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Light is simultaneously familiar and mysterious. It is something that nearly every
one of us sees every waking day of our lives, generally without giving it much
thought. But each one of those commonplace light rays has the remarkable property
of being composed of both waves and particles at the same time. Furthermore, those
rays likely arose from the strange quantum mechanical transitions of individual
atoms within a light bulb, or the sun, or that took place thousands of years ago in
unimaginably distant stars. This combination of familiarity and mystery has led
scholars to study the nature of light from antiquity to the current day, even now
revealing surprising new details.

This book explores all types of waves. These include light waves in particular
but also string waves, sound waves, water waves, seismic waves, the bizarre matter
waves of quantum mechanics, and the gravitational waves that ripple through
spacetime. It also focuses on particles of matter and light, which naturally leads to
explorations of velocity, forces, momentum, and other properties of physical
objects. Waves carry energy, which leads to the deep concepts of energy conser-
vation and energy transfer. Through these explorations, this book tours a substantial
fraction of the field of physics.

The emphasis here is on building a strong conceptual understanding of how light
and waves work. Topics are illustrated with examples that are drawn from familiar
experiences or that are just simply fascinating, such as the science behind bird
coloration, how musical instruments work, and the causes of global warming. The
language of mathematics is often clearer than the equivalent paragraphs of prose, so
this book helps teach the necessary mathematical skills and then uses them to build
a deeper understanding of physics. These mathematics, which never extend beyond
introductory algebra, are covered in the main text and several appendices.

This book was written with several audiences in mind. The first is undergrad-
uates who are not science majors but who are required to take a science course. In
my experience, these students are highly heterogeneous, with some who enjoy
science but have chosen to pursue other interests, and others who prefer to avoid
anything quantitative. A class on light and waves works well in this case because it
is widely accessible, while retaining the interest of all students by covering topics
that most have not seen before. The second audience is high school students taking
a physics elective. Again, studying light and waves cuts across traditional physics
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topics, enabling the course to engage students with different backgrounds. This
book is aligned with the goals of the Next Generation Science Standards, a set of
high school science education standards that have been adopted by most US states,
which emphasize building a conceptual understanding, presenting scientific practice
frequently, and focusing on the key underlying ideas. The third audience is adults
who would like to learn about light and other waves on their own, whether for
personal interest or building skills. They will appreciate the fact that the text is
self-contained, without requiring supplementation from lectures, homework, or
online resources.

Each chapter opens with a question and closes with a list of exercises. The
opening questions are intended to inspire curiosity, encouraging the student to seek
out answers while reading the text. The exercises at the end are divided into three
categories. “Questions” test the student’s understanding of the material while also
addressing common misconceptions. “Problems” generally require numerical cal-
culation, which help develop numerical fluency, provide a sense of scale for the
relevant phenomena, and build a quantitative understanding of the topic. And
“Puzzles” are challenging but interesting problems that explore the topic in depth.
Many of these are best approached during small-group instruction, where they serve
as tasks that groups of students can discuss, puzzle over, and solve together. The
back of the book includes solutions to the odd-numbered problems.

The book is divided into four parts: Waves, Rays, Light, and Modern Physics.
Waves introduces widely-applicable physical concepts, like resonance and super-
position, which arise repeatedly throughout the rest of the book. Rays explores
geometric optics, including shadows, reflection, and refraction; these topics are
largely empirical but important for understanding light behaviors. Light investigates
the perception and physics of light, going into topics such as color, polarization, and
thermal radiation. Finally, Modern Physics applies the same physics that students
have learned throughout the book to make sense of photons, basic quantum
mechanics, and gravitational waves. This section highlights the many connections
between quantum and classical mechanics showing, for example, how quantized
matter waves are analogous to standing waves on guitar strings.

There is more material here than can be reasonably covered in one quarter or
even one semester. One approach is to cover all chapters, but to skip some sections
within each chapter (optional sections are labeled with asterisks). Alternatively,
some of the chapters could be skipped entirely. While it’s probably best to start with
the Waves section, the rest of the chapters are sufficiently independent that they
could be covered in pretty much any order.

I thank David Boness, the physics department chair at Seattle University, who
gave me an opportunity to teach a course titled “The World of Light”, from which
this book evolved, and who ordered frequent encouragement. I also benefited from
numerous discussions with the Seattle University physics department faculty and
majors. Discussions with Bernhard Mecking and Danny Desurra were helpful as
well. In addition, this book benefited substantially from feedback given to me by
the students in my “World of Light” classes. Sam Harrison and others at Springer
provided invaluable assistance in the final publishing stages. Although their
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contributions were less well defined, I also thank my professors and colleagues who
taught me math, science, and scientific writing. These include John Finn, Jane
Lipson, Ollie Zafiriou, Steve Boxer, Steve Chu, Dennis Bray, Adam Arkin, Jay
Groves, Roger Brent, Herbert Sauro, and many others. Finally, my family has been
a constant source of support and joy throughout this project.

Seattle, USA Steven S. Andrews
2023
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Theories of Light

Figure 1.1 Beams of sunlight (called crepuscular rays) over Cardigan Bay, UK.

Opening question

What is a ray of light made of?
(a) a stream of particles

(b) a series of waves

(c) energy

(d) electric and magnetic fields
(e) all of the above
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2 1 Theories of Light

Light is the energy that warms you when you sit in the sun, the energy that grows
the world’s plants, and the energy that powers the Earth’s wind. Light is also the stuff
of rainbows, the medium by which we view the world around us, and essentially our
only connection to the rest of the universe.

But what actually is light? It would be nice if one could put a beam of light under
a microscope and look at it, to see what it really is. However, this isn’t possible.
Simply put, if light enters our eyes, then we see brightness, and if it doesn’t, then
we don’t. There’s no more to see directly than that. Thus, instead of looking at light
with a microscope, we have to figure out what light is by investigating its behaviors
and then inferring what it must be from them.

This chapter takes a historical approach in answering what light is, starting with a
variety of ancient ideas and ending with the modern understanding of particle-wave
duality. This history began with numerous philosophical ideas in ancient Greece,
India, and China, became more advanced in medieval Egypt, and then progressed
to a scientific understanding that was developed primarily in Europe and then North
America during the 16th to 19th centuries. Further scientific advances are now pur-
sued worldwide.

1.1 Ancient Ideas About Light
1.1.1 Extramission Theory

The ancient Greeks came up with perhaps the earliest theory of how light worked.
They claimed that vision worked by people’s eyes emitting beams of light in what is
now called the extramission theory. They believed that sight worked in somewhat the
same way as the sense of touch. To determine the texture of something, for example,
you reach out your hand and touch it. Your hand then feels the surface, through
complicated processes, and sends signals back to your brain. Your brain interprets
those signals to determine whether the surface is smooth, rough, soft, slippery, or
whatever. Likewise, the ancient Greeks imagined that the eyes sent out rays that
would sense the colors and shapes of objects and then report back about what they
found.

Figure 1.2 (Left) Empedocles. (Right) Extramission theory, in which eye rays interact with sun
rays.
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To make this more precise, Empedocles, a 5th century BCE scholar (Figure 1.2),
postulated that everything was composed of fire, air, earth, and water. He claimed that
Aphrodite, the Greek goddess of love, made people’s eyes out of all four elements
and then lit the fire in their eyes, which shone out and constituted sight.

It was soon recognized that this extramission theory would imply that people
would be able to see equally well at night as during the day, which obviously is not
the case. Empedocles addressed this by modifying his theory to claim that vision
arose from an interaction between the rays from the eyes and rays from light sources,
such as the sun. This was better, but then people realized that one can go outside and
see the stars immediately without having to wait for beams of light emitted from the
eyes to get there and back, showing another problem with the theory. Empedocles
ignored this issue, but the subsequent Greek philosophers Plato (429-347 BCE)
and his student Aristotle (384-322 BCE) addressed it by claiming that light traveled
infinitely fast. This version of the extramission theory was not improved upon further.

However, it was not believed universally. In fact, Aristotle himself didn’t fully
believe this theory which he had helped create, but stated that “In general, it is
unreasonable to suppose that seeing occurs by something issuing from the eye”!. He
thus supported the correct intromission theory, in which peoples’ eyes do not emit
light, but only observe the light that shines into them. Nevertheless, Plato’s supposed
authority led to the extramission theory remaining as the dominant theory of vision
up until the Middle Ages.

Remarkably, several important optics discoveries were made during ancient times,
despite widespread belief in the extramission theory. Euclid (c. 300 BCE) described
rays of light as traveling in straight lines and also wrote a treatise about vision that
was largely correct in its treatment of perspective, Hero of Alexandria (c. 10-70 CE)
figured out the mathematics of reflection, and Ptolemy (c. 100170 CE) quantitatively
described the bending of light as it shines from air into water, called refraction. All
of these philosophers explained their results within the context of the extramission
theory. Meanwhile, the Chinese philosopher Mo Zi (c. 470-391 BCE), or perhaps
one of his followers, made many of these same discoveries but with the correct
intromission theory. Those ideas were not pursued by later Chinese philosophers
and were not known in the West until much later.

The extramission theory, despite being unphysical, continued to have a surpris-
ing number of adherents long after it was disproved in the Middle Ages. Leonardo
da Vinci, the quintessential Renaissance man, expressed extramission views in the
1490s. Even today, children often believe in extramission until they are taught other-
wise. Furthermore, recent research showed that about half of modern college students
believe that eyes emit rays during vision?.

The extramission theory also survives in modern popular culture and modern
fiction. For example, giving someone the “evil eye” could be interpreted as some sort

! Lindberg, David C. (1976) Theories of Vision from Al-Kindi to Keplar, University of Chicago
Press: Chicago.

2 Winer, G.A., I.E. Cottrell, V. Gregg, J.S. Fournier, and L.A. Bica (2002) American Psychologist
67:417.
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of beam shining from the eye. Also, various superheroes and cartoon characters, from
Superman to X-Men, can emit beams of light from their eyes (Figure 1.3). Finally, it
should be pointed out that “ray-tracing” computer graphics, which are widely used
in movie special effects, are based upon what is essentially an extramission concept:
rays are drawn outward from the eye or camera lens to determine what is seen in
each particular direction.

Figure 1.3 Superboy using
his X-ray vision to see a pie
in a closed oven. From May
1950, issue #8 ©DC Comics.

1.1.2 Particle Theory

A separate particle theory of light started at about the same time as the extramission
theory with a group of people called the atomists in both ancient Greece and ancient
India, around the 4th or 5th centuries BCE. They claimed that everything in the
universe, including light, was composed of tiny particles that were indivisible and
indestructible. These particles generally differed according to shape, such as by
being pointy or smooth, and could also hook onto other particles to form clusters.
This theory is often traced to Democritus, a Greek philosopher born about 460 BCE,
and, separately, to Kanada, an Indian philosopher who lived at roughly the some
point, between the 2nd and 6th centuries BCE (Figure 1.4). Both atomistic theories
had many different versions. For example, within Indian atomism, some believed
that there were 4 types of atoms, others claimed 24 types, and yet others held that
there were infinitely many types.

Atomism supposedly explained the observation that “pure” materials, such as
air, metal, and water, could be broken down, and then re-formed again. Regarding
light, the atomists believed that the sun and other bright objects emitted minute
atoms of light that traveled very fast, or perhaps infinitely fast, and which people
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Figure 1.4 Democritus (left) and Kanada (middle), who where two early philosophers who
advanced the particle view of light. (Right) Light particles.

perceived when the particles hit their eyes (this intromission explanation contradicted
the extramission theory of vision that was widely believed at the time).

In retrospect, the atomists’ ideas about the particle nature of light were prescient,
as explained below, although this has to assigned more to chance than to scientific
deduction. The particle description of light largely held through antiquity and the
Middle Ages.

1.2 Islamic Golden Age

The first important discoveries about the nature of light that were based on careful
analysis were made by Muslim scientists about a thousand years later. They were
made during the Islamic Golden Age, which was an especially prolific period for
Islamic culture, science, and mathematics and extended from about the 8th to 14th
centuries. Our use of Arabic numerals and algebra date to this period.

Ibn al-Haytham was an Arab scientist born around the year 965 in what is now Iraq,
who later moved to Egypt (Figure 1.5). He combined the intromission theory that
Aristotle introduced with Euclid’s explanation of perspective and Ptolemy’s descrip-
tion of refraction. He further advanced these theories, finally yielding a moderately
correct explanation of how vision works. In particular, he was the first philosopher in
the Western history who convincingly showed that vision occurs through the intro-
mission method.

o

Figure 1.5 (Left) Ibn al-Haytham. (Right) Intromission theory, in which sunlight reflects off an
object and goes into a person’s eye.
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Al-Haytham argued that light extramission didn’t make sense because eyes that
used extramission would lose an enormous amount of vision substance when looking
out into space. Also, light clearly enters our eyes, by the fact that we feel pain when
looking at very bright lights. He claimed, correctly, that every point on every object
sends light beams out in all directions, of which a very few of them enter our eyes.
His final major argument was one of simplicity: given that light is known to reflect
off objects and then go to our eyes, then there’s no need for any assumption about
rays being emitted from our eyes, so that assumption might as well be dropped. Thus,
he concluded that the intromission theory is clearly the correct one. Al-Haytham’s
work greatly influenced European science through the 17th century.

