal into the
centre to create the core. Heavier rocks formed the mantle, and lighter rocks formed the crust.

Earth’s crust is divided into tectonic plates, which move around on the surface because of the convecting
mantle below. The plates’ movement causes other geological activity, such as earthquakes, volcanoes, and
mountains. The locations of these features are mostly related to current or former plate boundaries. Earth is
the only planet known to have plate tectonics.

Earth rotates on its axis once per day, by definition. Earth orbits the Sun once every 365.24 days, which is
defined as a year. Earth has one large moon, which orbits Earth once every 29.5 days, a period known as a
month.

We live at the bottom of the ocean of air that envelops our planet. The atmosphere, weighing down upon
Earth’s surface under the force of gravity, exerts a pressure at sea level that scientists define as 1 bar (a term
that comes from the same root as barometer, an instrument used to measure atmospheric pressure). A bar
of pressure means that each square centimetre of Earth’s surface has a weight equivalent to 1.03 kilograms
pressing down on it. Humans have evolved to live at this pressure; make the pressure a lot lower or higher and
we do not function well.

The total mass of Earth’s atmosphere is about 5 x 10%8 kilograms. This sounds like a large number, but it is
only about a millionth of the total mass of Earth. The atmosphere represents a smaller fraction of Earth than
the fraction of your mass represented by the hair on your head.

The structure of the atmosphere is illustrated in the Figure 6.2. Most of the atmosphere is concentrated
near the surface of Earth, within about the bottom 10 kilometres where clouds form and airplanes fly. Within
this region—called the troposphere—warm air, heated by the surface, rises and is replaced by descending
currents of cooler air; this is an example of convection. This circulation generates clouds and wind. Within
the troposphere, temperature decreases rapidly with increasing elevation to values near 50 °C below freezing
at its upper boundary, where the stratosphere begins. Most of the stratosphere, which extends to about 50

kilometres above the surface, is cold and free of clouds.
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Structure of Earth’s Atmosphere
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Figure 6.2. Height increases up the left side of the diagram, and the names of the
different atmospheric layers are shown at the right. In the upper ionosphere,
ultraviolet radiation from the Sun can strip electrons from their atoms, leaving the
atmosphere ionized. The curving red line shows the temperature (see the scale on the
X-axis).

Near the top of the stratosphere is a layer of ozone (O3), a heavy form of oxygen with three atoms per
molecule instead of the usual two. Because ozone is a good absorber of ultraviolet light, it protects the surface
from some of the Sun’s dangerous ultraviolet radiation, making it possible for life to exist on Earth. The

breakup of ozone adds heat to the stratosphere, reversing the decreasing temperature trend in the troposphere.
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Because ozone is essential to our survival, we reacted with justifiable concern to evidence that became clear in
the 1980s that atmospheric ozone was being destroyed by human activities. By international agreement, the
production of industrial chemicals that cause ozone depletion, called chlorofluorocarbons, or CFCs, has been
phased out. As a result, ozone loss has stopped and the “ozone hole” over the Antarctic is shrinking gradually.
This is an example of how concerted international action can help maintain the habitability of Earth.

At heights above 100 kilometres, the atmosphere is so thin that orbiting satellites can pass through it with
very little friction. Many of the atoms are ionized by the loss of an electron, and this region is often called the
ionosphere. At these elevations, individual atoms can occasionally escape completely from the gravitational
field of Earth. There is a continuous, slow leaking of atmosphere—especially of lightweight atoms, which move
faster than heavy ones. Earth’s atmosphere cannot, for example, hold on for long to hydrogen or helium, which
escape into space. Earth is not the only planet to experience atmosphere leakage. Atmospheric leakage also
created Mars’ thin atmosphere. Venus’ dry atmosphere evolved because its proximity to the Sun vaporized and

dissociated any water, with the component gases lost to space.

Attribution

“2.5 Terrestrial Planets” from Physical Geography and Natural Disasters by R. Adam Dastrup, MA, GISP is
licensed under a Creative Commons Attribution Non-Commerical Share-Alike 4.0 International License,
except where otherwise noted.
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6.3 THE MOON: SURFACE, INTERIOR, AND
ORIGIN

The Moon has only one-eightieth the mass of Earth and about one-sixth Earth’s surface gravity—too low to
retain an atmosphere. The Moon may be seen in Figure 6.3. Moving molecules of a gas can escape from a planet
just the way a rocket does, and the lower the gravity, the easier it is for the gas to leak away into space. While the
Moon can acquire a temporary atmosphere from impacting comets, this atmosphere is quickly lost by freezing
onto the surface or by escape to surrounding space. The Moon today is dramatically deficient in a wide range
of volatiles, those elements and compounds that evaporate at relatively low temperatures. Some of the Moon’s

properties are summarized in Table 6.1, along with comparative values for Mercury.
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Two Sides of the Moon

Near Side Far Side

Figure 6.3. The left image shows part of the hemisphere that faces Earth; several dark maria are visible.
The right image shows part of the hemisphere that faces away from Earth; it is dominated by highlands.
The resolution of this image is several kilometres, similar to that of high-powered binoculars or a small
telescope.

The Moon's near side and far side. by NASA LRO / Jatan Mehta , NASA Media Licence.

Table 6.1. Properties of the Moon and

Mercury
Property Moon Mercury
Mass (Earth = 1) 0.0123 0.055
Diameter (km) 3476 4878
Density (g/ cm3) 3.3 5.4

Surface gravity (Earth=1) 0.17 0.38
Escape velocity (km/s) 2.4 4.3
Rotation period (days) 27.3 58.65

Surface area (Earth = 1) 0.27 0.38
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If you look at the Moon through a telescope, you can see that it is covered by impact craters of all sizes. The
most conspicuous of the Moon’s surface features—those that can be seen with the unaided eye and that make
up the feature often called “the man in the Moon”—are vast splotches of darker lava flows.

Centuries ago, early lunar observers thought that the Moon had continents and oceans and that it was a
possible abode of life. They called the dark areas “seas” (maria in Latin, or mare in the singular, pronounced
“mah ray”). Their names, Mare Nubium (Sea of Clouds), Mare Tranquillitatis (Sea of Tranquility), and so on,
are still in use today. In contrast, the “land” areas between the seas are not named. Thousands of individual
craters have been named, however, mostly for great scientists and philosophers such as the one in Figure
6.4. Among the most prominent craters are those named for Plato, Copernicus, Tycho, and Kepler. Galileo
only has a small crater, however, reflecting his low standing among the Vatican scientists who made some of
the first lunar maps.

We know today that the resemblance of lunar features to terrestrial ones is superficial. Even when they look
somewhat similar, the origins of lunar features such as craters and mountains are very different from their
terrestrial counterparts. The Moon’s relative lack of internal activity, together with the absence of air and water,

make most of its geological history unlike anything we know on Earth.
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Sunrise on the Central Mountain Peaks of Tycho Crater, as
Imaged by the NASA Lunar Reconnaissance Orbiter.

Figure 6.4. Tycho, about 82 kilometres in diameter, is one of the youngest of the very large lunar craters.
The central mountain rises 12 kilometres above the crater floor.

Tycho Crater’s Central Peak on the Moon by NASA Goddard/Arizona State University, NASA Media
Licence.

Lunar History

To trace the detailed history of the Moon or of any planet, we must be able to estimate the ages of individual
rocks. Once lunar samples were brought back by the Apollo astronauts, the radioactive dating techniques that
had been developed for Earth were applied to them. The solidification ages of the samples ranged from about
3.3 to 4.4 billion years old, substantially older than most of the rocks on Earth.

Most of the crust of the Moon (83%) consists of silicate rocks called anorthosites; these regions are known
as the lunar highlands. They are made of relatively low-density rock that solidified on the cooling Moon like
slag floating on the top of a smelter. Because they formed so early in lunar history (between 4.1 and 4.4 billion
years ago), the highlands are also extremely heavily cratered, bearing the scars of all those billions of years of

impacts by interplanetary debris as shown in Figure 6.5.
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Lunar Highlands

Figure 6.5. The old, heavily cratered lunar highlands make up 83% of the Moon'’s surface.
Crater Daedalus by NASA Goddard/Arizona State University, NASA Media Licence.

Unlike the mountains on Earth, the Moon’s highlands do not have any sharp folds in their ranges. The
highlands have low, rounded profiles that resemble the oldest, most eroded mountains on Earth as shown in

Figure 6.6. Because there is no atmosphere or water on the Moon, there has been no wind, water, or ice to
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carve them into cliffs and sharp peaks, the way we have seen them shaped on Earth. Their smooth features are

attributed to gradual erosion, mostly due to impact cratering from meteorites.
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Lunar Mountain

Figure 6.6. This photo of Mt. Hadley on the edge of Mare Imbrium was taken by Dave Scott, one of the
Apollo 15 astronauts. Note the smooth contours of the lunar mountains, which have not been sculpted by

water or ice.
Apollo 15 Mt. Hadley Delta by NASA/Apollo 15, NASA Media Licence.
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The maria are much less cratered than the highlands, and cover just 17% of the lunar surface, mostly on the

side of the Moon that faces Earth. The maria are pictured in Figure 6.7.

Lunar Maria

Figure 6.7. About 17% of the Moon'’s surface consists of the maria—flat plains of basaltic lava. This view of
Mare Imbrium also shows numerous secondary craters and evidence of material ejected from the large
crater Copernicus on the upper horizon. Copernicus is an impact crater almost 100 kilometres in diameter
that was formed long after the lava in Imbrium had already been deposited.

Mare Imbrium of Copernicus crater on the Moon by NASA/Apollo 17, NASA Media Licence.

Today, we know that the maria consist mostly of dark-coloured basalt (volcanic lava) laid down in volcanic
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eruptions billions of years ago. Eventually, these lava flows partly filled the huge depressions called impact
basins, which had been produced by collisions of large chunks of material with the Moon relatively early in its
history. The basalt on the Moon, as shown in Figure 6.8, is very similar in composition to the crust under the
oceans of Earth or to the lavas erupted by many terrestrial volcanoes. The youngest of the lunar impact basins

is Mare Orientale, shown in Figure 6.9.

Rock from a Lunar Mare

Figure 6.8. In this sample of basalt from the mare surface, you can see the holes left by gas bubbles, which
are characteristic of rock formed from lava. All lunar rocks are chemically distinct from terrestrial rocks, a
fact that has allowed scientists to identify a few lunar samples among the thousands of meteorites that
reach Earth. Sample is about 10 cm across. Cube is 1 cm.

Lunar basalt 70017 by NASA/Apollo 17, NASA Media Licence.
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Mare Orientale

Figure 6.9. The youngest of the large lunar impact basins is Orientale, formed 3.8 billion years ago. Its
outer ring is about 1000 kilometres in diameter, roughly the distance between New York City and Detroit,
Michigan. Unlike most of the other basins, Orientale has not been completely filled in with lava flows, so it
retains its striking “bull’'s-eye” appearance. It is located on the edge of the Moon as seen from Earth.
Orientale Basin by NASA Goddard Space Flight Center, CCBY 2.0.

Volcanic activity may have begun very early in the Moon’s history, although most evidence of the first half
billion years is lost. What we do know is that the major mare volcanism, which involved the release of lava from
hundreds of kilometres below the surface, ended about 3.3 billion years ago. After that, the Moon’s interior
cooled, and volcanic activity was limited to a very few small areas. The primary forces altering the surface come

from the outside, not the interior.

Composition and Structure of the Moon

The composition of the Moon is not the same as that of Earth. With an average density of only 3.3 g/ cm3, the
Moon must be made almost entirely of silicate rock. Compared to Earth, it is depleted in iron and other metals.

It is as if the Moon were composed of the same silicates as Earth’s mantle and crust, with the metals and the
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volatiles selectively removed. These differences in composition between Earth and Moon provide important
clues about the origin of the Moon, a topic we will cover in detail later in this chapter.

Studies of the Moon’s interior carried out with seismometres taken to the Moon as part of the Apollo
program confirm the absence of a large metal core. The twin GRAIL spacecraft launched into lunar orbit
in 2011 provided even more precise tracking of the interior structure. We also know from the study of lunar
samples that water and other volatiles have been depleted from the lunar crust. The tiny amounts of water
detected in these samples were originally attributed to small leaks in the container seal that admitted water
vapor from Earth’s atmosphere. However, scientists have now concluded that some chemically bound water is
present in the lunar rocks.