1.3 The Particle-Wave Debate
1.3.1 Wave Theory

A major flaw with the particle theory was that it did not explain refraction very well
(Figure 1.6). In 1637, the French scientist René Descartes addressed this problem by
hypothesizing that light was composed of waves, thus introducing the wave theory of
light. It was already known that light travelled at a fast but finite speed, so he claimed
that light waves bent as they moved from a faster medium to a slower medium,
just as water waves and sound waves do, which were understood at the time>. This
made sense, so the wave theory started to gain acceptance. Subsequent scientists,
including Christiaan Huygens and Robert Hooke, built on these ideas to formulate a
mathematical theory of light waves.

Figure 1.6 (Left) Three rays of light being refracted by a plastic block. Early wave theory propo-
nents: (Middle) René Descartes and (Right) Christiaan Huygens.

The great English physicist Isaac Newton (1643—1727), who also developed large
parts of physics and much of calculus, did not agree with these new wave ideas
but preferred the older particle description that had been introduced by the ancient

3 Descartes was correct that refraction arises from different wave speeds, but incorrectly believed
that light travels faster in water than in air.
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atomists (Figure 1.7). Furthermore, he conducted experiments in which he looked
for the spreading of narrow light beams, with the logic that they should spread if light
was made of waves. He observed no spreading, so he concluded that light was made
of particles. While referring to these views in a letter to Robert Hooke, a proponent
of the wave theories, he famously wrote “if I have seen further, it is by standing on
the shoulders of giants.” This is typically interpreted as showing Newton’s humility,
showing that even such a great scientist as himself has built upon others’ work.
However, the context of this phrase suggests that it was actually a polite dismissal of
the wave proponents, claiming that his particle ideas were better because they were
based upon the work of more important scientists*. Newton published his particle
view of light in 1704 (not coincidentally, just after Hooke died), arguing in favor of
a particle theory for light. Due to his scientific prowess across all areas of physics,
this largely shifted the scientific consensus back to particles.

Figure 1.7 Isaac Newton, a
proponent of the particle
theory of light.

Nevertheless, this did not stop the accumulation of evidence in favor of the wave
theory. In 1803, Thomas Young projected light through two parallel slits and found
that it bent around behind the slits and then created a pattern of light and dark stripes
on a screen (Figure 1.8). This could be explained with a wave interpretation of light
but not a particle interpretation. The bending of waves around the slit edges is called
diffraction and the combination of the light from the two slits to create the light and
dark stripes is called interference.

4The letter reads, in part, “What Des-Cartes did was a good step. You have added much several
ways, and especially in taking the colours of thin plates into philosophical consideration. If I have
seen further it is by standing on the shoulders of Giants. But I make no question but you have divers
very considerable experiments besides those you have published, ...” (Letter from Isaac Newton to
Robert Hooke, 1675, available at https://digitallibrary.hsp.org/index.php/Detail/objects/9792)
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Figure 1.8 (Left) Thomas
Young. (Right) Pattern on
light and dark lines produced
by shining light through two
narrow slits, arising from
diffraction and interference.

While performing research on electricity and magnetism, which seemed at the
time to be completely separate from research on light, the Scottish scientist James
Clerk Maxwell made the remarkable discovery that electric and magnetic fields could
propagate as waves (Figure 1.9). Furthermore, he calculated that these waves would
propagate at same speed as that of light which suggested, correctly as it turned
out, that light was an electromagnetic wave. It also led to the concept of other
electromagnetic waves, including what we now call radio waves.

electric field

light
propagation

magnetic
field

Figure 1.9 (Left) James Clerk Maxwell. (Right) Maxwell’s description of an electromagnetic
wave.

Heinrich Hertz experimentally verified these ideas a few years later. He produced
radio waves by making an electric spark with one piece of equipment, those waves
propagated across his laboratory, and they then induced a spark in a completely
separate piece of equipment.

By the end of the 1880s, when Hertz had completed these experiments, there was
no remaining doubt that light could be correctly described as being a wave. Like
other types of waves, light refracted when it changed speeds, it diffracted when it
went through narrow slits, and it interfered to create light and dark stripes. Also,
it had been mathematically described as a wave with the theory of electricity and
magnetism, and those explanations had been experimentally confirmed. At long last,
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the debate between particles and waves was over, with the wave theory being the
decisive winner. Or so it seemed.

1.4  Particle-Wave Duality

In the 1890s, just a few years after Hertz had confirmed the wave nature of light,
Max Planck was investigating the colors of light that are emitted by hot objects,
which is called thermal radiation (Figure 1.10). After extensive effort, he came up
with an equation that agreed with the experimentally observed emission essentially
perfectly, where the close agreement suggested that his equation was probably cor-
rect. However, almost everyone, including Planck, thought that his equation had to
be wrong because it was based on the assumption that light could only be emitted in
integer amounts, which didn’t make sense.

¥ ultraviolet

¢ v

visible | infrared
1

emission intensity

0 200 400 600 800 1000 1200 1400
wavelength (nm)

Figure 1.10 (Left) Max Planck. (Right) Emission spectra of hot objects, such as light bulb fila-
ments.

Albert Einstein (Figure 1.11), an unknown Swiss physicist who was unsuccessfully
trying to find a faculty position at the time, didn’t worry about what made sense,
but followed where the equations led. In this case, he made the bold proposal that
perhaps Planck’s integer amounts of light actually represented physical particles of
light. Planck disagreed, writing “The theory of light would be thrown back not by
decades, but by centuries, into the age when Christiaan Huygens dared to fight against
the mighty emission theory of Isaac Newton...”>. However, Einstein wasn’t claiming
that light was only particles, but instead that light was both a particle and a wave at the
same time, which is now called particle-wave duality. This made even less sense, but
there was strong evidence that it was correct because it immediately solved several
other problems at the time. Most importantly, it solved the photoelectric effect,

5 Quoted from F. Todd Baker, “Atoms and Photons and Quanta, Oh My!: Ask the Physicist about
Atomic Nuclear, and Quantum Physics”, Morgan & Claypool Publishers, 2015, p. 2-4.
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in which ultraviolet light can knock electrons off metal but visible light cannot.
Similarly, it explains why we get sunburns from ultraviolet light but not from visible
light.

Figure 1.11 Albert
Einstein.

In another astonishing development, the French physicist Louis de Broglie argued
that if light can be both a wave and a particle at the same time, then perhaps all “nor-
mal” particles are also waves. In particular, perhaps electrons, which were already
known at the time to be tiny negatively charged particles, were both particles and
waves. This far-fetched proposal was experimentally verified three years later when
it was shown that electrons could exhibit diffraction and interference, just like other
waves.

The wave nature of particles was further developed over the next several decades
to create the field of quantum mechanics. It enabled physicists to finally answer a
long list of questions that had eluded scientists for centuries, such as why atoms emit
specific wavelengths of light (e.g. why neon signs are red), how chemical bonds
work, and why metals conduct electricity but non-metals don’t.

1.4.1 Today

Now, a century later, a vast amount of experimental evidence has accumulated that
supports the notion of particle-wave duality for both light and matter. These results
show that light and matter are non-intuitive in many ways but that it is nevertheless
possible to build an understanding of how they behave. Furthermore, this under-
standing helps us make sense of many phenomena in the natural world, ranging
from the shimmering iridescence of hummingbird feathers to the average temper-
ature of the entire Earth. In addition, engineers have used this knowledge to build
a tremendous array of modern technology, including lasers, computer chips, fiber
optic communication networks, and solar panels.
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1.5 Looking Ahead

Subsequent chapters delve further into these topics, exploring the nature of what
light and waves really are. They start with an exploration of waves, including not
only light but also string, sound, water, and other waves. We’ll consider waves by
themselves, such as how to measure their sizes and how fast they propagate. We’ll
then consider interactions between waves, including the diffraction and interference
topics that were introduced above and which formed critical evidence in favor of
the wave nature of light. We’ll then move on to the interactions between waves and
matter, leading to the absorption and emission of waves, followed by a chapter on
sound, water, and other mechanical waves.

Next, the book takes a break from making sense of waves, and simply investigates
what light does, by exploring shadows, reflection, and refraction. These chapters
explain how mirrors and lenses work, along with rainbows and many other optical
phenomena.

We’ll then return to investigating waves in depth, this time focusing primarily on
light. This naturally leads into quantum mechanics, a topic that can be quite advanced
but is addressed on a more intuitive level here. Finally, we’ll consider the most elusive
waves of all, which are waves in the gravitational field.

1.6 Summary

Light has fascinated philosophers and scientists for thousands of years (Figure 1.12).
Several theories about light began in roughly the 6th century BCE. The ancient Greeks
came up with the extramission theory, in which vision works through emission of
light rays from the eyes. Other ancient Greeks, including Aristotle, believed instead
in the correct intromission theory, in which people’s eyes only see the light that shines
into them. Yet other philosophers believed in a particle theory of light, in which light
(and everything else) is composed of tiny indivisible particles.

Empedecles Hero da Vinci

Extramission Plato Euclid Ptolemy

Intromission Aristotle Al-Haytham
Mo Zi

I T N N N (Y N N AN [N [N A A [N A N (NN N (NN N (N M|
Year L L L L L L L L I L L L L
500 BCE Year 0 500 1000 1500 2000
Particle Democritus  Lucretius Newton F;?nnsitl-(:in

Kanada de Broglie
Descartes Young
Wave Huygens Maxwell
Hooke Hertz

Figure 1.12 Timeline of different theories of light. Although necessarily imprecise, dark grey
regions represent the dominant scientific view and light grey regions represent alternative views.
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In the late 900s, Ibn al-Haytham provided strong evidence for the intromission
theory, improved several of the optics theories that the ancient Greeks had developed,
and developed the first reasonably correct explanation of human vision.

In the 1600s, Descartes showed that a wave theory of light was able to explain
refraction. However, Newton denounced it based on his observations that light rays
travel in perfectly straight lines, which returned the general consensus back to parti-
cles. The wave theory returned to the forefront when Young and others showed that
light exhibits diffraction and interference. It was then thoroughly confirmed in the
late 1800s by a theoretical explanation of light waves by Maxwell and its validation
by radio wave experiments.

This conclusion was modified by scientific breakthroughs from the 1890s to 1920s
that overturned the understandings of both light and matter. Einstein proposed that
light exhibits particle and wave properties simultaneously, called particle-wave dual-
ity, which explained Planck’s thermal radiation results as well as the photoelectric
effect. Also, de Broglie and others showed that normal particles, such as electrons,
are also waves, meaning that they also exhibit particle-wave duality. Further devel-
opment of these ideas led to quantum mechanics, which explains atomic spectra,
chemical bonds, metallic behavior, and other phenomena.

1.7 Exercises
Questions

1.1. What did Ibn Al-Haytham do?

(a) correctly explained how vision works

(b) promoted the particle explanation of light
(c) promoted the wave explanation of light
(d) developed the extramission theory

(e) explained particle-wave duality

1.2. What did Isaac Newton do?

(a) developed key ideas in calculus

(b) developed key ideas in physics

(c) performed experiments on light

(d) promoted the particle theory of light
(e) all of the above.



1.7 Exercises 13

1.3.

1.4.

L.5.

L.6.

1.7.

1.8.

1.9.

1.10.
1.11.

When do people’s eyes emit light beams?
(a) when they are angry

(b) when they are feeling romantic

(c) whenever their eyes are open

(d) at night

(e) never

What is light?

(a) particles, not waves

(b) waves, not particles

(c) either waves or particles, but never both at once
(d) both waves and particles at the same time

(e) still unknown

‘What are electrons?

(a) particles, not waves

(b) waves, not particles

(c) either waves or particles, but never both at once
(d) both waves and particles at the same time

(e) still unknown

Matching. For each word on the left, give its definition from those on the right.

(a) diffraction (1) waves bend when changing speed (e.g. light shining
into water)

(b) interference  (2) waves combine, sometimes forming light and dark
stripes

(c) refraction (3) waves bounce off surfaces

(d) reflection (4) waves bend when going past sharp edges

What were the dominant beliefs about light during the early Middle Ages (Sthto
10th centuries CE)? Choose one for each part. (a) Extramission or intromission
theories, (b) finite or infinite light speed, (c) particles or waves?

Would human hearing be best described as using extramission or intromission
methods?

Give at least two reasons for how we know that the intromission theory is
correct and the extramission theory is incorrect.

List two experimental results that support the wave explanation for light.

List two experimental results that support the modern particle explanation for
light (photons).
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Puzzles

1.12 Ostriches supposedly stick their heads in the sand because they think that they
can’t be seen then. Would this work if the extramission theory were true?
Discuss. (This isn’t actually true; ostriches don’t actually stick their heads in
the sand.)
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Properties of Waves

Figure 2.1 Seismogram of the first 30 seconds of California’s 1989 Loma Prieta earthquake.

Opening question

A lightning strike creates a flash and “clap” of thunder. Which happen?

(a) Both sound and light transport energy; the sound also transports air

(b) Both sound and light transport energy; no air is transported

(c) The light transports energy but the sound does not

(d) Neither the sound nor light transport energy, although the air moves some

To better understand what light is, it helps to broaden our scope to investigate
other types of waves as well. These include waves along taut strings, waves on the
surface of water, and the waves of other bands of electromagnetic radiation, such as
X-rays and radio waves. It also includes the wave-like properties of electrons, and
the gravitational waves that ripple across the universe.

All types of waves involve displacements away from a “normal” state, and all can
be characterized by their wavelengths, frequencies, and speeds. However, they also
vary. They have different displacement types and different displacement directions.
In some cases, they have billion-fold differences between short and long waves,
or slow and fast waves. Some waves can propagate through empty space, whereas

© Springer Nature Switzerland AG 2023 17
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others require a medium. This chapter explores these similarities and differences. In
the process, it introduces the terminology and essential mathematics for waves.

2.1 Introduction to Waves
2.1.1 WhatlIs a Wave?

Waves are disturbances that propagate. Consider, for example, shaking one end of a
rope when the other end is being held fixed by a friend, a doorknob, or something else,
as in Figure 2.2. As you move your hand up and down, you create a disturbance in
the rope by displacing it away from the reasonably straight shape that it had initially.
These disturbances then propagate away from your hand to become waves that travel
along the rope.

Figure 2.2 A wave on a ,‘
rope.

A‘

The wave propagates because each tiny section of the rope is attached to the
sections that are on each side of it. When a section gets pulled up by the section
that’s behind it, it moves upward. This pulls the next section up, and that pulls the
next section up, and so on. A little while later, this section gets pulled down. It
responds by moving down, which pulls down on the next section, and then the next
section, and so on. During this process, each section of the rope only goes up and
down a small amount, but the waves propagate along the length of the rope.

If you keep shaking the rope, you might notice your arm getting tired. This reflects
the fact that your arm is constantly putting energy into the waves, which then carry
the energy away from you and along the rope. Thus, another important property of
waves is that they transport energy. Eventually, the doorknob, or whatever else the
other end of the rope is tied to, might shake loose, again showing the transfer of
energy from one end to the other.

2.1.2 Amplitude and Wavelength

Figure 2.3 shows a picture of a wave. This particular wave is a smooth up-and-down
oscillation, called a sine wave or sinusoidal wave; we’ll consider more complicated
wave shapes later on, in Chapter 3. The tops of the individual waves are called either
peaks or crests and the bottoms are called troughs.

The height of the peaks above the mid-level, which is the same as the depths of
the troughs below the mid-level, is called the amplitude. 1t is typically represented
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Figure 2.3 Wave peaks, peak wavelength, A
troughs, wavelength, and
amplitude.

trough  amplitude, A

in math equations as A. The amplitude corresponds to the amount of energy in the
wave. It is the difference between a gentle ocean swell and a storm-tossed sea; it
determines the brightness of light, the loudness of sound, or the amount of shaking
in an earthquake.

The distance between one peak and the next peak is called the wavelength, rep-
resented with the Greek letter A (lambda). The wavelength could also be measured
from one trough to the next trough, or any other two corresponding points on the
waves. It is the primary measure for the size of a wave, dictating its behavior, what it
interacts with, and how we perceive it. It is the difference between long ocean swells,
shorter wind-driven waves, and very short ripples; it is the pitch of a musical note,
the color of light, or the type of electromagnetic radiation.

The sizes of the things that produce or interact with a wave are often similar to
the wave’s wavelength. For example, musical wind instruments, including every-
thing from tin whistles to trombones, produce sound waves with wavelengths that
are similar to the instrument’s length; short instruments play high notes with short
wavelengths (a few centimeters), and long instruments play low notes with long
wavelengths (a few meters). As we will see many times later, we will define the sizes
of things, such as mirror roughness, water depth, or sizes of obstructions, based on the
dimensions of the object relative to the wave’s wavelength. For example, waist-deep
water is shallow when compared to 10 m waves, but deep relative to 10 cm waves.

2.2 Characterizing Waves
2.2.1 Types of Waves

There are many different types of waves.

First, there is a large class of waves called mechanical waves, all of which arise
from displacements within a physical object that is called the medium. String waves
are a type of mechanical wave; these are waves on strings, ropes, wires, and similar
media, including the rope waves described above. A plucked guitar string is another
example of a string wave. These are particularly simple because they propagate in a
single dimension and are easy to create and visualize. Sound waves are mechanical
waves in which the air is the medium. When a stereo speaker plays music, it alter-
nately pushes and pulls on the air to displace it away from its normal uniform pressure,
leading to pressure waves that propagate away from the speaker, which are sound
waves. Seismic waves, which create earthquakes, are like sound waves but have rock
as their medium rather than air. They can travel through the upper levels of Earth,
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where the rock is solid, or near the middle of the Earth, where the rock is molten. They
can also travel across the surface of the Earth, rather like water waves. Finally, water
waves are mechanical waves that have water as their medium. These are the familiar
waves that we see on puddles, lakes, the ocean, and even a plain glass of water.

All of these mechanical waves are transmitted through a medium, where the
medium is displaced back and forth slightly as each wave passes through it, but
the medium does not move as a whole. For example, sound is different from wind;
sound is air moving back and forth, while wind is air moving in a constant direction.
Likewise, ocean waves that crash on a beach might have been produced by a storm a
thousand miles away, but the water molecules that wash against the shore were never
in that storm. Instead, the storm’s energy got transmitted to those molecules through
water waves.

Mechanical waves clearly cannot exist outside of their media. A string wave
cannot propagate past the end of the string and a seismic wave cannot propagate
outside of the Earth. Explosions in deep space are always silent.

Electromagnetic waves, including light, are not mechanical waves and do not
require a medium. Instead, they are oscillating electric and magnetic fields, each one
of which creates the other one. In their case, the “normal” state of some region of
space is to have no electric or magnetic fields (or, more precisely, electric and mag-
netic fields that don’t change over time). Suddenly perturbing one of these fields,
such as by moving a bunch of electrons from one place to another, creates a distur-
bance that then propagates away from that region as an electromagnetic wave. Based
on analogies with mechanical waves, scientists assumed for many years that electro-
magnetic waves would require a medium as well, so they came up with the concept
that all of space was filled with a light-transmitting medium called the luminiferous
aether. Maxwell expressed this assumption by writing “The undulatory theory of
light also assumes the existence of a medium”!. However, it was troubling that this
supposed aether didn’t appear to exert any friction on the planets’ orbits and then,
more importantly, multiple attempts to detect the effect of the aether on the motion
of light failed. Eventually, scientific consensus shifted to the conclusion that elec-
tromagnetic waves do not require a medium. We now know that outer space is truly
empty, and that light waves travel through it perfectly well.

Electromagnetic waves include radio waves, microwaves, infrared light, visible
light, ultraviolet light, X-rays, and gammarays, shown in Figure 2.4. For convenience,
we will sometimes call all of these light, where visible light is the electromagnetic
radiation that we can see and invisible light is the electromagnetic radiation that we
cannot see.

Matter waves are the wave natures of electrons, atoms, and other physical particles.
These are not waves in matter, which are just familiar mechanical waves, but the
quantum mechanical wave nature of the matter itself. In other words, an electron is
both a particle and a wave at the same time, and its wave description is called a matter
wave. As with light waves, matter waves are non-mechanical waves and do not require

! James Clerk Maxwell: “A Treatise on Electricity and Magnetism/Part IV/Chapter XX, 1873.
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Figure 2.4 Electromagnetic spectrum, showing bands and wavelengths.

a medium. Matter waves are typically important for extremely small particles, like
electrons, protons, and individual atoms but irrelevant for larger objects. Even a single
molecule is generally large enough that its matter waves can be ignored. Although
the mathematical descriptions of matter waves have been thoroughly worked out and
those predictions invariably agree with experiments, the exact nature of what matter
waves are still remains mysterious. Nevertheless, if we build on our statement that
a wave is a disturbance that propagates, then this shows that the “normal” state for
a region of space is that there is nothing there, and that the matter wave displaces
this result to the possibility something might be there. We will largely postpone
discussing matter waves until Chapter 14.

Gravitational waves are yet another type of non-mechanical wave, and again do
not require a medium?”. Gravitational waves are bizarre ripples in space itself or,
more accurately, in space-time. Einstein predicted their existence in 1916, showing
that they must arise whenever any object that has mass, meaning any object at all, is
accelerated. This means that accelerating cars, falling boulders, and orbiting planets
all produce gravitational waves. However, they are extraordinarily weak and so only
become measurable when masses and accelerations are extremely large. The first
experimental evidence for gravitational waves was not found until 1974, when two
astronomers discovered that a pair of neutron stars that orbited each other lost energy
at a rate that was consistent with it being carried away by gravitational waves. After
a long search, gravitational waves were first detected directly in 2015. Again, we
will largely ignore this topic for now, but will return to it in Chapter 15.

2 Note that gravitational waves should not be called “gravity waves.” This is because ordinary water
waves were called “gravity waves” long before gravitational waves were conceived of, so the term
“gravity waves” still refers to water waves.
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2.2.2 Transverse and Longitudinal Waves

It can be helpful to categorize waves by considering the direction of the displacement
relative to the direction of wave propagation. There are two options: waves are
transverse if the displacement is perpendicular to the propagation direction and
longitudinal if the displacement is parallel to the propagation direction (Figure 2.5).
Thinking back to the rope example from before, those were transverse waves because
the rope was displaced up and down while the waves travelled forward, which are
perpendicular axes.

transverse, vertical polarized

longitudinal

transverse, horizontal polarized

Figure 2.5 Transverse and longitudinal waves.

All transverse waves have two possiblepolarizations, describing the displacement
direction. In the rope example, it was shaken up and down, so the rope was displaced
vertically and those waves were vertically polarized. If it had been shaken left and
right instead, then the waves would have been horizontally polarized. Figure 2.5
shows both possibilities.

Light waves are another example of transverse waves, in their case because both
their electric and magnetic fields, which are their displacements, are perpendicular to
the direction of wave propagation (see Figure 1.9). Light waves can also be polarized
either vertically or horizontally, which is defined in their case by whether the electric
field goes up-and-down or left-and-right (the electric field was chosen because it’s
typically more important than the magnetic field).

Longitudinal waves occur when there is compression and spreading along the
direction of the wave propagation. A Slinky toy that is first stretched out on a table
and then given a quick push at one end forms a nice example. The quick push creates
a compressed region that travels the length of the Slinky as a longitudinal wave. Lon-
gitudinal waves cannot exhibit polarization because there is only one possible axis
for the displacement. Sound waves are a particularly important type of longitudinal
waves. They can be created by a stereo speaker alternately pushing and pulling on
air, much like a person creates Slinky waves by pushing and pulling on a Slinky.

Water waves are interesting because they are both transverse and longitudinal.
The transverse part is obvious; if you observe water waves, it’s clear that the dis-
placement goes up and down while the waves move forward, so the displacement is
perpendicular to the direction of propagation and they are transverse waves. Con-
sidering the longitudinal part, suppose you watch a cork or some other object that is
floating on the water as waves pass by it. You would see that the cork doesn’t just go
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up and down but actually moves in a circle, going up, then forward, then down, and
then backward, round and round. The forward and backward motions represent the
longitudinal components of water waves.

Seismic waves are even more complicated, exemplifying all of these wave
motions. They are generated when rocks scrape past each other deep underground,
at the earthquake hypocenter or earthquake focus®. One outcome of this is that it
creates sudden pressure changes in the surrounding rock, which then propagate out-
ward through the rock as pressure waves. Except for the fact that the medium is rock
rather than air, they are just like sound waves and, likewise, are longitudinal waves.
These pressure waves are called P-waves, which is officially short for primary-waves
because they travel faster than other seismic waves and so are usually the first to get
detected; however, it can be easier to remember them by thinking of P-waves as
standing for “pressure-waves.” The rock sliding motion also creates side-to-side dis-
placements in the surrounding rock, which propagate outward as transverse waves.
These are called S-waves, which officially stands for secondary-waves because they
are the second wave type to get detected; again though, these can be easier to remem-
ber by thinking of the “S” as standing for “shear,” “sliding,” or “sideways.” Like all
transverse waves, S-waves have two possible polarizations, vertical and horizontal.
Both the P-waves and S-waves change when they get to the surface of the Earth.
There, they become yet different types of waves and then travel along the Earth’s
surface with both transverse and longitudinal motions, rather like water waves.