Most dramatically, water ice has been detected in permanently shadowed craters near the lunar poles. In
2009, NASA crashed a small spacecraft called the Lunar Crater Observation and Sensing Satellite (LCROSS)
into the crater Cabeus near the Moon’s south pole. The impact at 9,000 kilometres per hour released energy
equivalent to 2 tons of dynamite, blasting a plume of water vapor and other chemicals high above the surface.
This plume was visible to telescopes in orbit around the Moon, and the LCROSS spacecraft itself made
measurements as it flew through the plume. A NASA spacecraft called the Lunar Reconnaissance Orbiter
(LRO) also measured the very low temperatures inside several lunar craters, and its sensitive cameras were even
able to image crater interiors by starlight.

The total quantity of water ice in the Moon’s polar craters is estimated to be hundreds of billions of tons.
As liquid, this would only be enough water to fill a lake 100 miles across, but compared with the rest of the dry
lunar crust, so much water is remarkable. Presumably, this polar water was carried to the Moon by comets and
asteroids that hit its surface. Some small fraction of the water froze in a few extremely cold regions (cold traps)
where the Sun never shines, such as the bottom of deep craters at the Moon’s poles. One reason this discovery
could be important is that it raises the possibility of future human habitation near the lunar poles, or even of a
lunar base as a way-station on routes to Mars and the rest of the solar system. If the ice could be mined, it would
yield both water and oxygen for human support, and it could be broken down into hydrogen and oxygen, a
potent rocket fuel.

It is characteristic of modern science to ask how things originated. Understanding the origin of the Moon
has proven to be challenging for planetary scientists, however. Part of the difficulty is simply that we know
so much about the Moon (quite the opposite of our usual problem in astronomy). As we will see, one key

problem is that the Moon is both tantalizingly similar to Earth and frustratingly different.
Early Ideas for the Origin of the Moon

Most of the earlier hypotheses for the Moon’s origin followed one of three general ideas:

1. The fission hypothesis—the Moon was once part of Earth, but somehow separated from it early in their

history.
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2. Thesister hypothesis—the Moon formed together with (but independent of) Earth, as we believe many
moons of the outer planets formed.

3. The capture hypothesis—the Moon formed elsewhere in the solar system and was captured by Earth.

Unfortunately, there seem to be fundamental problems with each of these ideas. Perhaps the easiest hypothesis
to reject is the capture hypothesis. Its primary drawback is that no one knows of any way that early Earth
could have captured such a large moon from elsewhere. One body approaching another cannot go into orbit
around it without a substantial loss of energy; this is the reason that spacecraft destined to orbit other planets
are equipped with retro-rockets. Furthermore, if such a capture did take place, the captured object would go
into a very eccentric orbit rather than the nearly circular orbit our Moon occupies today. Finally, there are too
many compositional similarities between Earth and the Moon, particularly an identical fraction of the major
isotopes1 of oxygen, to justify seeking a completely independent origin.

The fission hypothesis, which states that the Moon separated from Earth, was suggested in the late
nineteenth century. Modern calculations have shown that this sort of spontaneous fission or splitting is
impossible. Furthermore, it is difficult to understand how a Moon made out of terrestrial material in this way
could have developed the many distinctive chemical differences now known to characterize our neighbor.

Scientists were therefore left with the sister hypothesis—that the Moon formed alongside Earth—or with
some modification of the fission hypothesis that can find a more acceptable way for the lunar material to have

separated from Earth. But the more we learned about our Moon, the less these old ideas seem to fit the bill.

The Giant Impact Hypothesis — Currently accepted

In an effort to resolve these apparent contradictions, scientists developed a fourth hypothesis for the origin
of the Moon, one that involves a giant impact early in Earth’s history. There is increasing evidence that large
chunks of material—objects of essentially planetary mass—were orbiting in the inner solar system at the time
that the terrestrial planets formed. The giant impact hypothesis envisions Earth being struck obliquely by an
object approximately one-tenth Earth’s mass—a “bullet” about the size of Mars. This is very nearly the largest
impact Earth could experience without being shattered.

Such an impact would disrupt much of Earth and eject a vast amount of material into space, releasing almost
enough energy to break the planet apart. Computer simulations indicate that material totaling several percent
of Earth’s mass could be ejected in such an impact. Most of this material would be from the stony mantles of
Earth and the impacting body, not from their metal cores. This ejected rock vapor then cooled and formed a
ring of material orbiting Earth. It was this ring that ultimately condensed into the Moon.

While we do not have any current way of showing that the giant impact hypothesis is the correct model of
the Moon’s origin, it does offer potential solutions to most of the major problems raised by the chemistry of the
Moon. First, since the Moon’s raw material is derived from the mantles of Earth and the projectile, the absence

of metals is easily understood. Second, most of the volatile elements would have been lost during the high-
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temperature phase following the impact, explaining the lack of these materials on the Moon. Yet, by making
the Moon primarily of terrestrial mantle material, it is also possible to understand similarities such as identical
abundances of various oxygen isotopes.

This is a link to the current research on this topic. https://www.psi.edu/epo/moon/moon.html.

Attribution
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Mars

Figure 610. Mars — note the polar cap (top), clouds.
Mars by NASA/JPL/MSSS, NASA JPL Media Licence.

Mars is the fourth planet from the Sun. It is historically called the Red Planet because of its reddish appearance
in Earth’s night sky. Mars has some Earth-type characteristics, such as Polar Caps, clouds, and water in at

least the ice or solid phase. It was very active volcanically at one time. Numerous spacecraft have successfully
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explored Mars from orbit and the surface. It is by far the most-visited planet (by spacecraft) in our Solar System,
besides Earth.

Astronomers have determined the rotation period of Mars with great accuracy by watching the motion of
permanent surface markings; its sidereal day is 24 hours 37 minutes 23 seconds, just a little longer than the
rotation period of Earth. This high precision is not obtained by watching Mars for a single rotation, but by
noting how many turns it makes over a long period of time. Good observations of Mars date back more than
200 years, a period during which tens of thousands of martian days have passed. As a result, the rotation period
can be calculated to within a few hundredths of a second.

The rotational axis of Mars has a tilt of about 25°, similar to the tilt of Earth’s axis. Thus, Mars experiences
seasons very much like those on Earth. Because of the longer martian year (almost two Earth years), however,
each season there lasts about six of our months.

Mars has a diameter of 6790 kilometres, just over half the diameter of Earth, giving it a total surface area very
nearly equal to the continental (land) area of our planet. Its overall density of 3.9 g/ cm’ suggests a composition
consisting primarily of silicates but with a small metal core. The planet has no global magnetic field, although
there are areas of strong surface magnetization that indicate that there was a global field billions of years ago.
Apparently, the red planet has no liquid material in its core today that would conduct electricity.

Thanks to the Mars Global Surveyor, we have mapped the entire planet, as shown in Figure 6.11. A laser
altimeter on board made millions of separate measurements of the surface topography to a precision of a few
metres—good enough to show even the annual deposition and evaporation of the polar caps. Like Earth, the
Moon, and Venus, the surface of Mars has continental or highland areas as well as widespread volcanic plains.
The total range in elevation from the top of the highest mountain (Olympus Mons) to the bottom of the

deepest basin (Hellas) is 31 kilometres.
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Mars Map from Laser Ranging

Altitude [km]

Fig 611. These globes are highly precise topographic maps, reconstructed from millions of individual
elevation measurements made with the Mars Global Surveyor. Colour is used to indicate elevation. The
hemisphere on the left includes the Tharsis bulge and Olympus Mons, the highest mountain on Mars; the
hemisphere on the right includes the Hellas basin, which has the lowest elevation on Mars.

Mars Topography by NASA/JPL, NASA JPL Media Licence.

Approximately half the planet consists of heavily cratered highland terrain, found primarily in the southern
hemisphere. The other half, which is mostly in the north, contains younger, lightly cratered volcanic plains at
an average elevation about 5 kilometres lower than the highlands. Remember that we saw a similar pattern on
Earth, the Moon, and Venus. A geological division into older highlands and younger lowland plains seems to
be characteristic of all the terrestrial planets except Mercury.

Lying across the north-south division of Mars is an uplifted continent the size of North America. This is the
10-kilometer-high Tharsis bulge, a volcanic region crowned by four great volcanoes that rise still higher into

the martian sky.



214 | 6.4 MARS

The lowland plains of Mars look very much like the lunar maria, and they have about the same density of
impact craters. Like the lunar maria, they probably formed between 3 and 4 billion years ago. Apparently, Mars
experienced extensive volcanic activity at about the same time the Moon did, producing similar basaltic lavas.

The largest volcanic mountains of Mars are found in the Tharsis area (you can see them in Figure 6.11),
although smaller volcanoes dot much of the surface. The most dramatic volcano on Mars is Olympus Mons
(Mount Olympus), with a diameter larger than 500 kilometres and a summit that towers more than 20
kilometres above the surrounding plains—three times higher than the tallest mountain on Earth (Figure 6.12).
The volume of this immense volcano is nearly 100 times greater than that of Mauna Loa in Hawaii. Placed on

Earth’s surface, Olympus would more than cover the entire state of Missouri.

Olympus Mons

Figure 612. The largest volcano on Mars, and probably the largest in the solar system, is Olympus Mons,
illustrated in this computer-generated rendering based on data from the Mars Global Surveyor’s laser
altimeter. Placed on Earth, the base of Olympus Mons would completely cover the state of Missouri: the
caldera, the circular opening at the top, is 65 kilometres across, about the size of Los Angeles.

Olympus Mons — ESA Mars Express by ESA/DLR/FUBerlin/Andreal.uck, CC BY 2.0.
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Images taken from orbit allow scientists to search for impact craters on the slopes of these volcanoes in order
to estimate their age. Many of the volcanoes show a fair number of such craters, suggesting that they ceased
activity a billion years or more ago. However, Olympus Mons has very, very few impact craters. Its present
surface cannot be more than about 100 million years old; it may even be much younger. Some of the fresh-
looking lava flows might have been formed a hundred years ago, or a thousand, or a million, but geologically
speaking, they are quite young. This leads geologists to the conclusion that Olympus Mons possibly remains
intermittently active today—something future Mars land developers may want to keep in mind.

The Tharsis bulge has many interesting geological features in addition to its huge volcanoes. In this part of
the planet, the surface itself has bulged upward, forced by great pressures from below, resulting in extensive
tectonic cracking of the crust. Among the most spectacular tectonic features on Mars are the canyons called the
Valles Marineris (or Mariner Valleys, named after Mariner 9, which first revealed them to us), which are shown
in Figure 6.13. They extend for about 5000 kilometres (nearly a quarter of the way around Mars) along the
slopes of the Tharsis bulge. If it were on Earth, this canyon system would stretch all the way from Los Angeles
to Washington, DC. The main canyon is about 7 kilometres deep and up to 100 kilometres wide, large enough
for the Grand Canyon of the Colorado River to fit comfortably into one of its side canyons. Viewers of the
movie “The Martian” can see a recreation of these canyonlands, as the film’s hero takes a long trip through a

spectacular (and somewhat exaggerated) presentation of this part of Mars.

Heavily Eroded Canyonlands on Mars

Figure 6.13. This image shows the Valles Marineris canyon complex, which is 3000 kilometres long and 8
kilometres deep.
PIAQ0422: Valles Marineris by NASA/JPL/USGS, NASA JPL Media Licence.
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The atmosphere of Mars today has an average surface pressure of only 0.007 bar, less than 1% that of Earth.
(This is how thin the air is about 30 kilometres above Earth’s surface.) Martian air is composed primarily of
carbon dioxide (95%), with about 3% nitrogen and 2% argon. The proportions of different gases are similar to
those in the atmosphere of Venus, but a lot less of each gas is found in the thin air on Mars.

While winds on Mars can reach high speeds, they exert much less force than wind of the same velocity would
on Earth because the atmosphere is so thin. The wind is able, however, to loft very fine dust particles, which can
sometimes develop planet-wide dust storms. It is this fine dust that coats almost all the surface, giving Mars its
distinctive red colour. In the absence of surface water, wind erosion plays a major role in sculpting the martian

surface (Figure 6.14).

Wind Erosion on Mars

L RN
Figure 6.14. These long straight ridges, called yardangs, are aligned with the dominant wind direction. This

is a high-resolution image from the Mars Reconnaissance Orbiter and is about 1 kilometre wide.
On the Beauty of Yardangs by NASA/JPL-Caltech/Univ. of Arizona, NASA JPL Media Licence.