2.2.3 Wavesin1,2,and 3 Dimensions

Transverse waves on strings, and longitudinal waves on a Slinky, areone dimensional
waves, meaning that they take place along a relatively long and thin object. The fact
that waves displace the string away from a straight line doesn’t affect the fact that
they are still considered to be one dimensional.

Water waves are two dimensional waves or surface waves because they take
place at the two-dimensional surface of the water (Figure 2.6). Again, the waves
displace the surface away from being totally flat, but these waves are still called two
dimensional. The membrane head of a drum also supports two dimensional waves,

Figure 2.6 Transverse
surface wave with vertical
polarization.

3 The earthquake epicenter is the point on the Earth’s surface that is directly above the hypocenter.
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Figure 3.1 Ripples produced by rain falling on water.

Opening question

Two stones are dropped into a pond, each producing ripples. When the sets of
ripples meet, which happens:

(a) The ripples reflect off each other, each going back toward where it came from.
(b) The ripples add together when they overlap and then pass through each other.
(c) The ripples cancel out wherever they meet, producing flatter water.

(d) The ripples bend around each other, creating complex wave patterns.

© Springer Nature Switzerland AG 2023 43
S. S. Andrews, Light and Waves,
https://doi.org/10.1007/978-3-031-24097-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-24097-3_3&domain=pdf
https://doi.org/10.1007/978-3-031-24097-3_3

44 3 Superposition

When two tennis balls collide, they bounce off each other. However, when two
waves collide, they don’t. Instead, they smoothly pass through each other, temporarily
combining to form new wave shapes in the process. Once they have finished passing
through each other, they continue on their separate ways as if nothing had ever
happened.

This process is stunningly simple, arising from nothing more than the addition of
the two sets of wave displacements. However, it leads to a broad array of interesting
behaviors. Two sets of waves can add to create bigger waves, smaller waves, or even
no waves at all. They can also add to create waves that oscillate in time but don’t
move in space. The principles of wave addition explain how sound waves can curve
around buildings, why oil drops on wet pavement produce colorful rings, and how
holiday laser lights can create elaborate designs on walls. They even explain how
light waves can add together to produce bright spots in the centers of reasonably
large shadows.

Perhaps the showiest examples arise in the brilliant colors of many animals, includ-
ing the shimmering iridescence of hummingbirds, the vibrant blue of blue morpho
butterflies, and the gaudy colors of peacock tails.

3.1 Superposition of Waves
3.1.1 The Superposition Principle
Suppose a rope is being held by one person at each end. Then, both people putpulses

into the rope, where a pulse is simply a brief disturbance. The pulses propagate
toward each other, as in Figure 3.2. What happens when the pulses meet?

¥ P ey | 4

Figure 3.2 Two people putting pulses into a rope that travel toward each other.

The answer, in a sense, is very uninteresting. The pulses don’t interact in any way
at all. They don’t collide off each other, annihilate each other, break the rope, or
do anything else dramatic. Instead, their displacements simply add together as the
pulses pass each other, which is called the superposition principle. It is shown in
Figure 3.3 for two pulses with either the same polarity or opposite polarity, where
the polarity is the side of the rope that the pulse is on. Initially, the pulses are separate
and moving together, then their displacements add to form either extra large or extra
small displacements when the pulses are at the same place, and finally the pulses
pass each other. They then continue on separately, with no remaining evidence of
their prior interactions.
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Figure 3.3 Superposition of pulses on a rope. The two pulses have the same polarity on the left
side and opposite polarity on the right side. The top row shows the pulses before they meet, the
middle row shows them meeting, and the bottom row shows them after they have passed.

The superposition principle holds true regardless of pulse lengths, pulse shapes,
pulse amplitudes, and pulse polarity. It also applies to all types of waves, including
water waves, sound waves, and light waves. For example, Figure 3.4 shows the
superposition of two sets of water waves. Here, the water displacement at any point
on the surface is the sum of the displacements from each of the two sets of waves.
Likewise, if two people talk at the same time, then their sound waves add together
to include both sounds at once. Also, if two laser beams pass through the same point
in space, then their fields add together where they cross, and the beams propagate
on as if nothing had ever happened. These behaviors are sufficiently important, and
different from what happens with solid objects, that the superposition principle is a

defining characteristic of wave behavior!.

Figure 3.4 Superposition of
water waves.

1 Despite the widespread validity of the superposition principle, which is assumed in almost all
parts of this book, there are some exceptions. These arise from non-linear effects, which are simply
defined as wave behaviors that violate the superposition principle. Nonlinear effects are typically
negligible for low amplitude waves, but can become important when waves have large amplitudes.
They are studied in the fields of nonlinear optics and nonlinear acoustics. The primary situation
in which nonlinear effects are commonly observed is for water waves, where they give rise to
phenomena such as wave breaking (note that some high amplitude waves are breaking in Figure
3.4) and wave development over time.
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3.1.2 Superposition with Different Frequencies

Wave superposition often gives real waves rough and complicated shapes. For exam-
ple, the left side of Figure 3.5 shows multiple wave components adding together on
the ocean: there are wind-driven waves, ripples from rain drops, and the boat’s wake
(waves made by the boat), all added together. The displacements from these differ-
ent wave components add to create the resulting water surface shape. It is somewhat
possible to identify wave peaks and troughs in this photograph, but they aren’t well
defined. The waves’ wavelengths and amplitudes are even less well defined. The right
side of Figure 3.5 helps make sense of this situation by showing that the sum of two
sine waves that have different wavelengths, each of which is a separate wave com-
ponent, also creates a complicated result. However, here, it’s possible to see which
features arose from which component. As in the photograph, the peaks, troughs,
wavelengths, and amplitudes are well-defined for the component waves but not for
the total wave.

Figure 3.5 Superposition of waves with different wavelengths. (Left) Waves from wind, rain, and
boat wake all added together. (Right) Two sine waves with different wavelengths added together.

Remarkably, the summing process can also be reversed, allowing one to decom-
pose a final wave shape into its separate components. This can be performed math-
ematically using a method called the Fourier transform, named for the French
mathematician Jean-Baptiste Fourier, which is central to the quantitative analysis of
oscillations and waves but is beyond the scope of this book. However, waves can also
be decomposed experimentally in some cases. For example, white light can be sep-
arated into the different colors that compose it using a prism, producing a rainbow.
Each of the colored rays leaving the prism has a single well-defined wavelength.
Also, our ears decompose sound waves into their separate frequencies, detecting
the high frequency components just inside the ear drum and the lower frequency
components deeper into the spiral shaped tubes of the inner ear.

An important point here is that all real waves, regardless of how complex their
shapes might be, are nothing more than sums of simple waves, such as sine waves or
smooth pulses. This means that we can focus our attention on learning how simple
waves work, knowing that they can always be added back together to give complete
wave shapes.
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Figure 10.1 Painting titled “Last Painter on Earth” by James Doolin (1932-2002), which depicts
Last Chance Canyon, California. Painted 1983, 72x 120 inches, oil on linen.

Opening question

A painter mixes together equal amounts of magenta and cyan paints. What color
paint does he create?

(a) Red

(b) Black

(c) Blue

(d) Green

(e) Violet
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Think about a bright red strawberry. It’s undoubtedly red, but what does it mean
to be red? Would it still be red if you closed your eyes? What if it were illuminated
with only blue light? Might it be a red strawberry to you, but an orange strawberry
to someone else, a green strawberry to your pet dog, and a color that we can’t even
imagine to a parrot?

Fundamentally, color is about the perception of light by our eyes and brains. It
arises from the different frequencies of light waves that enter our eyes, but doesn’t
truly attain the concept of color until those light waves are absorbed in our eyes
and the resulting signals are transformed into mental images in our brains. Perhaps
surprisingly, most people seem to transform these signals in nearly the same way,
so colors appear about the same for everyone. However, there are exceptions. Color
perception is different at night than during the day, it depends to some extent on the
culture that people grew up in, and, of course, it is different for people who are color
blind. Animals are different yet, often perceiving either more or fewer total colors
than people can.

The biology of color perception also leads to interesting effects when different
colors are combined. For example, the red strawberry would appear neither red nor
blue when illuminated with blue light, but black. Color mixing, which is now highly
scientific, creates all of the colors that we see on printed materials, phone displays,
and television screens.

10.1 Color Vision
10.1.1 How Vision Works

The left panel of Figure 10.2 shows a ray of light entering an eye. It is focused by
the cornea, anterior chamber, and lens to create an image of what we’re looking
at on the eye’s retina, which is at the back of the eye. At the retina, shown in the
middle panel, the light shines through several layers of signaling cells, through the
majority of several photoreceptor cells, and finally gets absorbed by bent retinal
pigment molecules that are toward the back side of the photoreceptor cells'. When
a retinal molecule absorbs a photon of light (right panel), the light’s energy momen-
tarily breaks a weak chemical bond. This allows the retinal molecule to snap into a
lower-energy straight shape. The shape change then distorts nearby proteins, which
initiates a chemical signal within the cell. That signal gets passed back through the
photoreceptor cell and into the signaling cells, which do some image processing such
as to detect motion, object edges, and colors. These processed signals then continue
on to the brain where they get combined with many other signals to form a mental
image.

I Retinal is a form of Vitamin A, which the body synthesizes from carotene, which we ingest when
eating carrots and other vegetables. Hence the common advice to eat carrots to improve your vision.



10.1 Color Vision 251

vitreous signaling cell rod cone
B lens  chamber retina bent retinal
s
pupil ﬁi\)\/:i
photon )
converts
cornea | 0
anterior - straight retinal
chamber fovea

Figure 10.2 (Left) A diagram of a yellow light ray entering a human eye and being absorbed at
the retina. (Middle) A small portion of the retina, showing signaling, rod, and cone cells. Cone cells
colors show whether a particular cell is sensitive to red, green, or blue light. The dark patch inside
each cell is its nucleus. The dashed line shows a signal going from a triggered cell to the brain.
(Right) Retinal molecules that are within rod and cone cells. Light absorption temporarily breaks
one of the chemical bonds, enabling the molecule to snap into a straight shape.

There are two types of photoreceptor cells, rods and cones. Rods are extremely
sensitive to light, even able to be triggered by a single photon. They are also very
sensitive for observing motion, due to the ways that they are connected together by
signaling cells. Rods are abundant over almost the entire retina, but not in the spot at
the center of our vision, which is called the fovea. The fact that the fovea has very few
rods means that the center of our vision isn’t very good in low light conditions, such
as at night. On the other hand, the rods over the rest of the retina give us sensitive
peripheral vision, meaning vision of things that we are not looking at directly. For
example, you may have noticed that a flashing light at night, such as from an airplane
that’s flying overhead, appears bright when you see it “out of the corner of your eye”,
meaning with your peripheral vision; however, it doesn’t appear as bright when you
look at it directly.

Cones are the dominant photoreceptor cells in the fovea. They are much less
sensitive to light than rods, but they enable color vision by coming in three separate
types; one is primarily sensitive to red light, another to green light, and the third to
blue light. Because there are many cones in the fovea, we are good at seeing the
colors of things when we look directly at them.

Both rods and cones detect light using the same retinal molecules, but vary what
wavelengths these molecules are sensitive to by surrounding them with different
proteins. Figure 10.3 shows the resulting spectral sensitivities. It shows that “red”
cone cells have at least some sensitivity from red to violet light, but are most sensitive
to yellow light, “green” cones are sensitive to slightly shorter wavelengths, and “blue”
cones are only sensitive over the range from cyan to violet. These blue cones are
sensitive into the ultraviolet too, but we can’t see that light because it is blocked by
the lenses in our eyes.

2 The proteins around the retinal molecules, called opsins, have electrically charged atoms in them.
These atoms exert electric fields on the retinal molecules, and the different electric fields, arising from
slightly different protein structures, create different retinal absorption spectra through a mechanism
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Figure 10.3 Spectral
sensitivity of human eye
photoreceptors. The black
dashed line is for rods and
colored lines are for cones.
These graphs have been
normalized so that each one
has a peak value of 1.

photoreceplor sensitivity

The fact that the sensitivity curves overlap implies that most light wavelengths are
able to excite multiple photoreceptor cell types. These individual cells can’t detect
what color of light they receive, but simply report the amount of light that they detect.
As aresult, it is up to the neighboring signaling cells and then the brain to determine
the color of light. They do this by combining the information that they receive from
many different cone cells, along with their knowledge of which photoreceptor cell
is which?.