The issue of how strong the winds on Mars can be plays a big role in the 2015 hit movie The Martian in which

the main character is stranded on Mars after being buried in the sand in a windstorm so great that his fellow
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astronauts have to leave the planet so their ship is not damaged. Astronomers have noted that the martian
winds could not possibly be as forceful as depicted in the film because the air pressure is so low. In most ways,

however, the depiction of Mars in this movie is remarkably accurate.

Although the atmosphere contains small amounts of water vapor and occasional clouds of water ice, liquid
water is not stable under present conditions on Mars. Part of the problem is the low temperatures on the
planet. But even if the temperature on a sunny summer day rises above the freezing point, the low pressure
means that liquid water still cannot exist on the surface, except at the lowest elevations. At a pressure of less
than 0.006 bar, the boiling point is as low or lower than the freezing point, and water changes directly from
solid to vapor without an intermediate liquid state (as does “dry ice,” carbon dioxide, on Earth). However, salts
dissolved in water lower its freezing point, as we know from the way salt is used to thaw roads after snow and
ice forms during winter on Earth. Salty water is therefore sometimes able to exist in liquid form on the martian
surface, under the right conditions.

Several types of clouds can form in the martian atmosphere. First there are dust clouds, discussed above.
Second are water-ice clouds similar to those on Earth. These often form around mountains, just as happens
on our planet. Finally, the CO; of the atmosphere can itself condense at high altitudes to form hazes of dry
ice crystals. The CO3 clouds have no counterpart on Earth, since on our planet temperatures never drop low
enough (down to about 150 K or about —125 °C) for this gas to condense.

Through a telescope, the most prominent surface features on Mars are the bright polar caps, which change
with the seasons, similar to the seasonal snow cover on Earth. We do not usually think of the winter snow in
northern latitudes as a part of our polar caps, but seen from space, the thin winter snow merges with Earth’s

thick, permanent ice caps to create an impression much like that seen on Mars (Figure 6.15).
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Martian North Polar Cap

(b)

Figure 6.15. (a) This is a composite image of the north pole in summer, obtained in October 2006 by the
Mars Reconnaissance Orbiter. It shows the mostly water-ice residual cap sitting atop light, tan-coloured,
layered sediments. Note that although the border of this photo is circular, it shows only a small part of the
planet. (b) Here we see a small section of the layered terrain near the martian north pole. There is a
mound about 40 metres high that is sticking out of a trough in the centre of the picture.

(a): PIA01928: Mars Polar Cap During Transition Phase Instrument Checkout by NASA/JPL/MSSS, NASA
Media Licence.

(b): PIA11231: Unusual Mound in North Polar Layered Deposits by NASA/JPL-Caltech/University of Arizona,
NASA Media Licence.

The seasonal caps on Mars are composed not of ordinary snow but of frozen CO; (dry ice). These deposits
condense directly from the atmosphere when the surface temperature drops below about 150 K. The caps
develop during the cold martian winters and extend down to about 50° latitude by the start of spring.

Quite distinct from these thin seasonal caps of CO> are the permanent or residual caps that are always
present near the poles. The southern permanent cap has a diameter of 350 kilometres and is composed of
frozen CO; deposits together with a great deal of water ice. Throughout the southern summer, it remains at
the freezing point of CO», 150 K, and this cold reservoir is thick enough to survive the summer heat intact.

The northern permanent cap is different. It is much larger, never shrinking to a diameter less than 1000
kilometres, and is composed of water ice. Summer temperatures in the north are too high for the frozen CO;
to be retained. Measurements from the Mars Global Surveyor have established the exact elevations in the north
polar region of Mars, showing that it is a large basin about the size of our own Arctic Ocean basin. The ice

cap itself is about 3 kilometres thick, with a total volume of about 10 million km® (similar to that of Earth’s
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Mediterranean Sea). If Mars ever had extensive liquid water, this north polar basin would have contained a
shallow sea. There is some indication of ancient shorelines visible, but better images will be required to verify
this suggestion.

Images taken from orbit also show a distinctive type of terrain surrounding the permanent polar caps, as
shown in Figure 6.15. At latitudes above 80° in both hemispheres, the surface consists of recent layered deposits
that cover the older cratered ground below. Individual layers are typically ten to a few tens of metres thick,
marked by alternating light and dark bands of sediment. Probably the material in the polar deposits includes
dust carried by wind from the equatorial regions of Mars.

What do these terraced layers tell us about Mars? Some cyclic process is depositing dust and ice over periods
of time. The time scales represented by the polar layers are tens of thousands of years. Apparently the martian
climate experiences periodic changes at intervals similar to those between ice ages on Earth. Calculations
indicate that the causes are probably also similar: the gravitational pull of the other planets produces variations
in Mars’ orbit and tilt as the great clockwork of the solar system goes through its paces.

The Phoenix spacecraft landed near the north polar cap in summer (Figure 6.16). Controllers knew that it
would not be able to survive a polar winter, but directly measuring the characteristics of the polar region was
deemed important enough to send a dedicated mission. The most exciting discovery came when the spacecraft
tried to dig a shallow trench under the spacecraft. When the overlying dust was stripped off, they saw bright
white material, apparently some kind of ice. From the way this ice sublimated over the next few days, it was

clear that it was frozen water.
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Evaporating Ice on Mars
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Figure 616. We see a trench dug by the Phoenix lander in the north polar region four martian days apartin
June 2008. If you look at the shadowed region in the bottom left of the trench, you can see three spots of
ice in the left image which have sublimated away in the right image.

Disappearing Ice In Colour by NASA/JPL-Caltech/University of Arizona/Texas AGM University, NASA Media
Licence.
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Example 6.1

Comparing the Amount of Water on Mars and Earth

It is interesting to estimate the amount of water (in the form of ice) on Mars and to compare this
with the amount of water on Earth. In each case, we can find the total volume of a layer on a
sphere by multiplying the area of the sphere (4 R2) by the thickness of the layer. For Earth,
the ocean water is equivalent to a layer 3 km thick spread over the entire planet, and the
radius of Earth is .378 x 10% m.

For Mars, most of the water we are sure of is in the form of ice near the poles. We can
calculate the amount of ice in one of the residual polar caps if it is (for example) 2 km
thick and has a radius of 400 km (the area of a circle is 7 R2).

Solution
The volume of Earth's water is therefore the area

4mR? = 47(6.378 x 10°)?
= 5.1 x 10'4m?

multiplied by the thickness of 3000 m:
5.1 x 10'4 m? x 3000 m = 1.5 x 10'8 m?

This gives 1.5 x 10! 8m?3 of water. Since water has a density of 1 ton per cubic meter (
1000 kg/m3), we can calculate the mass:

1.5 x 10'8m?® x 1 ton/m® = 1.5 x 10'8 tons
For Mars, the ice doesn't cover the whole planet, only the caps; the polar cap area is
mR?* = 7(4 x 10° m)? = 5 x 10'1 m?
(Note that we converted kilometres to metres.)

The volume = area x height, so we have:
(2 x 10® m)(5 x 10'1 m?) =1 x 10'5 m® = 10'5 m?

Therefore, the mass is:
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10’5 m® x 1 ton/m® = 10'5 tons
This is about (9,19 that of Earth’s oceans.

A better comparison might be to compare the amount of ice in the Mars polar ice caps to the
amount of ice in the Greenland ice sheet on Earth, which has been estimated as
2.85 x 105 m?3. How does this compare with the ice on Mars?

Solution
The Greenland ice sheet has about 2,85 times as much ice as in the polar ice caps on Mars. They
are about the same to the nearest power of 1.

Although no bodies of liquid water exist on Mars today, evidence has accumulated that rivers flowed on the
red planet long ago. Two kinds of geological features appear to be remnants of ancient watercourses, while a
third class—smaller gullies—suggests intermittent outbreaks of liquid water even today. We will examine each
of these features in turn.

In the highland equatorial plains, there are multitudes of small, sinuous (twisting) channels—typically a
few metres deep, some tens of metres wide, and perhaps 10 or 20 kilometres long (Figure 6.17). They are
called runoff channels because they look like what geologists would expect from the surface runoft of ancient
rain storms. These runoff channels seem to be telling us that the planet had a very different climate long ago.
To estimate the age of these channels, we look at the cratering record. Crater counts show that this part of
the planet is more cratered than the lunar maria but less cratered than the lunar highlands. Thus, the runoff
channels are probably older than the lunar maria, presumably about 4 billion years old.

The second set of water-related features we see are outflow channels (Figure 6.17) are much larger than
the runoft channels. The largest of these, which drain into the Chryse basin where Pathfinder landed, are
10 kilometres or more wide and hundreds of kilometres long. Many features of these outflow channels have
convinced geologists that they were carved by huge volumes of running water, far too great to be produced by

ordinary rainfall. Where could such floodwater have come from on Mars?
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Runoff and Outflow Channels

(b)

Figure 617. (a) These runoff channels in the old martian highlands are interpreted as the valleys of ancient
rivers fed by either rain or underground springs. The width of this image is about 200 kilometres. (b) This
intriguing channel, called Nanedi Valles, resembles Earth riverbeds in some (but not all) ways. The tight
curves and terraces seen in the channel certainly suggest the sustained flow of a fluid like water. The
channel is about 2.5 kilometres across.

(a): Photo No. A85-0760-3 by NASA, NASA Media Licence.

(b): PIA02094: Water: Sustained Flow by NASA/JPL/MSSS, NASA Media Licence.

As far we can tell, the regions where the outflow channels originate contained abundant water frozen in the
soil as permafrost. Some local source of heating must have released this water, leading to a period of rapid and
catastrophic flooding. Perhaps this heating was associated with the formation of the volcanic plains on Mars,
which date back to roughly the same time as the outflow channels.

Note that neither the runoff channels nor the outflow channels are wide enough to be visible from Earth,
nor do they follow straight lines. They could not have been the “canals” Percival Lowell imagined seeing on the
red planet.

The third type of water feature, the smaller gullies, was discovered by the Mars Global Surveyor (Figure
6.18). The Mars Global Surveyor’s camera images achieved a resolution of a few metres, good enough to see

something as small as a truck or bus on the surface. On the steep walls of valleys and craters at high latitudes,
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there are many erosional features that look like gullies carved by flowing water. These gullies are very young:
not only are there no superimposed impact craters, but in some instances, the gullies seem to cut across recent
wind-deposited dunes. Perhaps there is liquid water underground that can occasionally break out to produce

short-lived surface flows before the water can freeze or evaporate.

Gullies on the Wall of Garni Crater

N 3
S b

Figure 618. This high-resolution image is from the Mars Reconnaissance Orbiter. The dark streaks, which
are each several hundred metres long, change in a seasonal pattern that suggests they are caused by the
temporary flow of surface water.

Dark, Recurring Streaks on Walls of Garni Crater on Mars by NASA/JPL-Caltech/Univ. of Arizona, NASA
Media Licence.

The gullies also have the remarkable property of changing regularly with the martian seasons. Many of the
dark streaks (visible in Figure 6.18) elongate within a period of a few days, indicating that something is
flowing downhill—either water or dark sediment. If it is water, it requires a continuing source, either from the
atmosphere or from springs that tap underground water layers (aquifers.) Underground water would be the
most exciting possibility, but this explanation seems inconsistent with the fact that many of the dark streaks
start at high elevations on the walls of craters.

Additional evidence that the dark streaks (called by the scientists recurring slope lineae) are caused by

water was found in 2015 when spectra were obtained of the dark streaks (Figure 6.19). These showed the
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presence of hydrated salts produced by the evaporation of salty water. If the water is salty, it could remain liquid
long enough to flow downstream for distances of a hundred metres or more, before it either evaporates or soaks

into the ground. However, this discovery still does not identify the ultimate source of the water.

Evidence for Liquid Water on Mars

Figure 619. The dark streaks in Horowitz crater, which move downslope, have been called recurring slope
lineae. The streaks in the centre of the image go down the wall of the crater for about a distance of 100
metres. Spectra taken of this region indicate that these are locations where salty liquid water flows on or
just below the surface of Mars. (The vertical dimension is exaggerated by a factor of 1.5 compared to
horizontal dimensions.)

Recurring “Lineae” on Slopes at Horowitz Crater by NASA/JPL-Caltech/Univ. of Arizona, NASA Media
Licence.