For example, suppose you look at a street light that emits yellow light at 589 nm.
From Figure 10.3, your red cone cells would be fully excited, your green cone cells
would be about 50% excited, and your blue cone cells would not be excited at all.
Your brain has learned that this pattern of excitation corresponds to yellow light, so
the light appears yellow to you.

10.1.2 Light and Dark Adaptation

When we walk from bright sunlight into a dark room, we see only blackness initially.
Soon though, our vision returns as our eyes transition from being light adapted to
dark adapted. A quick but relatively minor part of this adaptation process is that
the irises of our eyes expand to let more light through our pupils (when looking at
someone’s eye, the pupil is the central black region and the iris is the brown, blue, or
green ring that surrounds it). Further dark adaption occurs as the photoreceptor cells
gradually convert straight retinal, which was made straight by the large quantities of
sunlight that had been entering our eyes before, into bent retinal. Having more bent
retinal means that more of the light entering our eyes gets absorbed, thus making it
easier to see when there isn’t much light.

If the room is dark enough, such as a dark movie theater, it becomes too dark
for our cones to be of much use, leading us to see almost exclusively with our rods.

called the Stark effect. See Kochendoerfer, Gerd G., et al. “How color visual pigments are tuned.”
Trends in biochemical sciences 24.8 (1999): 300-305.

3 While it might seem reasonable that the rod cells would contribute to color perception, using the
fact that their sensitivity spectra are different from those of the cone cells, they do not actually
appear to do so.
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Figure 14.1 Neon dragon, from Museum of Neon Art, Glendale, CA.

Opening question

What causes atoms to have distinct energy levels?
(a) Standing electron waves

(b) Quantization of light into photons

(c) Electrons bumping into each other

(d) Interactions between neighboring atoms

(e) It’s still unknown
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Look around and observe your surroundings. You probably see furniture, peo-
ple, buildings, trees, and other familiar objects, all with their respective shapes and
colors. These are large objects, in contrast to the truly tiny world of electrons and
protons, where quantum mechanics becomes important. Also, these objects behave
normally, unlike the bizarre world of quantum mechanics where waves are particles,
and particles are waves, and nothing can be known exactly.

And yet, it could also be said that essentially everything about your surroundings
is the way it is because of quantum mechanics. The wave-like properties of electrons
create most of the colors that you see. They also explain how electrons, protons,
and neutrons make atoms, how atoms bind together to form molecules, and how
molecules bind together to form liquids and solids. Quantum mechanics explains
why air is transparent, blood is red, and security lights are yellow. It is also the
theory behind much modern technology, from computers to lasers, neon signs, and
even fabric whiteners.

This chapter introduces the basic principles of quantum mechanics. Remarkably,
most of them are just the same physics of waves that we’ve already seen.

14.1 Matter Waves
14.1.1 De Broglie Relations

Louis de Broglie was a French aristocrat who majored in history and intended to
pursue a career in humanities. These plans were derailed by World War I, in which
he served as a radio engineer; then, his brother inspired him to turn his attention to
physics, where he ended up writing one of the world’s more famous PhD dissertations.
In it, he extended Einstein’s discovery that light is made of particles to propose that
matter is made of waves.

These matter waves needed to have wavelengths and frequencies, so de Broglie
simply rearranged the two most important equations for photons — the photon
momentum equation, which gives a photon’s momentum as p = h/\, and the Planck-
Einstein relation, which gives a photon’s energy as E = hf (see Chapter 13). This
led to the de Broglie relations for matter waves,

A:ﬁ and f=
p

w.| t

(14.1)

The former equation is the de Broglie wavelength and the latter is the de Broglie
frequency. As usual, h is Planck’s constant, equal to 6.626 - 10734 Js.

In contrast to the situation for photons, de Broglie set the momentum and energy
values in these equations to their standard values from classical physics. The classical
momentum of an object is

P = MUVUpqrt., (14.2)

where m is its mass and v /.. is its velocity; the “part.” subscript clarifies that this
is the velocity of the particle, as opposed to its matter wave, which will turn out to
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be relevant later on. The classical energy of an object is

E= %mvfm,_ +U(x). (14.3)
The first term is the kinetic energy, meaning the energy of the particle’s motion.
The second term, U (x), represents the object’s potential energy as a function of its
position, which we’ll return to in the next section. These equations show that heavier
and/or faster objects have more of pretty much everything. They have more energy,
more momentum, and faster frequencies. On the other hand, they have shorter wave-
lengths (like light waves, where shorter wavelengths correspond to higher energy
photons). Quantum effects are most important when objects have long wavelengths,
so electrons and other lightweight particles tend to exhibit the strongest quantum
effects.

These four equations form the foundation of non-relativistic quantum mechanics.
This is the physics of systems that are small enough that particle-wave duality is
important and that move slowly enough that Einstein’s theory of relativity can be
safely ignored!. Most of the mathematical results in the rest of this chapter follow
directly from these equations.

s ™
Example. Find de Broglie wavelengths for (a) a helium atom at a temperature

of 2 K, which moves at 100 m/s (mass is 6.65 - 10727 kg), (b) a 0.059 kg golf
ball moving at 60 m/s.

Answer.
(a) Use the de Broglie wavelength equation for helium:

h h 6.626- 107347
A=—= = ° ~1.0-10°m.
P Mmvpart, (6.646 - 10-27 kg) (100 m/s)
(b) For the golf ball:
h h 626 -1 —-34
A=—= _ 00626 1077 Ts g gy,
P mupar  (0.059 kg)(60 m/s)

The helium atom has a “large” wavelength of about 1 nm, which is similar to
the atom’s size, so quantum effects are likely to be important. In contrast, the

golf ball’s wavelength is so tiny that quantum effects are completely irrelevant.
\ J

I'The de Broglie relations are still valid with relativity, but the momentum and energy equations
need to be replaced by their relativistic versions. These are: p = ymqv and E = ymqc?, where m

is the rest mass and vy = 1/,/1 — 3—; This relativistic energy includes the mass energy along with
the kinetic energy, which increases the de Broglie frequency and wave phase velocity, but doesn’t
affect any observable results.
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14.1.2 Wave Functions

The news of de Broglie’s work spread quickly and generally received a positive
reception. For example, Einstein wrote that de Broglie had “lifted a corner of the
great veil”>. However, de Broglie’s wave theory was incomplete because it didn’t
explain how the matter waves moved or even what they really were.

Erwin Schrodinger, an Austrian physicist, made the next major advance. While on
a Christmas ski vacation with his mistress® in the Swiss Alps in 1925, he came up
with the idea that each particle was represented by a wave function, given by ¥ (x).
This function was a wave that propagated through space, much like electromagnetic
waves, but was for matter instead of light. He also figured out an equation, now called
the Schridinger equation, that described how these waves propagated®.

One of Schrodinger’s insights was that the mathematics became simpler if the
wave function displacements were complex numbers. Complex numbers have two
parts to them, called the real and imaginary components; for example, 2 + 3i is a
complex number in which the 2 part is real and the 3i part is imaginary. The i factor
represents the value of /—1, which has no physical meaning but allows for some
clever math such as the facts that iZ = —1 and i - (—i) = 1.

The top of Figure 14.2 shows a wave function for a particle as a function of the
position along the x axis, with its real component on the vertical axis and its imaginary
component on the axis that comes out of the page. As with photons, matter waves
are best understood as probability waves, where large displacements imply high
probability of finding the particle at that location and small displacements imply
low probabilities. More precisely, the actual probability of the particle being at some
position along the x-axis is given by the absolute square of the wave function at that
location; the absolute square is essentially the same as the square of a number, but is
a purely real number without any imaginary component’. The bottom of Figure 14.2
shows this probability; it shows the likelihood of the particle being at each position
along the x-axis. The area under this probability function is equal to 1, meaning that
the electron has 100% probability of being somewhere.

2 APS News, “This Month in Physics History. October 18, 1933: Louis de Broglie elected to
Academy” vol. 19, no. 9, p. 2, October 2010.

3 In addition to his physics work, Schrédinger is well known for his womanizing, such as that he had
three daughters by three different mistresses, and he effectively had two wives for a while. There
doesn’t seem to be a record of which mistress accompanied him during the Christmas 1925 trip.
See “The lone ranger of quantum mechanics” by Dick Teresi, New York Times Section 7, page 14,
Jan. 7, 1990.

4The Schrédinger equation for wave propagation in one dimension is the differential equation
ih%d)(x, t) = [—f—; % + Ul(x, t)] Y (x,t), where h = 2”7 and U (x, t) is the potential energy as
a function of position and time.

3 To take the absolute square, one multiplies a number by its complex conjugate, where the complex
conjugate is the same as the original number except that the signs of the imaginary components
are reversed. For example, the complex conjugate of 2 + 3i is 2 — 3i and the absolute square of
24 3iis (24 3i)(2 — 3i) = 4 + 6i — 6i — 9i% = 4 4 9 = 13. Complex conjugates are denoted by
asterisks, so the absolute square of 1 (x) is ¥ (x)y* (x).
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14.1.3 What is Waving?

While de Broglie and Schrédinger showed that matter waves were clearly important,
a persistent question was what was actually waving. This was expressed by the
German scientist Erich Hiickel (and translated into English by the Swiss physicist
Felix Bloch) in the poem

Erwin with his psi can do
Calculations quite a few.

But one thing has not been seen:
Just what does psi really mean.

The answer to this mystery is that there simply is no physical reality for matter
waves. Instead, matter waves are only mathematical entities; they are figments of
our imagination6. That said though, matter waves behave like other waves and lead
to physically sensible predictions, such as the result that squaring the wave displace-
ments produces the probability of finding the corresponding particle at any given
position. They also enable accurate, elegant, and sometimes even intuitive explana-
tions of the physical world. Thus, as most physicists do, we will treat them here as
though they are actual waves.

14.2 Traveling Matter Waves
14.2.1 Free Particles
Consider a particle, such as an electron, proton, or atom, that’s just moving along

through space, with nothing in its way. This free particle has some kinetic energy,
because it’s moving, but it doesn’t have any potential energy because it’s not inter-

6 Even Niels Bohr, one of the founders of quantum mechanics, questioned their reality; he wrote
“There is no quantum world. There is only an abstract quantum mechanical description. It is wrong
to think that the task of physics is to find out how Nature is. Physics concerns what we can say
about Nature.” From A. Peterson, Bulletin of the Atomic Scientist 19:12, 1963.
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acting with anything. This means that we can set the potential energy to zero,
U(x) =0. (14.4)

If we define the particle’s mass as m and its velocity as vpq,s., We can then compute
its momentum, energy, de Broglie wavelength, and de Broglie frequency:

2
— _ 1 2 h muvyare
=mv E=-mv A= —— =P
P part. ) part. Upart, f o

(14.5)
We want to learn more about the particle’s matter waves, so we compute their velocity
from the frequency-wavelength relation, vppase = A f, which is true for all types of
waves. The “phase” subscript reminds us that this is the wave phase velocity, meaning
how fast the wave peaks move. Substituting in from above and cleaning up lead to

2
h muvyare, Upart.
= )\ = . p = 4 . 146
Uphase S MU part, 0 ) ( )

This is a surprising result. It says that the wave peaks don’t move at the same speed
as the particle. Instead, they only move half as fast.

This is reminiscent of the situation with water waves, in which a group of waves
travelled with a “group velocity” that was different from the waves’ “phase velocity”.
In that case, the difference arose from dispersion, meaning that the phase velocity
depended on the wavelength. To see if the same thing occurs here, we rearrange the
de Broglie wavelength t0 vjq,,. = h/mA and then substitute that into Eq. 14.6 to
give

h

Uphase = m (147)

Indeed, this shows that the matter wave phase velocity depends on the wavelength,
implying that they are dispersive.

The fact that matter waves are dispersive has a couple of important consequences.
First, as just discussed, they have different phase and group velocities. We won’t
derive it here, but it can be shown that the group velocity is the same as the particle’s
velocity. This makes sense because the group of waves is the particle, so it should
move at the same speed as the particle. On the other hand, the phase velocity is
largely meaningless; it’s half as fast as the group velocity in the example shown, but
can be different in other situations (the phase velocity would have been different if
we had set the potential energy to some value other than zero in Eq. 14.4).

Second, it means that matter waves spread out as they propagate. Figure 14.3
illustrates this by showing the matter waves at three time points for a single particle
that moves from left to right. This spreading is the same as that seen in water waves
produced from a rock that’s dropped in a pond, where a single initial wave spreads
out to a broad group of waves. In terms of the matter waves, it means that the particle
starts with a narrow range of possible positions initially but then quickly spreads out
to having a wide range of possible positions.
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Figure 14.3 The same matter wave at three points in time, showing that it spreads out. The time
is measured in femtoseconds (10712 s).