Mars has two small moons, Deimos and Phobos . The names are taken from the Greek for Dread (Deimos)
and Fear (Phobos). They were discovered by Asaph Hall in 1877. Phobos is the larger of the two moons
(barely larger than 16 miles at its biggest point) and orbits Mars once every 11 hours and 6 minutes. Both
moons are odd-shaped and very small. Both Phobos and Deimos were most-likely captured asteroids or the
result of a collision with Mars. As the images show, both moons have craters. Neither moon has an

atmosphere.
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Deimos

Figure 6.20. Photo of Deimos.
Colour-enhanced views of Deimos by NASA/JPL-Caltech/Univ. of Arizona, NASA Media Licence.
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Phobos

Figure 6.21. Photo of Phobos taken by NASA's Mars Reconnaissance Orbiter in 2008.
Colour-enhanced views of Phobos by NASA/JPL-Caltech/Univ. of Arizona, NASA Media Licence.
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6.5 VENUS

Venus appears very bright, and even a small telescope reveals that it goes through phases like the Moon. Galileo
discovered that Venus displays a full range of phases, and he used this as an argument to show that Venus must
circle the Sun and not Earth. The planet’s actual surface is not visible because it is shrouded by dense clouds
that reflect about 70% of the sunlight that falls on them, frustrating efforts to study the underlying surface,

even with cameras in orbit around the planet (Figure 6.22).
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Venus as Photographed by the Pioneer Venus Orbiter

Figure 6.22. This ultraviolet image shows an upper-atmosphere cloud structure that would be invisible at
visible wavelengths. Note that there is not even a glimpse of the planet's surface.

Ultraviolet image of Venus' clouds as seen by the Pioneer Venus Orbiter (Feb. 26, 1979) by NASA/GSFC,
NASA Media Licence.
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Since no surface detail can be seen through Venus’ clouds, its rotation period can be found only by bouncing
radar signals off the planet. The first radar observations of Venus’ rotation were made in the early 1960s. Later,
topographical surface features were identified on the planet that showed up in the reflected radar signals. The
rotation period of Venus, precisely determined from the motion of such “radar features” across its disk, is
243 days. Even more surprising than how Jong Venus takes to rotate is the fact that it spins in a backward or
retrograde direction (east to west).

Stop for a moment and think about how odd this slow rotation makes the calendar on Venus. The planet
takes 225 Earth days to orbit the Sun and 243 Earth days to spin on its axis. So the day on Venus (as defined
by its spinning once) is longer than the year! As a result, the time the Sun takes to return to the same place
in Venus’ sky—another way we might define the meaning of a day—turns out to be 117 Earth days. (If you
say “See you tomorrow” on Venus, you’ll have a long time to wait.) Although we do not know the reason
for Venus’ slow backward rotation, we can guess that it may have suffered one or more extremely powerful
collisions during the formation process of the solar system.

Since Venus has about the same size and composition as Earth, we might expect its geology to be similar.
This is partly true, but Venus does not exhibit the same kind of plate tectonics as Earth, and we will see that its
lack of erosion results in a very different surface appearance.

Nearly 50 spacecraft have been launched to Venus, but only about half were successful. Although the 1962
US Mariner 2 flyby was the first, the Soviet Union launched most of the subsequent missions to Venus. In
1970, Venera 7 became the first probe to land and broadcast data from the surface of Venus. It operated for 23
minutes before succumbing to the high surface temperature. Additional Venera probes and landers followed,
photographing the surface and analyzing the atmosphere and soil.

To understand the geology of Venus, however, we needed to make a global study of its surface, a task made
very difficult by the perpetual cloud layers surrounding the planet. The problem resembles the challenge facing
air traffic controllers at an airport, when the weather is so cloudy or smoggy that they can’t locate the incoming
planes visually. The solution is similar in both cases: use a radar instrument to probe through the obscuring
layer.

The first global radar map was made by the US Pioneer Venus orbiter in the late 1970s, followed by
better maps from the twin Soviet Venera 15 and 16 radar orbiters in the early 1980s. However, most of our
information on the geology of Venus is derived from the US Magellan spacecraft, which mapped Venus with
a powerful imaging radar. Magellan produced images with a resolution of 100 metres, much better than
that of previous missions, yielding our first detailed look at the surface of our sister planet (Figure 6.23). (The
Magellan spacecraft returned more data to Earth than all previous planetary missions combined; each 100
minutes of data transmission from the spacecraft provided enough information, if translated into characters,

to fill two 30-volume encyclopedias.)
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Radar Map of Venus

Figure 6.23. This composite image has a resolution of about 3 kilometres. Colours have been added to
indicate elevation, with blue meaning low and brown and white high. The large continent Aphrodite
stretches around the equator, where the bright (therefore rough) surface has been deformed by tectonic

forces in the crust of Venus.
Hemispheric View of Venus by NASA/JPL/USGS, NASA Media Licence.

Consider for a moment how good Magellan’s resolution of 100 metres really is. It means the radar images from
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Venus can show anything on the surface larger than a football field. Suddenly, a whole host of topographic
features on Venus became accessible to our view. As you look at the radar images throughout this chapter, bear
in mind that these are constructed from radar reflections, not from visible-light photographs. For example,
bright features on these radar images are an indication of rough terrain, whereas darker regions are smoother.

The radar maps of Venus reveal a planet that looks much the way Earth might look if our planet’s surface
were not constantly being changed by erosion and deposition of sediment. Because there is no water or ice on
Venus and the surface wind speeds are low, almost nothing obscures or erases the complex geological features
produced by the movements of Venus’ crust, by volcanic eruptions, and by impact craters. Having finally
penetrated below the clouds of Venus, we find its surface to be naked, revealing the history of hundreds of
millions of years of geological activity.

About 75% of the surface of Venus consists of lowland lava plains. Superficially, these plains resemble
the basaltic ocean basins of Earth, but they were not produced in quite the same way. There is no evidence
of subduction zones on Venus, indicating that, unlike Earth, this planet never experienced plate tectonics.
Although convection (the rising of hot materials) in its mantle generated great stresses in the crust of Venus,
they did not start large continental plates moving. The formation of the lava plains of Venus more nearly
resembles that of the lunar maria. Both were the result of widespread lava eruptions without the crustal
spreading associated with plate tectonics.

Rising above the lowland lava plains are two full-scale continents of mountainous terrain. The largest
continent on Venus, called Aphrodite, is about the size of Africa (you can see it stand out in Figure 6.23).
Aphrodite stretches along the equator for about one-third of the way around the planet. Next in size is the
northern highland region Ishtar, which is about the size of Australia. Ishtar contains the highest region on
the planet, the Maxwell Mountains, which rise 11 kilometres above the surrounding lowlands. (The Maxwell
Mountains are the only feature on Venus named after a man. They commemorate James Clerk Maxwell, whose
theory of electromagnetism led to the invention of radar. All other features are named for women, either from
history or mythology.)

One of the first questions astronomers addressed with the high-resolution Magellan images was the age of
the surface of Venus. Remember that the age of a planetary surface is rarely the age of the world it is on. A
young age merely implies an active geology in that location. Such ages can be derived from counting impact
craters. Figure 6.24 is an example of what these craters look like on the Venus radar images. The more densely
cratered the surface, the greater its age. The largest crater on Venus (called Mead) is 275 kilometres in diameter,
slightly larger than the largest known terrestrial crater (Chicxulub), but much smaller than the lunar impact

basins.
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Impact Craters on Venus
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Figure 6.24. (a) These large impact craters are in the Lavinia region of Venus. Because they are rough, the
crater rims and ejecta appear brighter in these radar images than do the smoother surrounding lava plains.
The largest of these craters has a diameter of 50 kilometres. (b) This small, complex crater is named after
writer Gertrude Stein. The triple impact was caused by the breaking apart of the incoming asteroid during
its passage through the thick atmosphere of Venus. The projectile had an initial diameter of between 1 and
2 kilometres.

(a): PIAO0086: Mosaic of Large Impact Craters by NASA/JPL, NASA Media Licence.

(b): PIAO0OQ88: Venus - Stein Triplet Crater by NASA/JPL, NASA Media Licence.

The large craters in the venusian plains indicate an average surface age that is only between 300 and 600 million
years. These results indicate that Venus is indeed a planet with persistent geological activity, intermediate
between that of Earth’s ocean basins (which are younger and more active) and that of its continents (which are
older and less active).

Like Earth, Venus is a planet that has experienced widespread volcanism. In the lowland plains, volcanic
eruptions are the principal way the surface is renewed, with large flows of highly fluid lava destroying old craters
and generating a fresh surface. In addition, numerous younger volcanic mountains and other structures are
associated with surface hot spots—places where convection in the planet’s mantle transports the interior heat
to the surface.

The largest individual volcano on Venus, called Sif Mons, is about 500 kilometres across and 3 kilometres

high—broader but lower than the Hawaiian volcano Mauna Loa. At its top is a volcanic crater, or caldera,
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about 40 kilometres across, and its slopes show individual lava flows up to 500 kilometres long. Thousands of
smaller volcanoes dot the surface, down to the limit of visibility of the Magellan images, which correspond
to cones or domes about the size of a shopping mall parking lot. Most of these seem similar to terrestrial

volcanoes. Other volcanoes have unusual shapes, such as the “pancake domes” illustrated in Figure 6.25.
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Pancake-Shaped Volcanoes on Venus

Figure 6.25. These remarkable circular domes, each about 25 kilometres across and about 2 kilometres tall,
are the result of eruptions of highly viscous (sludgy) lava that spreads out evenly in all directions.
Venus — Alpha Regio by NASA/JPL, NASA JPL Media Licence.

All of the volcanism is the result of eruption of lava onto the surface of the planet. But the hot lava rising from
the interior of a planet does not always make it to the surface. On both Earth and Venus, this upwelling lava can

collect to produce bulges in the crust. Many of the granite mountain ranges on Earth, such as the Sierra Nevada
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in California, involve such subsurface volcanism. These bulges are common on Venus, where they produce

large circular or oval features called coronae (singular: corona) (Figure 6.26).

The "Miss Piggy" Corona

Figure 6.26. Fotla Corona is located in the plains to the south of Aphrodite Terra. Curved fracture patterns
show where the material beneath has put stress on the surface. A number of pancake and dome
volcanoes are also visible. Fotla was a Celtic fertility goddess. Some students see a resemblance between
this corona and Miss Piggy of the Muppets (her left ear, at the top of the picture, is the pancake volcano in

the upper center of the image).
Venus - Aine Corona by NASA/JPL, NASA JPL Media Licence.

The successful Venera landers of the 1970s found themselves on an extraordinarily inhospitable planet, with
a surface pressure of 90 bars and a temperature hot enough to melt lead and zinc. Despite these unpleasant

conditions, the spacecraft were able to photograph their surroundings and collect surface samples for chemical
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analysis before their instruments gave out. The diffuse sunlight striking the surface was tinted red by the clouds,
and the illumination level was equivalent to a heavy overcast on Earth.

The probes found that the rock in the landing areas is igneous, primarily basalts. Examples of the Venera
photographs are shown in Figure 6.27. Each picture shows a flat, desolate landscape with a variety of rocks,
some of which may be ejecta from impacts. Other areas show flat, layered lava flows. There have been no
further landings on Venus since the 1970s. However, NASA has plans for a radar orbiter with much higher
resolution than Magellan, that will focus on the complex structures in the Aphrodite region. Some geologists

think this area shows evidence of geologic plates, with past activity analogous to the plate tectonics on Earth.

Surface of Venus

Figure 6.27. These views of the surface of Venus are from the Venera 13 spacecraft. Everything is orange
because the thick atmosphere of Venus absorbs the bluer colours of light. The horizon is visible in the
upper corner of each image.

Colour version of the left & right halves of the Venera 13 image by NASA/Russian Space Agency, NASA
Media Licence.

The thick atmosphere of Venus produces the high surface temperature and shrouds the surface in a perpetual
red twilight. Sunlight does not penetrate directly through the heavy clouds, but the surface is fairly well lit by
diffuse light (about the same as the light on Earth under a heavy overcast). The weather at the bottom of this
deep atmosphere remains perpetually hot and dry, with calm winds. Because of the heavy blanket of clouds
and atmosphere, one spot on the surface of Venus is similar to any other as far as weather is concerned. The
most abundant gas on Venus is carbon dioxide (CO3), which accounts for 96% of the atmosphere. The second
most common gas is nitrogen. The predominance of carbon dioxide over nitrogen is not surprising when you
recall that Earth’s atmosphere would also be mostly carbon dioxide if this gas were not locked up in marine
sediments.

Table 6.3 compares the compositions of the atmospheres of Venus, Mars, and Earth. Expressed in this way,
as percentages, the proportions of the major gases are very similar for Venus and Mars, but in total quantity,

their atmospheres are dramatically different. With its surface pressure of 90 bars, the venusian atmosphere is
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more than 10,000 times more massive than its martian counterpart. Overall, the atmosphere of Venus is very

dry; the absence of water is one of the important ways that Venus differs from Earth.

Table 6.3. Atmospheric Composition of Earth,
Venus, and Mars

Gas Earth
Carbon dioxide (CO2) 0.03%

Nitrogen (N2) 78.1%
Argon (Ar) 0.93%
Oxygen (O2) 21.0%
Neon (Ne) 0.002%

Venus
96%
3.5%
0.006%
0.003%

0.001%

Mars
95.3%
2.7%
1.6%
0.15%

0.0003%

The atmosphere of Venus has a huge troposphere (region of convection) that extends up to at least 50

kilometres above the surface (Figure 6.28). Within the troposphere, the gas is heated from below and circulates

slowly, rising near the equator and descending over the poles. Being at the base of the atmosphere of Venus is

something like being a kilometer or more below the ocean surface on Earth. There, the mass of water evens

out temperature variations and results in a uniform environment—the same effect the thick atmosphere has

on Venus.
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Figure 6.28. The layers of the massive atmosphere of Venus shown here are based on data
from the Pioneer and Venera entry probes. Height is measured along the left axis, the bottom
scale shows temperature, and the red line allows you to read off the temperature at each
height. Notice how steeply the temperature rises below the clouds, thanks to the planet's huge
greenhouse effect.

In the upper troposphere, between 30 and 60 kilometres above the surface, a thick cloud layer is composed
primarily of sulfuric acid droplets. Sulfuric acid (H,SO4) is formed from the chemical combination of sulfur
dioxide (SO2) and water (H2O). In the atmosphere of Earth, sulfur dioxide is one of the primary gases emitted
by volcanoes, but it is quickly diluted and washed out by rainfall. In the dry atmosphere of Venus, this
unpleasant substance is apparently stable. Below 30 kilometres, the Venus atmosphere is clear of clouds.

The high surface temperature of Venus was discovered by radio astronomers in the late 1950s and confirmed
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by the Mariner and Venera probes. How can our neighbor planet be so hot? Although Venus is somewhat
closer to the Sun than is Earth, its surface is hundreds of degrees hotter than you would expect from the extra
sunlight it receives. Scientists wondered what could be heating the surface of Venus to a temperature above 700
K. The answer turned out to be the greenhouse effect.

The greenhouse effect works on Venus just as it does on Earth, but since Venus has so much more
COy—almost a million times more—the effect is much stronger. The thick CO; acts as a blanket, making it
very difficult for the infrared (heat) radiation from the ground to get back into space. As a result, the surface
heats up. The energy balance is only restored when the planet is radiating as much energy as it receives from
the Sun, but this can happen only when the temperature of the lower atmosphere is very high. One way of
thinking of greenhouse heating is that it must raise the surface temperature of Venus until this energy balance
is achieved.

Let us try to reconstruct the possible evolution of Venus from an earthlike beginning to its present state.
Venus may once have had a climate similar to that of Earth, with moderate temperatures, water oceans, and
much of its CO; dissolved in the ocean or chemically combined with the surface rocks. Then we allow for
modest additional heating—by gradual increase in the energy output of the Sun, for example. When we
calculate how Venus’ atmosphere would respond to such effects, it turns out that even a small amount of extra
heat can lead to increased evaporation of water from the oceans and the release of gas from surface rocks.

This in turn means a further increase in the atmospheric CO, and HO, gases that would amplify the
greenhouse effect in Venus’ atmosphere. That would lead to still more heat near Venus’ surface and the release
of further CO2 and H»O. Unless some other processes intervene, the temperature thus continues to rise. Such

a situation is called the runaway greenhouse effect.

Attribution

“10.1 The Nearest Planets: An Overview®, “10.2 The Geology of Venus®, and “10.3 The Massive Atmosphere
of Venus” from Astronomy 2e by Andrew Fraknoi, David Morrison, Sidney C. Wolff, © OpenStax — Rice
University is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted.
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6.6 MERCURY

The planet Mercury is similar to the Moon in many ways. Like the Moon, it has no atmosphere, and its surface
is heavily cratered. As described later in this chapter, it also shares with the Moon the likelihood of a violent
birth.

Mercury is the nearest planet to the Sun, and, in accordance with Kepler’s third law, it has the shortest period
of revolution about the Sun (88 of our days) and the highest average orbital speed (48 kilometres per second).
It is appropriately named for the fleet-footed messenger god of the Romans. Because Mercury remains close to
the Sun, it can be difficult to pick out in the sky. As you might expect, it’s best seen when its eccentric orbit
takes it as far from the Sun as possible.

The semimajor axis of Mercury’s orbit—that is, the planet’s average distance from the Sun—is 58 million
kilometres, or 0.39 AU. However, because its orbit has the high eccentricity of 0.206, Mercury’s actual distance

from the Sun varies from 46 million kilometres at perihelion to 70 million kilometres at aphelion.

Mercury’s mass is one-eighteenth that of Earth, making it the smallest terrestrial planet. Mercury is the smallest
planet (except for the dwarf planets), having a diameter of 4878 kilometres, less than half that of Earth.
Mercury’s density is 5.4 g/ cm3, much greater than the density of the Moon, indicating that the composition
of those two objects differs substantially.

Mercury’s composition is one of the most interesting things about it and makes it unique among the planets.
Mercury’s high density tells us that it must be composed largely of heavier materials such as metals. The most
likely models for Mercury’s interior suggest a metallic iron-nickel core amounting to 60% of the total mass,
with the rest of the planet made up primarily of silicates. The core has a diameter of 3500 kilometres and
extends out to within 700 kilometres of the surface. We could think of Mercury as a metal ball the size of the
Moon surrounded by a rocky crust 700 kilometres thick (Figure 6.29). Unlike the Moon, Mercury does have
a weak magnetic field. The existence of this field is consistent with the presence of a large metal core, and it

suggests that at least part of the core must be liquid in order to generate the observed magnetic field.
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Mercury's Internal Structure

Solid Inner
Core

Figure 6.29. The interior of Mercury is dominated by a metallic core about the same size as our Moon.
Mercury's internal structure by NASA's Goddard Space Flight Center, NASA Media Licence.
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Example 6.2

Densities of Worlds

The average density of a body equals its mass divided by its volume. For a sphere, density is:
mass

4. _p3
37TR

density =

Astronomers can measure both mass and radius accurately when a spacecraft flies by a body. Using
the information in this chapter, we can calculate the approximate average density of the Moon.

Solution
For a sphere,
mass 7.35 x 1022 kg

density = — = 3.4 x 10° kg/m®
gﬁR:% 4.2 x 5.2 x 10'8 m3 /

Table 61 gives a value of 3.3 g /cm®, whichis 3.3 x 10° kg/m®.

Exercise 6.2

Using the information in this chapter, calculate the average density of Mercury. Show your work.
Does your calculation agree with the figure we give in this chapter?

Solution
3.3 x 1023 k
density = s e — 5.4 x 10° kg/m’
§7T33 4.2 x 1.45 x 1019 m3
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That matches the value given in Table 6.1 when g/cm3 is converted into kg/mg.

Mercury's Strange Rotation

Visual studies of Mercury’s indistinct surface markings were once thought to indicate that the planet kept
one face to the Sun (as the Moon does to Earth). Thus, for many years, it was widely believed that Mercury’s
rotation period was equal to its revolution period of 88 days, making one side perpetually hot while the other
was always cold.

Radar observations of Mercury in the mid-1960s, however, showed conclusively that Mercury does not keep
one side fixed toward the Sun. If a planet is turning, one side seems to be approaching Earth while the other
is moving away from it. The resulting Doppler shift spreads or broadens the precise transmitted radar-wave
frequency into a range of frequencies in the reflected signal (Figure 6.30). The degree of broadening provides

an exact measurement of the rotation rate of the planet.
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Figure 6.30. When a radar beam is reflected from a rotating planet, the motion of one side of the
planet’s disk toward us and the other side away from us causes Doppler shifts in the reflected
signal. The effect is to cause both a redshift and a blueshift, widening the spread of frequencies in

the radio beam.

Mercury’s period of rotation (how long it takes to turn with respect to the distant stars) is 59 days, which is

just two-thirds of the planet’s period of revolution. Subsequently, astronomers found that a situation where

the spin and the orbit of a planet (its year) are in a 2:3 ratio turns out to be stable.

Mercury, being close to the Sun, is very hot on its daylight side; but because it has no appreciable

atmosphere, it gets surprisingly cold during the long nights. The temperature on the surface climbs to 700 K

(430 °C) at noontime. After sunset, however, the temperature drops, reaching 100 K (-170 °C) just before

dawn. (It is even colder in craters near the poles that receive no sunlight at all.) The range in temperature on

Mercury is thus 600 K (or 600 °C), a greater difference than on any other planet.

Mercury rotates three times for each two orbits around the Sun. It is the only planet that exhibits this

relationship between its spin and its orbit, and there are some interesting consequences for any observers who

might someday be stationed on the surface of Mercury.
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Here on Earth, we take for granted that days are much shorter than years. Therefore, the two astronomical
ways of defining the local “day”—how long the planet takes to rotate and how long the Sun takes to return to
the same position in the sky—are the same on Earth for most practical purposes. But this is not the case on
Mercury. While Mercury rotates (spins once) in 59 Earth days, the time for the Sun to return to the same place
in Mercury’s sky turns out to be two Mercury years, or 176 Earth days. (Note that this result is not intuitively
obvious, so don’t be upset if you didn’t come up with it.) Thus, if one day at noon a Mercury explorer suggests
to her companion that they should meet at noon the next day, this could mean a very long time apart!

To make things even more interesting, recall that Mercury has an eccentric orbit, meaning that its distance
from the Sun varies significantly during each mercurian year. By Kepler’s law, the planet moves fastest in its
orbit when closest to the Sun. Let’s examine how this affects the way we would see the Sun in the sky during
one 176-Earth-day cycle. We'll look at the situation as if we were standing on the surface of Mercury in the

center of a giant basin that astronomers call Caloris (Figure 6.31).
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Caloris Basin

Figure 6.31. This partially flooded impact basin is the largest known structural feature on Mercury. The
smooth plains in the interior of the basin have an area of almost two million square kilometres.

Mercury's Caloris Basin by NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution
of Washington, NASA Media Licence.

At the location of Caloris, Mercury is most distant from the Sun at sunrise; this means the rising Sun looks

smaller in the sky (although still more than twice the size it appears from Earth). As the Sun rises higher and
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higher, it looks bigger and bigger; Mercury is now getting closer to the Sun in its eccentric orbit. At the same
time, the apparent motion of the Sun slows down as Mercury’s faster motion in orbit begins to catch up with
its rotation.

At noon, the Sun is now three times larger than it looks from Earth and hangs almost motionless in the
sky. As the afternoon wears on, the Sun appears smaller and smaller, and moves faster and faster in the sky. At
sunset, a full Mercury year (or 88 Earth days after sunrise), the Sun is back to its smallest apparent size as it dips
out of sight. Then it takes another Mercury year before the Sun rises again. (By the way, sunrises and sunsets
are much more sudden on Mercury, since there is no atmosphere to bend or scatter the rays of sunlight.)

Astronomers call locations like the Caloris Basin the “hot longitudes” on Mercury because the Sun is closest
to the planet at noon, just when it is lingering overhead for many Earth days. This makes these areas the hottest
places on Mercury.

We bring all this up not because the exact details of this scenario are so important but to illustrate how many
of the things we take for granted on Earth are not the same on other worlds. As we’ve mentioned before, one of
the best things about taking an astronomy class should be ridding you forever of any “Earth chauvinism” you

might have. The way things are on our planet is just one of the many ways nature can arrange reality.

This Day on Mercury visualization shows how Mercury’s slow rotation leads to very long days
and how this combines with its highly elliptical orbit to cause some unusual motions of the sun
in the sky. Note the stick figure on the surface of Mercury; the Day/Night box shows what that
stick figure would see in the sky.

The first close-up look at Mercury came in 1974, when the US spacecraft Mariner 10 passed 9500 kilometres
from the surface of the planet and transmitted more than 2000 photographs to Earth, revealing details with
a resolution down to 150 metres. Subsequently, the planet was mapped in great detail by the MESSENGER
spacecraft, which was launched in 2004 and made multiple flybys of Earth, Venus, and Mercury before settling
into orbit around Mercury in 2011. It ended its life in 2015, when it was commanded to crash into the surface
of the planet.