14.2.2 Classical and Quantum Roller Coasters

For particles that aren’t free, we need to consider how the potential energy varies
over space. The left panel of Figure 14.4 illustrates this by showing a normal roller
coaster. The cars start at the top of the hill at the left end, where they have high
potential energy, and roll down the hill, speeding up as they go. In the process, they
convert potential energy to kinetic energy, which reaches its greatest value when
the cars reach the bottom of the first dip (blue cars). The energy conversion process
then reverses as they coast up the next hill, where they slow down and convert their
kinetic energy back to potential energy, eventually going slowly over the top of the
hill (orange cars). Then they go down and speed up again.

[ ___Totaleneray _ ool beo- Totalenergy______ AM)L_’ ,,,,,,,,,,,,,,, A
Low kinetic energy

inetic
, Low velocity
N P A High kinetic energy Low kinetic energy
“ee High particle velocity ticle velocity

High kinetic energy
Short wavelength Long wavslength

High velocity

Height and energy
Energy

Potential / Potential
energy S energy

dn

Figure 14.4 (Left) A classical roller coaster. (Right) A quantum roller coaster. Gray shading
represents a potential energy surface.

These hills can be seen as a potential energy surface, meaning that they represent
the cars’ potential energy as a function of their position. As a math expression, it
is the U (x) function introduced above. The cars’ total energy, shown by the dashed
black line at the top of the figure, stays constant over the whole journey due to the
conservation of energy (we ignore friction). Subtracting the potential energy from
this total energy yields the kinetic energy, which can be visualized in the figure as the
distance between the potential energy surface and the dashed line (upper red arrow).
For example, we can immediately see that the cars’ kinetic energy is low at the hill
tops and high at the hill bottoms.

The right panel shows a quantum roller coaster in which two particles move from
left to right, each represented by a wave function. The gray region still represents
a potential energy surface, now created by electrical forces rather than gravity but
that doesn’t really change anything, and the dashed line still represents the total
energy. The distance between these heights still represents the kinetic energy. The
only changes are stylistic: (1) this diagram shows wave functions instead of cars, and
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Fig.15.1 Simulated appearance of two black holes orbiting each other, which produces gravitational
waves. The swirl pattern arises from gravitational lensing of the background stars.

Opening question

What does gravity do? Select all that are appropriate.
(a) Keeps planets and moons in their orbits

(b) Can either attract or repel objects

(c) Bends light rays

(d) Warps space and time

(e) Propagates in waves
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A new era of astronomy began at 9:50 am UTC on September 14, 2015. Through-
out the entirety of human history before then, every direct observation of the universe
beyond our solar system had been performed by observing electromagnetic radia-
tion. People only observed visible light up until the late 1800s and then infrared,
ultraviolet, and other bands more recently, but it was always some sort of electro-
magnetic radiation. This changed on that morning in September 2015 with the first
direct detection of gravitational waves. Those waves arose over a billion light-years
away, from two black holes that merged into one. Other gravitational waves have
been observed since then and, undoubtedly, many more will be observed in the future.

Gravitational waves are waves in the gravitational field, much as electromagnetic
waves are waves in the electric and magnetic fields. They arise from accelerating
masses, such as orbiting stars or black holes, or even just orbiting planets and moons.
Gravitational waves are very difficult to detect due to their being naturally weak,
and because strong ones tend to arise very far away. Einstein’s theory of general
relativity showed that gravity bends space and distorts time, so gravitational waves
are accurately described as ripples in the fabric of spacetime.

15.1 Gravity

Before discussing gravitational waves, it helps to back up a little and explore gravity
first, which is the focus of this section.

15.1.1 Newtonian Gravity

In the early 1600s, Galileo provided conclusive evidence for the heliocentric model
of the solar system, in which the sun is at the center of the solar system and the
planets go around it. This then raised the problem of what keeps the planets in their
orbits. Half a century later, Isaac Newton famously solved the problem when he saw
an apple fall off a nearby tree. The falling apple led Newton to realize that the Earth
exerts a force on objects around it, such as apples on trees, and birds in the sky, and
even the Moon and the sun. He realized that this force, which he called gravity!,
could attract the Moon to the Earth sufficiently strongly to cause the Moon to orbit
the Earth. Likewise, the concept of gravity explained how other planets could orbit
the sun, and even how other moons could orbit other planets.

From these insights, Newton came up with his law of universal gravitation for
describing the gravitational force between two objects. In modern notation, it is

Gmlmz

F=—3 G =6.674-10"" m?kg~!s72. (15.1)

r

I Newton did not invent the word “gravity”, which comes from the Latin word gravitas for the
quality of heaviness. However, he shifted its meaning and was the first to use it in the context of a
force.
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Here, G is a number called the gravitational constant and has the value shown
above, m1 and m» are the masses of the objects, and r is the distance between them.
This equation shows that gravitational force increases with larger object masses
and decreases with larger separation between the objects. Note that this force is
symmetric with respect to the two objects, meaning that each object pulls on the
other one with the same amount of force. Also, masses are always positive, so the
gravitational force is always positive, and gravity is always attractive. Anti-gravity, in
which masses repel each other, is a nice science fiction concept but violates Newton’s
law of gravitation and has never been observed.

s D
Example. The Earth’s mass is 5.97 - 10%* kg, the Moon’s massis 7.35 - 10> kg,

and the distance between them is 3.84 - 108 m. What is the gravitational force
acting on the Moon from the Earth?

gravitational o
force — "
gravitational
force

Answer. Plugging these numbers into Newton’s law of gravitation shows that
the force is 1.99 - 102° N. This is the force of the Earth on the Moon, and of
the Moon on the Earth.

15.1.2 Tides

Newton realized that the distance dependence of his law of gravitation helped explain
why the Earth has tides, including why many places (including Britain, where Newton
lived) have two high tides per day.

Leaving out the Earth for a moment, imagine three balls that are in a line, all
reasonably close to each other and all falling toward the Moon. If the line of balls is
perpendicular to the direction the balls are falling, as in the left panel of Figure 15.2,
then this means that the balls are all about the same distance from the Moon. In
this case, they experience the same gravitational force, so they fall at the same rate
and stay the same distance from each other. On the other hand, if the line of balls is
parallel to the direction they are falling, as in the middle panel of Figure 15.2, then
they are at different distances from the Moon. In this case, the closest ball feels the

i Different gravity, so
Same gravity, so fall at different rates,

fall at same rate . and spread out.

Fig.15.2 Diagrams of tides. (Left, Middle) Balls falling toward the moon only spread out if they
have different distance from the moon. (Right) The Earth and its oceans spreading out.
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most gravity and the farthest ball feels the least gravity, so they fall at different rates
and spread out.

To explain tides, the Earth is like the middle ball, while the oceans are like the
outer balls, shown in the right panel of Figure 15.2. The part of the ocean that is
closest to the Moon falls fastest, so it gets pulled away from the Earth. Likewise,
the part of the ocean that is farthest from the Moon falls slowest, so the Earth pulls
away from it. Together, these cause the ocean to be raised up on the sides of the Earth
closest and farthest from the Moon in tidal bulges. The Earth makes one full rotation
per day, which then explains why many places have two high and two low tides every
day. Of course, the Earth doesn’t actually fall into the Moon, or the Moon into the
Earth, which is due to to the Moon’s fast velocity around the Earth; both Earth and
Moon are constantly falling toward each other, but the Moon’s velocity converts this
falling into a nearly circular orbit.

Real tides are more complicated than this due to the additional influence of the
sun’s gravity, the inertia of the ocean water, the drag exerted on the ocean’s water by
the Earth’s rotation, resonance effects, and other factors (see Section 6.5.6). However,
this explanation still captures the essential aspects of the tide’s driving force.

15.1.3 Gravitational Fields

Newton’s conception of gravity was an “action at a distance” model, meaning that one
object exerts a gravitational force on another object over some intervening distance.
Much as the action-at-a-distance concepts of electrical and magnetic forces got rein-
terpreted as electric and magnetic fields during the 19th century, the same happened
with gravitation. Rather than thinking of a gravitational force acting between, say,
the Earth and a falling apple, over the space between them, the idea was is to think of
the Earth’s mass as creating a gravitational field around itself. Figure 15.3 illustrates
this field. In this interpretation, the Earth’s gravitational field at the apple’s position
exerts a force on the apple, and that force causes it to fall toward the Earth.

Fig.15.3 Gravitational field

of the Earth. Longer arrows gravi'tational
represent stronger gravity. field

-~

-~

A benefit of this new interpretation is that gravity becomes a local interaction, in
which objects are only influenced by the gravitational field at their position, rather
than by masses that are far away. The gravitational field is a vector field and all objects
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within it experience a gravitational force in the field’s direction. In the example with
the Earth, the field points toward the center of the Earth.

The strength of the gravitational field comes directly from Newton’s law of grav-
itation, Eq. 15.1. Both sides of the equation are divided by an object’s mass, yielding
the acceleration that an object experiences due to gravitational attraction,

GM
a=-". (15.2)

72

Here, M is the mass of the object that’s producing the gravitational field. For example,
the acceleration of an apple falling toward the Earth uses M as the Earth’s mass and
r as the Earth’s radius (because we’re assuming the apple is close to the Earth’s
surface), which is 6.37 - 10° m. Plugging these numbers into Eq. 15.2 gives the
apple’s acceleration as 9.80 m/s?>. We’ve seen this value many times before. It is
typically just called the Earth’s gravitational acceleration and denoted g. Note that
the apple’s mass wasn’t necessary for this calculation; everything near the Earth’s
surface falls with this same acceleration, regardless of its mass.

If the gravitational field arises from multiple objects, then the separate fields add
together to yield the total field. For example, the total gravitational field halfway
between the Earth and Moon is the sum of the fields from the Earth, Moon, and sun,
all measured at that point. To be thorough, one could also add in the fields other
planets, although those influences would be extremely small.

s 3
Example. What is the sun’s gravitational field at the Earth’s position? The

sun’s mass is 1.99 - 10°0 kg and it is 1.50 - 108 km from the Earth.
Answer. Use the gravitational field equation with the sun’s mass and distance:

_GM _ (6.674- 107" m3kg's72)(1.99 - 10°° kg)

= = 0.0059 ms~2.
) (1.50 - 10T m)2 s

This means that the Earth is constantly accelerating toward the sun at a rate of
about 0.6 cm/s2. It doesn’t fall into the sun because its velocity around the sun
keeps it in its orbit.

15.2 Gravitational Waves
15.2.1 First Direct Detection

1.3 billion years ago, when life on Earth consisted solely of single-celled organisms,
two black holes in the southern sky were whirling around each other at high speed.
The changing positions of the masses, each of which was about 30 times heavier than
our sun, caused the gravitational field in the region to oscillate wildly. This produced
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waves in the gravitational field, calledgravitational waves?, that propagated outward.
The waves carried away energy, so the black holes fell closer together in what’s called
an inspiral. This caused them to orbit even faster, making the waves stronger, and
releasing more energy. This built up to create a powerful burst of gravitational waves
until, suddenly, the black holes touched and merged together. At this point, the masses
stopped orbiting each other, so the gravitational waves stopped, too.

That burst of waves expanded outward at the speed of light and passed by the Earth
1.3 billion years later, on September 14, 2015. By this time, humans had evolved, they
had developed gravitational wave observatories, and two observatories had just been
upgraded for greater sensitivity. Those observatories detected the passing burst of
gravitational waves, which were the first gravitational waves to be detected directly.
Astronomers named this event GW 150914, for gravitational waves and the date.
Their results, shown in Figure 15.4, show the wave displacements on the y-axis
as the amount of strain on the detectors (the distance they moved divided by their
separation distance), which represents changes in the gravitational field at the Earth.

Fig.15.4 The first
gravitational waves directly
observed. The two colors
show the waves as detected at
two different observatories,
of which the orange lines
were shifted to account for
the different observatory | ] 1 |
orientations and for the time 0.30 0.35 0.40
taken for the wave to travel Time (sec)
from one to the other.
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The individual waves in this figure directly represent the positions of the two black
holes as they orbited around each other. Their high frequency is remarkable. From
the graph’s x-axis, the gravitational waves had a period of only about 0.02 s initially,
which then decreased to about 0.004 s at the end, meaning that the frequency sped
up from 50 Hz to 250 Hz, before the black holes finally touched and merged. These
frequencies would be very low in the electromagnetic spectrum, and near the middle
of the audible spectrum, but are extremely fast for such massive objects to orbit each
other.

15.2.2 What are Gravitational Waves?

As stated before, gravitational waves are waves in the gravitational field. Also, the
gravitational field is the acceleration due to gravity. Gravitational waves can’t be
observed with a single object but if you have two objects, say two balls, then a

2 These are called “gravitational waves” because the term “gravity waves” was already taken; those
are normal water waves in which gravity provides the restoring force.