Mercury’s surface strongly resembles the Moon in appearance (Figure 6.32 and Figure 6.33). It is covered
with thousands of craters and larger basins up to 1300 kilometres in diameter. Some of the brighter craters are
rayed, like Tycho and Copernicus on the Moon, and many have central peaks. There are also scarps (cliffs)
more than a kilometer high and hundreds of kilometres long, as well as ridges and plains.

MESSENGER instruments measured the surface composition and mapped past volcanic activity. One of its

most important discoveries was the verification of water ice (first detected by radar) in craters near the poles,
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similar to the situation on the Moon, and the unexpected discovery of organic (carbon-rich) compounds mixed

with the water ice.

Scientists working with data from the MESSENGER mission put together a rotating globe of
Mercury, in false colour, showing some of the variations in the composition of the planet’s
surface. You can watch it spin.
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Mercury's Topography

Figure 6.32. The topography of Mercury’s northern hemisphere is mapped in great detail from
MESSENGER data. The lowest regions are shown in purple and blue, and the highest regions are shown in
red. The difference in elevation between the lowest and highest regions shown here is roughly 10
kilometres. The permanently shadowed low-lying craters near the north pole contain radar-bright water
ice.

PIA19420: The Ups and Downs of Mercury’s Topography by NASA/Johns Hopkins University Applied
Physics Laboratory/Carnegie Institution of Washington, NASA Media Licence.
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Most of the mercurian features have been named in honour of artists, writers, composers, and other
contributors to the arts and humanities, in contrast with the scientists commemorated on the Moon. Among
the named craters are Bach, Shakespeare, Tolstoy, Van Gogh, and Scott Joplin.

There is no evidence of plate tectonics on Mercury. However, the planet’s distinctive long scarps can
sometimes be seen cutting across craters; this means the scarps must have formed later than the craters (Figure
6.33). These long, curved cliffs appear to have their origin in the slight compression of Mercury’s crust.
Apparently, at some point in its history, the planet shrank, wrinkling the crust, and it must have done so after
most of the craters on its surface had already formed.

If the standard cratering chronology applies to Mercury, this shrinkage must have taken place during the last

4 billion years and not during the solar system’s early period of heavy bombardment.

Discovery Scarp on Mercury

Figure 6.33. This long cliff, nearly 1 kilometre high and more than 100 kilometres
long, cuts across several craters. Astronomers conclude that the compression
that made “wrinkles” like this in the planet’s surface must have taken place after
the craters were formed.

Discovery Scarp by NASA/JPL/Northwestern University, NASA JPL Media Licence.
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Attribution

“9.5 Mercury” from Astronomy 2e by Andrew Fraknoi, David Morrison, Sidney C. Wolff, © OpenStax -
Rice University is licensed under a Creative Commons Attribution 4.0 International License, except where

otherwise noted.
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6.7 KEY TERMS

Anorthosites: silicate rocks that make up most of the Moon’s crust and are made of relatively low-density
rock that solidified on the cooling Moon like slag floating on the top of a smelter. 6.3

Bar: a force of 100,000 Newtons acting on a surface area of 1 square meter; the average pressure of Earth’s
atmosphere at sea level is 1.013 bars. 6.2

Caldera: volcanic crater on Venus. 6.5

Convection: the rising of hot materials. 6.5

Coronae: large circular or oval features on that are produced by bulges that form from the upwelling lava
below the surface of a planet. 6.5

Deimos: one of Mars’ two small and odd-shaped moons that were most-likely captured asteroids or the
result of a collision with Mars. 6.4

Differentiation is the process by which gravity helps separate a planet’s interior into layers of different
compositions and densities.

Impact basins: huge depressions produced by collisions of large chunks of material with the Moon
relatively early in its history. 6.3

Lunar highlands: the lighter, heavily cratered regions of the Moon, which are generally several kilometres
higher than the maria. 6.3

Maria: areas of the Moon consisting mostly of flat plains with dark-coloured basalt (volcanic lava). 6.3

Outflow channels: a set of water-related features on Mars that were carved by huge volumes of running
water, far too great to be produced by ordinary rainfall. 6.4

Ozone (O3): a heavy form of oxygen with three atoms per molecule instead of the usual two. 6.2

Permanent (residual) polar caps: polar caps that are always present near the poles on Mars. 6.4

Phobos: the larger of Mars’ two small and odd-shaped moons that were most-likely captured asteroids or
the result of a collision with Mars. 6.4

Recurring slope lineae: dark streaks on Mars that elongate within a period of a few days, indicating that
something is flowing downhill—either water or dark sediment. 6.4

Runoff channels: multitudes of small, sinuous (twisting) channels on Mars that look like what geologists
would expect from the surface runoff of ancient rain storms. 6.4

Scarps: cliffs on Mercury that are more than a kilometer high and hundreds of kilometres long. 6.6

Seasonal polar caps: deposits of frozen CO> (dry ice) on Mars that condense directly from the
atmosphere when the surface temperature drops below about 150 K and develop during the cold martian
winters. 6.4

Semimajor axis: a planet’s average distance from the Sun (or from its star) on its orbit. 6.6
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Smaller gullies: a type of water feature on Mars that suggests intermittent outbreaks of liquid water even

today as they have the remarkable property of changing regularly with the martian seasons. 6.4
Stratoshphere: the layer of Earth’s atmosphere above the troposphere and below the ionosphere. 6.2
Troposphere: a region of convection in a planet’s atmosphere. 6.5

Volatiles: elements and compounds that evaporate at relatively low temperatures. 6.3
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7.0 LEARNING OBJECTIVES

Learning Objectives

In this chapter, students will learn how to:

- Describe the basic characteristics of the giant planets in our solar system, including their
distances from the Sun, orbital periods, and comparative sizes in relation to Earth and the
sun.

- Compare and contrast the cloud compositions and weather patterns of Jupiter, Saturn,
Uranus, and Neptune.

- Discuss the diverse magnetic tilts observed in the giant planets and explore the implications
of these magnetic fields on their respective magnetospheres and charged particle
interactions.

- Evaluate the significance of the VVoyager missions’ trajectory known as the “Grand Tour” and
describe how gravity-assisted flybys were used to visit multiple outer planets with a single
spacecraft.



260 | 71 EXPLORING THE OUTER PLANETS

7.1 EXPLORING THE OUTER PLANETS

The giant planets hold most of the mass in our planetary system. Jupiter alone exceeds the mass of all the other
planets combined (Figure 7.1). The material available to build these planets can be divided into three classes
what they are made of: “gases,” “ices,” and “rocks” (see Table 7.1). e “gases  are primari rogen
by what they de of: “gases,” “ices,” and “rocks” Table 7.1). The “gases” are p ly hydrog
and helium, the most abundant elements in the universe. The way it is used here, the term “ices” refers to
composition only and not whether a substance is actually in a solid state. “Ices” means compounds that form
from the next most abundant elements: oxygen, carbon, and nitrogen. Common ices are water, methane,
and ammonia, but ices may also include carbon monoxide, carbon dioxide, and others. “Rocks” are even less

abundant than ices, and include everything else: magnesium, silicon, iron, and so on.
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Jupiter

Figure 7.1. The Cassini spacecraft imaged Jupiter on its way to Saturn in 2012. The giant storm system called
the Great Red Spot is visible to the lower right. The dark spot to the lower left is the shadow of Jupiter’s
moon Europa.

PIA02873: High Resolution Globe of Jupiter by NASA/JPL/University of Arizona, NASA Media Licence.

Table 7.1 Abundances in the Outer Solar System

e Apprmee
Gas Hydrogen (H») 75
Gas Helium (He) 24
Ice Water (H,0) 0.6
Ice Methane (CHy) 0.4
Ice Ammonia (NH3) 0.1
Rock Magnesium (Mg), iron (Fe), silicon (Si) 0.3

In the outer solar system, gases dominate the two largest planets, Jupiter and Saturn, hence their nickname “gas
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giants.” Uranus and Neptune are sometimes called “ice giants” because their interiors contain far more of the
“ice” component than their larger cousins. The chemistry for all four giant planet atmospheres is dominated
by hydrogen. This hydrogen caused the chemistry of the outer solar system to become reducing, meaning that
other elements tend to combine with hydrogen first. In the early solar system, most of the oxygen combined
with hydrogen to make H>O and was thus unavailable to form the kinds of oxidized compounds with other
elements that are more familiar to us in the inner solar system (such as CO3). As a result, the compounds
detected in the atmosphere of the giant planets are mostly hydrogen-based gases such as methane (CHy) and
ammonia (NH3), or more complex hydrocarbons (combinations of hydrogen and carbon) such as ethane
(C2Hg) and acetylene (C2H>).

Exploration of the Outer Solar System So Far

Eight spacecraft, seven from the United States and one from Europe, have penetrated beyond the asteroid belt

into the realm of the giants. Table 7.2 summarizes the spacecraft missions to the outer solar system.

Table 7.2 Missions to the Giant Planets

Planet Spacecraft1 Encounter Date | Type

Pioneer 10 December 1973 | Flyby

Pioneer 11 December 1974 | Flyby

Voyager 1 March 1979 Flyby
Voyager 2 July 1979 Flyby

Jupiter | Ulysses February 1992 Flyby during gravity assist
Galileo December 1995 | Orbiter and probe
Cassini December 2002 | Flyby

New Horizons | February 2007 Flyby during gravity assist

Juno July 2016 Orbiter

Pioneer 11 September 1979 | Flyby

Voyager 1 November 1980 | Flyby
Saturn

Voyager 2 August 1981 Flyby

Cassini July 2004 Orbiter
Uranus | Voyager 2 January 1986 Flyby

Neptune | Voyager 2 August 1989 Flyby
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The challenges of exploring so far away from Earth are considerable. Flight times to the giant planets are
measured in years to decades, rather than the months required to reach Venus or Mars. Even at the speed of
light, messages take hours to pass between Earth and the spacecraft. If a problem develops near Saturn, for
example, a wait of hours for the alarm to reach Earth and for instructions to be routed back to the spacecraft
could spell disaster. Spacecraft to the outer solar system must therefore be highly reliable and capable of a
greater degree of independence and autonomy. Outer solar system missions also must carry their own power
sources since the Sun is too far away to provide enough energy, or else they must have very large arrays of solar
cells. Heaters are required to keep instruments at proper operating temperatures, and spacecraft must have

radio transmitters powerful enough to send their data to receivers on distant Earth.

The first spacecraft to investigate the regions past Mars were the NASA Pioneers 10 and 11, launched in 1972
and 1973 as pathfinders to Jupiter. One of their main objectives was simply to determine whether a spacecraft
could actually navigate through the belt of asteroids that lies beyond Mars without getting destroyed by
collisions with asteroidal dust. Another objective was to measure the radiation hazards in the magnetosphere
(or zone of magnetic influence) of Jupiter. Both spacecraft passed through the asteroid belt without incident,
but the energetic particles in Jupiter’s magnetic field nearly wiped out their electronics, providing information
necessary for the safe design of subsequent missions.

Pioneer 10 flew past Jupiter in 1973, after which it sped outward toward the limits of the solar system.
Pioneer 11 undertook a more ambitious program, using the gravity of Jupiter to aim for Saturn, which it
reached in 1979. The twin Voyager spacecraft launched the next wave of outer planet exploration in 1977.
Voyagers 1 and 2 each carried 11 scientific instruments, including cameras and spectrometres, as well as devices
to measure the characteristics of planetary magnetospheres. Since they kept going outward after their planetary
encounters, these are now the most distant spacecraft ever launched by humanity.

Voyager 1 reached Jupiter in 1979 and used a gravity assist from that planet to take it on to Saturn in 1980.
Voyager 2 arrived at Jupiter four months later, but then followed a different path to visit all the outer planets,
reaching Saturn in 1981, Uranus in 1986, and Neptune in 1989. This trajectory was made possible by the
approximate alignment of the four giant planets on the same side of the Sun. About once every 175 years,
these planets are in such a position, and it allows a single spacecraft to visit them all by using gravity-assisted
flybys to adjust course for each subsequent encounter; such a maneuver has been nicknamed a “Grand Tour”

by astronomers.

The Jet Propulsion Laboratory has a nice video called Voyager: The Grand Tour that describes
the Voyager mission and what it found.
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Engineering and Space Science: Teaching an Old Spacecraft New
Tricks

By the time Voyager 2 arrived at Neptune in 1989, 12 years after its launch, the spacecraft was beginning
to show signs of old age. The arm on which the camera and other instruments were located was “arthritic”:
it could no longer move easily in all directions. The communications system was “hard of hearing”: part of
its radio receiver had stopped working. The “brains” had significant “memory loss”: some of the onboard
computer memory had failed. And the whole spacecraft was beginning to run out of energy: its generators had
begun showing serious signs of wear.

To make things even more of a challenge, Voyager’s mission at Neptune was in many ways the most difficult
of all four flybys. For example, since sunlight at Neptune is 900 times weaker than at Earth, the onboard camera
had to take much longer exposures in this light-starved environment. This was a nontrivial requirement, given
that the spacecraft was hurtling by Neptune at ten times the speed of a rifle bullet.

The solution was to swivel the camera backward at exactly the rate that would compensate for the forward
motion of the spacecraft. Engineers had to preprogram the ship’s computer to execute an incredibly complex
series of maneuvers for each image. The beautiful Voyager images of Neptune are a testament to the ingenuity
of spacecraft engineers.

The sheer distance of the craft from its controllers on Earth was yet another challenge. Voyager 2 received
instructions and sent back its data via on-board radio transmitter. The distance from Earth to Neptune is
about 4.8 billion kilometres. Over this vast distance, the power that reached us from Voyager 2 at Neptune was
approximately 107" watts, or 20 billion times less power than it takes to operate a digital watch. Thirty-eight
different antennas on four continents were used by NASA to collect the faint signals from the spacecraft and

decode the precious information about Neptune that they contained.

Enter the Orbiters: Galileo, Cassini, and Juno

The Pioneer and Voyager missions were flybys of the giant planets: they each produced only quick looks before
the spacecraft sped onward. For more detailed studies of these worlds, we require spacecraft that can go into
orbit around a planet. For Jupiter and Saturn, these orbiters were the Galileo, Cassini, and Juno spacecraft.
To date, no orbiter missions have been started for Uranus and Neptune, although planetary scientists have
expressed keen interest.

The Galileo spacecraft was launched toward Jupiter in 1989 and arrived in 1995. Galileo began its
investigations by deploying an entry probe into Jupiter, for the first direct studies of the planet’s outer
atmospheric layers.

The probe plunged at a shallow angle into Jupiter’s atmosphere, travelling at a speed of 50 kilometres per

second—that’s fast enough to fly from New York to San Francisco in 100 seconds! This was the highest speed
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at which any probe has so far entered the atmosphere of a planet, and it put great demands on the heat shield
protecting it. The high entry speed was a result of acceleration by the strong gravitational attraction of Jupiter.

Atmospheric friction slowed the probe within 2 minutes, producing temperatures at the front of its heat
shield as high as 15,000 °C. As the probe’s speed dropped to 2500 kilometres per hour, the remains of the
glowing heat shield were jettisoned, and a parachute was deployed to lower the instrumented probe spacecraft
more gently into the atmosphere (Figure 7.2). The data from the probe instruments were relayed to Earth via

the main Galileo spacecraft.

Galileo Probe Falling into Jupiter and Juno Image of Jupiter's South
Pole

(b)

Figure 7.2. (a) This artist's depiction shows the Galileo probe descending into the clouds via parachute just
after the protective heat shield separated. The probe made its measurements of Jupiter’s atmosphere on
December 7,1995. (b) This Juno image, taken in 2017 from about 100,000 kilometres above the cloudtops,
shows the south polar region of Jupiter with its dramatic complex of storms and clouds. The
enhanced-colour image was processed for NASA/JPL by citizen scientist John Landino.

(a): Galileo probe - artistic impression by NASA/Ames Research Center/C. Kallas, NASA Media Licence.

(b): PIA21382: Jovian Stormy Weather by Enhanced image by John Landino (CC-BY) based on images
provided courtesy of NASA/JPL-Caltech/SWRI/MSSS., NASA Media Licence.

The probe continued to operate for an hour, descending 200 kilometres into the atmosphere. A few minutes
later the polyester parachute melted, and within a few hours the main aluminum and titanium structure of
the probe vaporized to become a part of Jupiter itself. About 2 hours after receipt of the final probe data, the
main spacecraft fired its retro-rockets so it could be captured into orbit around the planet, where its primary

objectives were to study Jupiter’s large and often puzzling moons.
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The Cassini mission to Saturn, a cooperative venture between NASA and the European Space Agency, was
similar to Galileo in its two-fold approach. Launched in 1997, Cassini arrived in 2004 and went into orbit
around Saturn, beginning extensive studies of its rings and moons, as well as the planet itself. In January 2005,
Cassini deployed an entry probe into the atmosphere of Saturn’s large moon, Titan, where it successfully
landed on the surface.

The Voyager and Galileo missions to Jupiter were primarily designed to study the moons and the
atmosphere of the planet. The next NASA mission, an orbiter called Juno, arrived at Jupiter in July 2016. In
order to meet its objectives of studying the jovian magnetosphere, it has a very elongated (eccentric) 55-day
orbit, that takes it from 4 thousand kilometres above the cloud tops out to 76 thousand kilometres. The orbit
takes the craft over Jupiter’s poles, giving us remarkable close-ups of the polar regions (previous spacecraft
viewed the planet from lower latitudes).

Juno was originally designed without a camera, but fortunately scientists rectified this omission, adding a
simple downward-looking colour camera to use during close passes by Jupiter. Recognizing the value of such
images, both scientific and artistic, it was decided to post the raw images and encourage “citizen scientists” to

process them. The product has been many dramatic, brightly coloured views of Jupiter, such as Figure 7.3.
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Earth as Seen from Saturn
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Figure 7.3. This popular Cassini image shows Earth as a tiny dot (marked with an arrow) seen below
Saturn's rings. It was taken in July 2013, when Saturn was 1.4 billion kilometres from Earth.
The Day the Earth Smiled by NASA/)PL-Caltech/Space Science Institute, NASA JPL Media Licence.
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Footnotes

1. Both the Ulysses and the New Horizons spacecraft (designed to study the Sun and Pluto, respectively) flew

past Jupiter for a gravity boost (gaining energy by “stealing” a little bit from the giant planet’s rotation)

Attribution
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7.2 THE GIANT PLANETS

Let us now examine the four giant (or jovian) planets in more detail. Our approach is not just to catalogue
their characteristics, but to compare them with each other, noting their similarities and differences and

attempting to relate their properties to their differing masses and distances from the Sun.

Basic Characteristics

The giant planets are very far from the Sun. Jupiter is more than five times farther from the Sun than Earth’s
distance (5 AU), and takes just under 12 years to circle the Sun. Saturn is about twice as far away as Jupiter
(almost 10 AU) and takes nearly 30 years to complete one orbit. Uranus orbits at 19 AU with a period of 84
years, while Neptune, at 30 AU, requires 165 years for each circuit of the Sun. These long timescales make it
difficult for us short-lived humans to study seasonal change on the outer planets.

Jupiter and Saturn have many similarities in composition and internal structure, although Jupiter is nearly
four times more massive. Uranus and Neptune are smaller and differ in composition and internal structure

from their large siblings. Some of the main properties of these four planets are summarized in Table 7.3.

Table 7.3. Basic Properties of the Jovian Planets

Planet Distance Period Diameter Mass Densigy Rotation
(AU) (years) (km) (Earth =1) (g/cm’) (hours)
Jupiter 5.2 11.9 142,800 318 1.3 9.9
Saturn = 9.5 29.5 120,540 95 0.7 10.7
Uranus 19.2 84.1 51,200 14 1.3 17.2
Neptune 30.0 164.8 49,500 17 1.6 16.1

Jupiter, the giant among giants, has enough mass to make 318 Earths. Its diameter is about 11 times that of
Earth (and about one tenth that of the Sun). Jupiter’s average density is 1.3 g/ cm?, much lower than that of
any of the terrestrial planets. (Recall that water has a density of 1 g/ cm’.) Jupiter’s material is spread out over

a volume so large that about 1,300 Earths could fit within it.

Saturn’s mass is 95 times that of Earth, and its average density is only 0.7 g/ cm’—the lowest of any planet.
Since this is less than the density of water, Saturn would be light enough to float.
Uranus and Neptune each have a mass about 15 times that of Earth and, hence, are only 5% as massive as

Jupiter. Their densities of 1.3 g/ cm’ and 1.6 g/ cm3, respectively, are much higher than that of Saturn. This is
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one piece of evidence that tells us that their composition must differ fundamentally from the gas giants. When
astronomers began to discover other planetary systems (exoplanets), we found that planets the size of Uranus
and Neptune are common, and that there are even more exoplanets intermediate in size between Earth and

these ice giants, a type of planet not found in our solar system.

Appearance and Rotation

When we look at the planets, we see only their atmospheres, composed primarily of hydrogen and helium gas.
The uppermost clouds of Jupiter and Saturn, the part we see when looking down at these planets from above,
are composed of ammonia crystals. On Neptune, the upper clouds are made of methane. On Uranus, we see
no obvious cloud layer at all, but only a deep and featureless haze.

Seen through a telescope, Jupiter is a colourful and dynamic planet. Distinct details in its cloud patterns
allow us to determine the rotation rate of its atmosphere at the cloud level, although such atmosphere rotation
may have little to do with the spin of the underlying planet. Much more fundamental is the rotation of
the mantle and core; these can be determined by periodic variations in radio waves coming from Jupiter,
which are controlled by its magnetic field. Since the magnetic field (which we will discuss below) originates
deep inside the planet, it shares the rotation of the interior. The rotation period we measure in this way is 9
hours 56 minutes, which gives Jupiter the shortest “day” of any planet. In the same way, we can measure that
the underlying rotation period of Saturn is 10 hours 40 minutes. Uranus and Neptune have slightly longer

rotation periods of about 17 hours, also determined from the rotation of their magnetic fields.

A brief video made from Hubble Space Telescope photos shows the rotation of Jupiter with its
many atmospheric features.

Remember that Earth and Mars have seasons because their spin axes, instead of “standing up straight,” are
tilted relative to the orbital plane of the solar system. This means that as Earth revolves around the Sun,
sometimes one hemisphere and sometimes the other “leans into” the Sun.

What are the seasons like for the giant planets? The spin axis of Jupiter is tilted by only 3°, so there are no
seasons to speak of. Saturn, however, does have seasons, since its spin axis is inclined at 27° to the perpendicular
to its orbit. Neptune has about the same tilt as Saturn (29°); therefore, it experiences similar seasons (only more
slowly). The strangest seasons of all are on Uranus, which has a spin axis tilted by 98° with respect to the north
direction. Practically speaking, we can say that Uranus orbits on its side, and its ring and moon system follow

along, orbiting about Uranus’ equator (Figure 7.4).
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Infrared Image of Uranus
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Figure 74. The infrared camera on the Hubble Space Telescope took these false-colour images of the
planet Uranus, its ring system, and moons in 1997. The south pole of the planet (marked with a “+” on the
right image) faces the Sun; its green colour shows a strong local haze. The two images were taken 90
minutes apart, and during that time the five reddish clouds can be seen to rotate around the parallel to the
equator. The rings (which are very faint in the visible light, but prominent in infrared) and eight moons can
be seen around the equator. This was the “bull’'s eye” arrangement that Voyager saw as it approached
Uranus in 1986.

Hubble Tracks Clouds on Uranus by NASA/JPL/STScl, NASA Media Licence.

We don’t know what caused Uranus to be tipped over like this, but one possibility is a collision with a large
planetary body when our system was first forming. Whatever the cause, this unusual tilt creates dramatic
seasons. When Voyager 2 arrived at Uranus, its south pole was facing directly into the Sun. The southern
hemisphere was experiencing a 21-year sunlit summer, while during that same period the northern hemisphere
was plunged into darkness. For the next 21-year season, the Sun shines on Uranus’ equator, and both

hemispheres go through cycles of light and dark as the planet rotates (Figure 7.5). Then there are 21 years of
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an illuminated northern hemisphere and a dark southern hemisphere. After that the pattern of alternating day
and night repeats.

Just as on Earth, the seasons are even more extreme at the poles. If you were to install a floating platform
at the south pole of Uranus, for example, it would experience 42 years of light and 42 years of darkness. Any
future astronauts crazy enough to set up camp there could spend most of their lives without ever seeing the

Sun.