Units

B.1 Units Are Your Friends

How are you supposed to remember a long list of equations? The simple answer is
that you aren’t. Memorizing a long list of equations is a quick route to frustration and
is not what successful scientists or students do. Thinking about units is an important
way to avoid memorizing equations.

Suppose, for example, that you want to compute a velocity, v, from a wavelength,
A, and a frequency, f. You remember that there is an equation that relates these
variables, but you can’t remember which term goes where. So, you try

vA = f (incorrect).

To check if this is correct, compute the units on the left side: v is in m/s and A is in
m, and these combine to give m?/s. Meanwhile, the units on the right side are s L
These are not the same, showing that your guess is incorrect. With more trial and

error, you try one of

v=Af or A= v or f= 2 (correct).
f A

In each of these cases, the units match on the two sides of the equation and, in fact,
all of these rearrangements are correct. Thus, the units enabled you to find correct
equations and to easily discard incorrect ones.

Similarly, when you come up with your own equations, it’s a good idea to check
that the units are valid. If they’re not, then the equation is certainly incorrect. This is
a simple check that can catch a large fraction of mistakes.
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B.2 The Metric System

Everyone used “customary” units of measure, which varied by region, up until near
the end of the 18th century. Lengths were measured in British feet (30.48 cm), French
feet (32.48 cm), Norwegian feet (31.37 cm), Japanese shaku (about 30 cm), or any
of many other commonly used units, depending on where one lived. These units
sometimes varied substantially by region within the country and also varied over
time. This was inconvenient because there was no way to accurately describe how
big something was without bringing the actual object along. It was also a problem
for international trade and scientific communication. Furthermore, even within the
systems of units of individual countries, it was difficult to convert values between
different sizes of units because they weren’t separated by regular intervals. In the
modern American system of volumes, for example, there are 3 teaspoons to a table-
spoon, 16 tablespoons in a cup, 2 cups in a pint, 2 pints in a quart, 4 quarts in a gallon,
and, roughly, 7.5 gallons in a cubic foot. These irregular intervals make conversion
difficult.

The metric system was developed to address these problems and is now used
universally in science. It is also the primary system of measurement in most of the
world, with the primary exception of the United States. It is often called the SIsystem,
from the French Systeme International.

The metric system is built upon a small collection of base units including the
meter (m) for length, the kilogram (kg) for mass, and the second (s) for time2. There
are also derived units that are built from base units. For example, energy is often
measured in joules (J), a derived unit, where 1 joule is equal to 1 kg m? s~2. Table
B.1 lists the most important base and derived units. If you express all quantities with
these base or derived units, then further unit conversion is generally not required.

Table B.1 Metric base and derived units

quantity dimension unit symbol in base units
length L meter m m

mass M kilogram kg kg

time T second s s

frequency 7! hertz Hz s71

energy L*MT™? joule J kgm?s~2
power L*MT—3 watt w kgm?s3
force LMT™? newton N kgms 2
pressure L='MT? pascal Pa kgm~!s72

2 This book uses the modern “mks” convention in which meters, kilograms, and seconds are the base
units. This largely supplanted the older “cgs” convention, which is based on centimeters, grams,
and seconds.
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The “dimension” column in the table shows the dimension of the quantity, where
L represents length, M represents mass, and 7 represents time. It can be useful,
although the final column, “in base units” is equivalent and typically more useful.

Larger and smaller versions of the base and derived units can be formed using
the prefixes that are listed in Table B.2. These prefixes often make numbers more
convenient, but it is generally best to stick with meters, kilograms, and seconds
within calculations; if you start mixing in centimeters, milligrams, or other units,
then you’ll need to keep track of the factors of 10. Thus, the best approach is typically
to convert all numbers to base or derived units at the beginning of a calculation, do
the calculation with those units, and then add the appropriate prefix to your answer
at the end to make it more meaningful.

Table B.2 Metric prefixes

prefix abbreviation value expanded value
tera T 1012 1,000,000,000,000
giga G 10° 1,000,000,000
mega M 10° 1,000,000

kilo k 103 1000

centi c 1072 0.01

milli m 103 0.001

micro u 1076 0.000001

nano n 1077 0.000000001

pico p 10712 0.000000000001

In this table, the “expanded value” column might present numbers in a more
familiar way than the “value” column but is actually less useful. For example, suppose
you are given a number as 43 km and you want to enter it into your calculator in
meters, as you should. You could enter it as 43 and then tack on three zeros, or you
could enter it as 43 and then multiply by 1000. However, the best approach is to think
of this number as 43 - 103 m, where the 103 part is the kilo part; enter this number
in a calculator as 43, then the EE key, and then 3; see Appendix A.

B.3 Unit Math

As mentioned above, it is a good idea to check the units in equations to ensure that
they agree on both sides. If they don’t agree, the equation is certainly incorrect. A
simple approach is to substitute in the units for each variable, while dropping the
unit prefixes. The prefixes aren’t necessary because they only change the value, but
not the underlying unit. Here is an example using the relationship among velocity,
wavelength, and frequency:
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m -1
v=Af — —=(m)s)
S
These units agree, confirming that the equation is reasonable (and in fact is correct).
Here are the rules for unit math.

e Ignore all numbers. This includes all values like 2, 4.7, and -58, all factors of ,
and all metric prefixes.

e Change derived units to base units if it will help. For example, change Hz to s !
and W to Js~!. On the other hand, it might not help. For example, changing J to
kgm?s~2 may or may not lead to a simpler result.

e Countable objects are optional as units. For example, a wavelength can be
expressed equivalently as 0.1 m, or as 0.1 m/wave. Likewise, a rotational fre-
quency can be given equivalently as 2000 rotations/s or 2000 s~ !.

e Addition and subtraction: units must be the same for both terms, and units stay
the same at the end. For example, 2 apples + 3 apples = 5 apples; this is valid
because the units are the same in both terms and then become the same in the
end. However, 2 apples + 3 oranges is not valid because the terms don’t have the
same units. 2 s + 3 s~ ! is equally incorrect.

e Multiplication and division: combine units. For each type of unit, such as “m”
for meter, add up all of the exponent values in the numerator and subtract any of
the exponent values in the denominator. For example, multiplying m by m gives
m? and dividing m by s gives ms~!. Note that a unit with a negative exponent is
equivalent to dividing by that unit, so m/s = ms~! and m/s> = ms~2.

Suppose you have the equation A\ = %, where h is measured in Js, and p is
measured in kgm/s. You want to know the units for A\. The equation and variables
have meanings, of course, but that is irrelevant here.

)\:ﬁ oo Js :kgmzs’zs
P kgms™! !

=m
kgms™

Here, we first replaced the variables with their units, we then found that the joules
in the numerator didn’t cancel with anything in the denominator so we expanded it
in terms of the base units (J = kgm?s~2), and we finally collected together all of the
kg, m, and s terms to find the total number of each. As it turned out, all that was left
was a meter unit, showing that A\ must have units of meters.

Once you are done simplifying, a fraction should only have a single numerator
and a single denominator. For example, the unit m/s/s doesn’t make sense. Does this
mean (m/s)/s, which simplifies to m/s2, or does this mean m/(s/s), which simplifies to
m? It’s unclear, so it’s best to avoid such constructions. This leads to the question of
how to deal with fractions of fractions, which is a very common situation. Suppose,
you want to divide m/s by m/wave. A simple approach is to replace each of the two
fractions with a single row of units by using negative exponents, and to then count
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up how many you have of each type of unit,

ms~! 1 wave
= T =waves =
m wave— S

B.4 Unit Conversion

As mentioned above, a typical approach for solving a problem is to express all
numbers with their values in meters, kilograms, and seconds (and joules, newtons,
pascals, etc., as given in Table B.1), do the math with these base units, and then make
the result more tidy by replacing any powers of 10 with the appropriate prefix.

This unit conversion is simple if you work entirely with metric values, often
allowing you to account for units on the fly while entering numbers into a calculator.
For example, suppose you want to find the frequency of green light, which has a
wavelength of 500nm. To do this, rearrange the equation v = A f to get f = %. The
velocity is 3 - 108 m/s and \ is 500 nm, so enter the following into a calculator

S =3e8 +500e-9

The result is 6 - 10'4. Because everything was entered in meters and seconds, the
result is also in metric base units. In this case, the result is in s~ which can be
verified using unit math. This answer of 6 - 101451 is fully sufficient, but could
also be rescaled by taking 12 factors of 10 off it and using the tera prefix to give the
frequency as 600 THz.

Unit conversion is more complicated if you aren’t working entirely in the metric
system. Most people still instinctively start by reaching for their calculators, but this
is generally a mistake. Instead, it’s better to start with paper and pencil, write down
the unit conversion equation, and then use a calculator at the very end. The procedure
for this unit conversion equation starts by rephrasing the question as a mathematical
expression. For example, suppose the question is how many feet are in 1 meter? This
is rephrased as

I m
?feet:T

Writing the right hand side as a fraction with a 1 in the denominator isn’t necessary,
but can help avoid confusion later on. Having the left side there is nice because it
reminds you of where you’re going. Note that this equation is indeed an equality, in
that some number of feet is actually exactly the same thing as 1 meter. Next, multiply
the right side of this equation by 1 as many times as needed until you get the correct
units, where this “1” is a conversion factor. Units can be crossed off, as they cancel
with each other. Continuing with this example, we convert meters to centimeters by
multiplying by the fraction 1010% = 1 and then cross off meters:

_ 1pr 100 cm
= Dt

? feet
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Continuing gives

2 feet Ilm 100car  linchh 1 foot
? feet = — - . .
1 Iyt 254 car 12inch

At the very end, enter all of these numbers into a calculator, which gives the result
that 1 meter equals 3.28 feet.

More complicated types of units make the task a little more complicated but not
fundamentally different. For example, the density of water is 1 g/cm>. What is it in
pounds per cubic foot? Here, the unit conversion equation looks like:

Jlbs _ 1g 1k 220lbs 2.54cmr 254car 2.54cmr 12jmch 12jach 12 jnch
Cf T em® 1000¢  1k¢  ljach  ljech  ljmch  1foot 1foot 1 foot

Plugging these numbers into a calculator gives the answer as 62.3 Ibs/ft>.

As a final point, note that Google does an excellent job of unit conversion, making
this entire task largely unnecessary. Nevertheless, unit conversion is a useful skill to
have in case you need a number in certain units and you don’t have internet access
at that moment. Table B.3 lists some common unit conversions.

Table B.3 Some unit conversions

1 inch = 2.54 cm 1 hour = 60 minutes
1 foot = 12 inches 1 minute = 60 seconds
1 mile = 5280 feet 1 day = 24 hours

1 acre = 43560 ft? 1 kg = 2.205 1bs
163 = 7.48 gallons 1 calorie = 4.1841]

1 gallon = 3.785 liters 1 kilocalorie = 41841

B.5 Exercises
Problems

B.1. For each part, use the unit conversion method presented here and show your
work. (a) How many km is 4000 miles? (b) How many nm is 17 pm (the width
of a human hair)? (c) How many cycles per day is 97 MHz?

B.2. For each part, use the unit conversion method presented here and show your
work. (a) How many gallons are in 0.25 acre-feet (the annual water use of a
typical family)? (b) How many km/liter are equal to 40 miles per gallon? (c)
How many US$/gallon is equal to 1.28 euros/liter (the price of gasoline in
France), assuming that 1 euro equals $1.14?



Useful Facts and Figures

Table H.1 Fundamental constants

Constant Symbol Approximate value
Speed of light in vacuum c 2.998 - 108 m/s
Elementary charge e 1.602-1071 C
Planck’s constant h 6.626- 10734 Js
Gravitational constant G 6.674 - 10~ m3kg~1s2
Electric permittivity of space €0 8.854 - 10712 C2N~Im?
Electron mass M, 9.109 - 103! kg

Proton mass mp 1.673 - 107 kg
Rydberg constant R 1.097 - 107 m~!
Boltmann’s constant kp 1.381- 1023 J/K
Stefan-Boltzmann constant o 5.670- 1078 Wm—2K~*
Wien’s displacement constant b 2.898 - 1073 mK
Avagadro’s number Na 6.022 - 1023 mol~!
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Table H.2 More useful numbers

Constant Symbol | Value Notes
Speed of sound in air 340 m/s Typical range is 330-350 m/s
Speed of sound in fresh 1481 m/s At20° C
water
Speed of sound in 1500 m/s Typical range is 1480-1540 m/s
seawater
Density of water 1000 kgm~3 At4° C
Gravitational g 9.80 ms2 Average for Earth’s surface
acceleration
Sun: Mass Mo 1.989 - 1030 kg
Radius Ro 6.96- 108 m Radius is larger at equator than
poles
Surface temperature To 5778 K The interior is much hotter
Earth: Mass Mg 5.972 - 10%* kg
Radius Rg 6.37-10°m Radius is larger at equator than
poles
Moon: Mass 7.348 - 10% kg
Radius 1.74 - 10° m Radius is larger at equator than
poles
Earth-Sun distance 1.496-10'' m Between object centers
Earth-Moon distance 3.844 108 m Between object centers

Table H.3 Refractive indices (from Table 2.2)

medium n

Vacuum 1 (by definition)
Air 1.0003

Ice 1.31

Water 1.33

PMMA (Acrylic) 1.49

Glass (crown & window glass) 1.52

Sapphire 1.77

Cubic zirconia (fake diamond) 2.16

Diamond 2.42
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Table H.4 Greek alphabet

Name

U.C.