Strange Seasons on Uranus
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Figure 7.5. (@) This diagram shows the orbit of Uranus as seen from above. At the time Voyager 2 arrived
(position 1), the South Pole was facing the Sun. As we move counterclockwise in the diagram, we see the
planet 21 years later at each step. (b) This graph compares the amount of sunlight seen at the poles and
the equator of Uranus over the course of its 84-year revolution around the Sun.

Composition and Structure

Although we cannot see into these planets, astronomers are confident that the interiors of Jupiter and Saturn
are composed primarily of hydrogen and helium. Of course, these gases have been measured only in their
atmosphere, but calculations first carried out more than 50 years ago showed that these two light gases are the
only possible materials out of which a planet with the observed masses and densities of Jupiter and Saturn
could be constructed.

The deep internal structures of these two planets are difficult to predict. This is mainly because these planets

are so big that the hydrogen and helium in their centers become tremendously compressed and behave in ways
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that these gases can never behave on Earth. The best theoretical models we have of Jupiter’s structure predict
a central pressure greater than 100 million bars and a central density of about 31 g/ cm?. (By contrast, Earth’s
core has a central pressure of 4 million bars and a central density of 17 g/ cm3.)

At the pressures inside the giant planets, familiar materials can take on strange forms. A few thousand
kilometres below the visible clouds of Jupiter and Saturn, pressures become so great that hydrogen changes
from a gaseous to a liquid state. Still deeper, this liquid hydrogen is further compressed and begins to act like a
metal, something it never does on Earth. (In a metal, electrons are not firmly attached to their parent nuclei but
can wander around. This is why metals are such good conductors of electricity.) On Jupiter, the greater part of
the interior is liquid metallic hydrogen.

Because Saturn is less massive, it has only a small volume of metallic hydrogen, but most of its interior is
liquid. Uranus and Neptune are too small to reach internal pressures sufficient to liquefy hydrogen. We will
return to the discussion of the metallic hydrogen layers when we examine the magnetic fields of the giant
planets.

Each of these planets has a core composed of heavier materials, as demonstrated by detailed analyses of their
gravitational fields. Presumably these cores are the original rock-and-ice bodies that formed before the capture
of gas from the surrounding nebula. The cores exist at pressures of tens of millions of bars. While scientists
speak of the giant planet cores being composed of rock and ice, we can be sure that neither rock nor ice assumes
any familiar forms at such pressures and temperatures. Remember that what is really meant by “rock” is any
material made up primarily of iron, silicon, and oxygen, while the term “ice” in this chapter denotes materials
composed primarily of the elements carbon, nitrogen, and oxygen in combination with hydrogen.

Figure 7.6 illustrates the likely interior structures of the four jovian planets. It appears that all four have
similar cores of rock and ice. On Jupiter and Saturn, the cores constitute only a few percent of the total mass,
consistent with the initial composition of raw materials shown in Table 7.1. However, most of the mass of
Uranus and Neptune resides in these cores, demonstrating that the two outer planets were unable to attract

massive quantities of hydrogen and helium when they were first forming.
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Internal Structures of the Jovian Planets
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Figure 7.6. Jupiter and Saturn are composed primarily of hydrogen and helium (but hydrogen dominates),
but Uranus and Neptune consist in large part of compounds of carbon, nitrogen, and oxygen. (The
diagrams are drawn to scale; numbers show radii in thousands of kilometres.)

Internal Heat Sources

Because of their large sizes, all the giant planets were strongly heated during their formation by the collapse of
surrounding material onto their cores. Jupiter, being the largest, was the hottest. Some of this primordial heat
can still remain inside such large planets. In addition, it is possible for giant, largely gaseous planets to generate
heat after formation by slowly contracting. (With so large a mass, even a minuscule amount of shrinking can
generate significant heat.) The effect of these internal energy sources is to raise the temperatures in the interiors
and atmospheres of the planets higher than we would expect from the heating effect of the Sun alone.

Jupiter has the largest internal energy source, amounting to 4 x 10 watts; that is, it is heated from inside
with energy equivalent to 4 million billion 100-watt lightbulbs. This energy is about the same as the total solar

energy absorbed by Jupiter. The atmosphere of Jupiter is therefore something of a cross between a normal



276 | 72 THE GIANT PLANETS

planetary atmosphere (like Earth’s), which obtains most of its energy from the Sun, and the atmosphere of a
star, which is entirely heated by an internal energy source. Most of the internal energy of Jupiter is primordial
heat, left over from the formation of the planet 4.5 billion years ago.

Saturn has an internal energy source about half as large as that of Jupiter, which means (since its mass is
only about one quarter as great) that it is producing twice as much energy per kilogram of material as does
Jupiter. Since Saturn is expected to have much less primordial heat, there must be another source at work
generating most of this 2 x 10" watts of power. This source is the separation of helium from hydrogen in
Saturn’s interior. In the liquid hydrogen mantle, the heavier helium forms droplets that sink toward the core,
releasing gravitational energy. In effect, Saturn is still differentiating—letting lighter material rise and heavier
material fall.

Uranus and Neptune are different. Neptune has a small internal energy source, while Uranus does not
emit a measurable amount of internal heat. As a result, these two planets have almost the same atmospheric
temperature, in spite of Neptune’s greater distance from the Sun. No one knows why these two planets differ
in their internal heat, but all this shows how nature can contrive to make each world a little bit different from

its neighbors.

Magnetic Fields

Each of the giant planets has a strong magnetic field, generated by electric currents in its rapidly spinning
interior. Associated with the magnetic fields are the planets’ magnetospheres, which are regions around the
planet within which the planet’s own magnetic field dominates over the general interplanetary magnetic field.
The magnetospheres of these planets are their largest features, extending millions of kilometres into space.

In the late 1950s, astronomers discovered that Jupiter was a source of radio waves that got more intense
at longer rather than at shorter wavelengths—just the reverse of what is expected from thermal radiation
(radiation caused by the normal vibrations of particles within all matter). Such behavior is typical, however, of
the radiation emitted when high-speed electrons are accelerated by a magnetic field. We call this synchrotron
radiation because it was first observed on Earth in particle accelerators, called synchrotrons. This was our first
hint that Jupiter must have a strong magnetic field.

Later observations showed that the radio waves are coming from a region surrounding Jupiter with a
diameter several times that of the planet itself (Figure 7.7). The evidence suggested that a vast number of
charged atomic particles must be circulating around Jupiter, spiraling around the lines of force of a magnetic
field associated with the planet. This is just what we observe happening, but on a smaller scale, in the Van Allen
belt around Earth. The magnetic fields of Saturn, Uranus, and Neptune, discovered by the spacecraft that first

passed close to these planets, work in a similar way, but are not as strong.
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Jupiter in Radio Waves
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Figure 7.7. This false-colour image of Jupiter was made with the Very Large Array (of radio telescopes) in
New Mexico. We see part of the magnetosphere, brightest in the middle because the largest number of
charged particles are in the equatorial zone of Jupiter. The planet itself is slightly smaller than the green
oval in the center. Different colours are used to indicate different intensities of synchrotron radiation.
Jupiter in Radio Waves by NRAO/AUI/NSF, NRAO Media Licence.
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Learn more about the magnetosphere of Jupiter and why we continue to be interested in it
from this brief NASA video.

Inside each magnetosphere, charged particles spiral around in the magnetic field; as a result, they can be
accelerated to high energies. These charged particles can come from the Sun or from the neighborhood of the
planet itself. In Jupiter’s case, lo, one of its moons, turns out to have volcanic eruptions that blast charged
particles into space and right into the jovian magnetosphere.

The axis of Jupiter’s magnetic field (the line that connects the magnetic north pole with the magnetic south
pole) is not aligned exactly with the axis of rotation of the planet; rather, it is tipped by about 10°. Uranus
and Neptune have even greater magnetic tilts, of 60° and 55°, respectively. Saturn’s field, on the other hand,
is perfectly aligned with its rotation axis. Why different planets have such different magnetic tilts is not well
understood.

The physical processes around the jovian planets turn out to be milder versions of what astronomers find
in many distant objects, from the remnants of dead stars to the puzzling distant powerhouses we call quasars.
One reason to study the magnetospheres of the giant planets and Earth is that they provide nearby accessible

analogues of more energetic and challenging cosmic processes.
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7.3 ATMOSPHERES OF THE GIANT PLANETS

The atmospheres of the jovian planets are the parts we can observe or measure directly. Since these planets have
no solid surfaces, their atmospheres are more representative of their general compositions than is the case with
the terrestrial planets. These atmospheres also present us with some of the most dramatic examples of weather

patterns in the solar system. As we will see, storms on these planets can grow bigger than the entire planet Earth.

Atmospheric Composition

When sunlight reflects from the atmospheres of the giant planets, the atmospheric gases leave their
“fingerprints” in the spectrum of light. Spectroscopic observations of the jovian planets began in the
nineteenth century, but for a long time, astronomers were not able to interpret the spectra they observed. As
late as the 1930s, the most prominent features photographed in these spectra remained unidentified. Then
better spectra revealed the presence of molecules of methane (CHj4) and ammonia (NH3) in the atmospheres
of Jupiter and Saturn.

At first astronomers thought that methane and ammonia might be the main constituents of these
atmospheres, but now we know that hydrogen and helium are actually the dominant gases. The confusion
arose because neither hydrogen nor helium possesses easily detected spectral features in the visible spectrum.
It was not until the Voyager spacecraft measured the far-infrared spectra of Jupiter and Saturn that a reliable
abundance for the elusive helium could be found.

The compositions of the two atmospheres are generally similar, except that on Saturn there is less helium as
the result of the precipitation of helium that contributes to Saturn’s internal energy source. The most precise
measurements of composition were made on Jupiter by the Galileo entry probe in 1995; as a result, we know

the abundances of some elements in the jovian atmosphere even better than we know those in the Sun.

Voyagers in Astronomy

James Van Allen: Several Planets under His Belt

The career of physicist James Van Allen spanned the birth and growth of the space age, and he
played a major role in its development. Born in lowa in 1914, Van Allen received his PhD from
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the University of lowa. He then worked for several research institutions and served in the Navy
during World War Il.

After the war, Van Allen (Figure 7.8) was appointed Professor of Physics at the University of
lowa. He and his collaborators began using rockets to explore cosmic radiation in Earth’s outer
atmosphere. To reach extremely high altitudes, Van Allen designed a technique in which a
balloon lifts and then launches a small rocket (the rocket is nicknamed “the rockoon”).
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James Van Allen (1914-2006)
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Figure 7.8. In this 1950s photograph, Van Allen holds a “rockoon.”
1955. James Van Allen holding a Loki rockoon in an lowa fabrication lab courtesy of University of lowa
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James A. Van Allen Collection

Over dinner one night in 1950, Van Allen and several colleagues came up with the idea of the
International Geophysical Year (IGY), an opportunity for scientists around the world to
coordinate their investigations of the physics of Earth, especially research done at high
altitudes. In 1955, the United States and the Soviet Union each committed themselves to
launching an Earth-orbiting satellite during IGY, a competition that began what came to be
known as the space race. The IGY (stretched to 18 months) took place between July 1957 and
December 1958.

The Soviet Union won the first lap of the race by launching Sputnik 1in October 1957. The US
government spurred its scientists and engineers to even greater efforts to get something into
space to maintain the country’s prestige. However, the primary US satellite program, Vanguard,
ran into difficulties: each of its early launches crashed or exploded. Simultaneously, a second
team of rocket engineers and scientists had quietly been working on a military launch vehicle
called Jupiter-C. Van Allen spearheaded the design of the instruments aboard a small satellite
that this vehicle would carry. On January 31,1958, Van Allen’s Explorer 1 became the first US
satellite in space.

Unlike Sputnik, Explorer 1 was equipped to make scientific measurements of high-energy
charged particles above the atmosphere. VVan Allen and his team discovered a belt of highly
charged particles surrounding Earth, and these belts now bear his name. This first scientific
discovery of the space program made Van Allen’s name known around the world.

Van Allen and his colleagues continued to measure the magnetic and particle environment
around planets with increasingly sophisticated spacecraft, including Pioneers 10 and 11, which
made exploratory surveys of the environments of Jupiter and Saturn. Some scientists refer to
the charged-particle zones around those planets as Van Allen belts as well. (Once, when Van
Allen was giving a lecture at the University of Arizona, the graduate students in planetary
science asked him if he would leave his belt at the school. It is now proudly displayed as the
university's “Van Allen belt.”)

Van Allen was