0

Name

0

0

Alpha
Beta
Gamma
Delta
Epsilon
Zeta
Eta
Theta
Iota
Kappa
Lambda
Mu

EerRToEmNTODRD 3w

TS N o 2 w o

~

= > N

Nu

Xi
Omicron
Pi

Rho
Sigma
Tau
Upsilon
Phi

Chi

Psi
Omega

DEX B =S-MTIOm Z[C

Table H.5 Metric base and derived units (from Table B.1)

Quantity

Dimension

Unit

Symbol

£ &= € € 3 9> 3 0 M |-

In base units

Length
Mass
Time
Frequency
Energy
Power
Force
Pressure

L
M

T

T—l
L*MT2
L*MT3
LMT™2
L='MT~2

meter
kilogram
second
hertz
joule
watt
newton

pascal

Table H.6 Metric prefixes (from Table B.2)

Prefix

Abbreviation

m
kg
s
Hz
J
w
N
Pa

Value

m
kg

kgm?s~2

kgm?s—3
kgms~?2

kgm~!s™2

tera
giga
mega
kilo
centi
milli
micro
nano
pico

s = F g o xzZQH

1012
10°
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Figure H.1 Optics timeline (from Figure 1.12).
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Figure H.2 Wave terminology (from Figure 2.3).
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Figure H.3 Standing waves (from Figure 3.11).
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Figure H.4 Electromagnetic waves (from Figure 11.7).
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Figure H.5 Visible spectrum (from Figure 2.4).
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Figure H.6 Electromagnetic spectrum (from Figure 11.10).

Figure H.7 Scientific pitch
notation (from Figure 6.8).

Table H.7 Musical note frequencies (from Figure 6.9)

Note | Hz Note | Hz Note | Hz Note | Hz Note | Hz Note | Hz Note | Hz

Cl 327 |C2 654 | C3 130.8 | C4 261.6 | C5 5233 | C6 1046.5 | C7 2093.0
Cgl | 346 |Ch2 69.3 | C3 | 138.6 | Cgd | 277.2 | Cg5 |554.4 | Ct6 1108.7 |Cg7 |2217.5
D1 36.7 | D2 73.4 | D3 146.8 | D4 293.7 | D5 587.3 | D6 11747 | D7 2349.3
Dgl | 389 |Df2 77.8 | D3 | 155.6 | D4 |311.1 | DS |622.3 | D16 12445 | Dg7 |2489.0
El 412 |E2 824 | E3 164.8 | E4 329.6 | ES 659.3 | E6 13185 |E7 2637.0
Fl 437 |F2 87.3 | F3 174.6 | F4 349.2 | F5 698.5 | Fo6 1396.9 | F7 2793.8
Fil 46.2 | Fg2 92.5 | Fd3 185.0 | Fg4 | 370.0 |Fg5 | 740.0 | Fg6 1480.0 | Fd47 | 2960.0
Gl 49.0 |G2 98.0 | G3 196.0 | G4 392.0 | G5 784.0 | G6 1568.0 | G7 3136.0
Ggl | 519 | G2 |103.8 | G#3 |207.7 | Gf#4 |4153 |Gt5 |830.6 | GH6 1661.2 | GH#7 |3322.4
Al 55.0 | A2 110.0 | A3 220.0 | A4 440.0 | A5 880.0 | A6 1760.0 | A7 3520.0
Agl | 583 |Af2 |116.5 | Ad3 |233.1 | A4 |466.2 | Ag5 |932.3 | At6 1864.7 | A7 |3729.3
Bl 61.7 | B2 123.5 | B3 246.9 | B4 4939 | B5 987.8 | B6 1975.5 | B7 3951.1
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Figure H.8 Deep water wave speed (from Figure 6.14).
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Figure H.9 Concave mirrors (from Figure 8.15).
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mirrors (from Figure 8.17).
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yellow

Figure H.12 Color models (from Figures 10.9, 10.10, and 10.12).
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Figure H.13 Scattering (from Figure 11.14).
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Figure H.14 Color temperature (from Figure 12.4).
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Figure H.15 Blackbody spectra (from Figure 12.3).
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Index

A440 (music), 135
Aberration

chromatic, 237

solar, 419

stellar, 28, 419
Absolute square, 360
Absolute temperature, 130
Absorption, 50, 384
Absorption coefficient, 86
Absorption spectrum, 86
Accommodation (eye), 231
Achromat, 237
Achromatic lens, 237
Acoustic Doppler velocimetry, 105
Active sonar, 132
Adding zero, 449
Additive color mixing, 258
Aerophones, 138
Aether, 20, 57
Afterimage, 253
Air

density, 129

molecule mass, 130

pressure, 129
Airy disk, 66
Airy, Sir George Biddell, 66
al-Haytham, Ibn, 5
Albedo, 316
Algebra, 447
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Algerian scale, 136
Aluminum foil, 302

AM radio, 283

Amino acid, 201
Ammonia, 367

Amplitude, 18

Anechoic chamber, 98
Angle of incidence, 214
Angle of refraction, 214
Angular Doppler effect, 120
Angular magnification, 235
Angular momentum, 415
Animal hearing ranges, 131
Ant, 354

Antarctica, 321

Antenna, 89

Anterior chamber, 230
Antibonding orbital, 382
Anti-gravity, 407
Antinode, 51

Antireflective coatings, 56
Antisolar point, 239
Antumbra, 171

Aperture, 227

Aphrodite, 3

Apochromat, 238
Apparent depth, 216, 245

Arago, Dominique-Francgois-Jean, 65

Arago-Poisson spot, 64, 70
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Index

Arca zebra clam, 177
Area, 455
Aristotle, 3, 257
Aspen, 263
Associative property, 448
Atmosphere
spectrum, 85
Atmosphere (unit), 129
Atmospheric phenomena
corona, 66
light pillar, 210
rainbow, 238
Atomic orbital, 377
Atomism, 4
Attenuation, 95
Aurora, 277
Average speed, 24

Babinet, Jacques, 65
Babinet’s principle, 65, 71
Back radiation, 317
Balmer series, 385

Balmer, Johann, 379
Banjo, 137

Base units, 440

Bat, 40, 119, 120, 131
Bathroom shower, 73
Battle ropes, 78

Beam splitter, 57

Beating pattern, 49, 112
Beatles (music group), 136
Bees, 296

Beetle, 67

Bell, 139

Bell, John, 394
Betelgeuse, 310, 355

Big Bang, 108, 325, 426
Binary star, 102, 107, 411, 429
Binoculars, 219, 235
Bioluminescent, 388

Bird vision, 255
Birefringence, 298
Blackbody, 309
Blackbody radiation, 309
Blackbody spectrum, 309, 333

Black hole
inspiral, 409, 414
temperature, 325
Black light, 285, 387
Bloch, Felix, 361
Blood cells, 236
Blood color, 385
Blood moon, 171
Bluebird, eastern, 68
Blue jay, 68
Blueshift, 106
gravitational, 108
Bluetooth, 283
Bohr, Niels, 345, 361
Boltzmann, Ludwig, 312, 332
Boltzmann’s constant, 130
Bonding orbital, 382, 401
Born, Max, 345, 368
Bose-Einstein condensate, 396
Bose, Satyendra, 396
Boson, 396
Boundary, 50

Boundary condition, 50, 52, 138, 371

Bradley, James, 28

Brass instruments, 139
Breakthrough starshot, 353
Brewster’s angle, 220, 297
Brewster, Sir David, 220, 297
Brix, 244

Brushed metal, 302
Buckminsterfullerene, 370
Buckyball, 370

Buffalo, NY, 152

Bulbous bow, 48

Bunson, Robert, 93
Butadiene, 402

Butane, 399

Buttercup, 67

Butterfly, 68, 72, 256

Calcite, 298

Calcium carbonate, 298
Calculator advice, 432
Calorie, 77

Cambrian explosion, 177
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Camera, 227
depth of field, 228
digital sensor, 227, 338
f-number, 229
film, 227
focal plane, 228
lens, 228
obscura, 173
pinhole, 173
smartphone, 229
Camera obscura, 173
Camera-type eyes, 230
Canary Islands, 394
Capillary waves, 140
Car headlights, 206
Car thermal emission, 314
Carbon dioxide, 319, 413
Carbonic acid, 321
Carbon monoxide, 402
Carotene, 86, 89, 250, 346
matter waves, 371
spectrum, 86
Cartesian form, 225
Cartesian space, 265
Casein micelle, 289
Cat, 255
Cataracts, 254
Cat’s eye retroreflector, 219
Cavity, 52, 371
polarization, 304
Cell
blood, 236
cone, 250
euglena, 176
lymphocyte, 236
photoreceptor, 250
rod, 250
Cell phone, 283
Celsius (unit), 130
Center of mass, 411
Central maximum, 61
Central Processing Unit (CPU), 40
Chambered nautilus, 176
Chameleon, 255
Charge-Coupled Device (CCD), 338

Chemical bond, 381
Cherenkov, Pavel, 116
Cherenkov radiation, 116
Cherry tree, 263
Chile, 161
Chiral, 201, 299
Chlorophyll, 75, 97
Chord, 137
Chordophones, 137
Chrétien, Henri, 196
Christmas laser lights, 63
Chromatic aberration, 237
Chromaticity diagram, 266
Chromatic scale, 134
Chu, Steven, 343
CIE standard observer, 266
CIE xy color space, 266
Ciliary muscles, 231
Circular birefringence, 299
Circular dichroism, 89
Circular motion, 148
Circular polarization, 298
Circumference, 455
Clam

arca zebra, 177
Clapotis, 52
Clarinet, 138
Cloud droplet, 287
CMYK color model, 260
Coherence length, 347, 389
Collapse (quantum), 345, 391
Collective excitation, 350
Color, 249

complementary, 259

primary, 258

secondary, 258

tertiary, 258
Color blind, 253
Color blind glasses, 254
Color model, 258

CMYK, 260

HSV or HSB, 264

LMS, 265

RGB, 258

RYB, 262
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XYZ, 266
Color space, 265
Color temperature, 311, 322
Color wheel, 257
Coma, 196
Combining like terms, 449
Commutative property, 449
Compact Disc (CD), 63
Complementary colors, 259
Complementary Metal Oxide Semicon-

ductor (CMOS), 338

Complex conjugate, 360
Complex numbers, 360
Compound eyes, 256
Compton, Arthur, 338
Compton scattering, 338
Cone cell, 250
Conjugated 7 system, 373, 384
Consonance, 135
Constellation

Canis Major, 324

Canis Minor, 325

Orion, 118, 310, 312
Constructive interference, 47
Continental drift, 153
Continuous spectra, 82
Converging lens, 221
Cool roof initiative, 323
Cooper pair, 396
Coot, 142
Copenhagen interpretation, 345, 392
Cornea, 230
Corn syrup, 201
Corona, 66
Coronavirus, 236
Cosine, 454
Cosmic microwave background, 325
Cosmological redshift, 108
Coupling, 88

matter waves, 383

radiative, 315
Creeping cinquefoil, 256
Crest, 18
Crete, Greece, 75
Critical angle, 217

Crooke’s radiometer, 341
Crossed polarizers, 292
Crown glass, 238

Crust, 152

Cubic zirconia, 244
Current ripples, 149
Customary units, 440
Cymbal, 139

da Vinci, Leonardo, 3
Damping, 95
Dan bau, 137
Dark adaptation, 252
Darwin, Charles, 314
Davisson, Clinton, 368
de Broglie frequency, 358, 401
de Broglie relations, 358
relativistic, 359
de Broglie wavelength, 358, 400
de Broglie, Louis, 10, 358
Decay constant, 349
Decibels, 82
Decimal places, 433
Deep water waves, 141
Deer vision, 255, 270
Democritus, 4
Department of Energy, 323
Depth of field, 228
Derived units, 440
Descartes, René, 6, 214
Destructive interference, 47
Detroit, MI, 152
Deuterium, 367, 369
Diamond, 40, 219
Didgeridoo, 138
Diffraction, 7, 58, 283
and interference, 60
Babinet’s principle, 65
electron, 368
grating, 62, 68
holes and obstacles, 58
photon, 346
pinhole camera, 174
spikes, 65
X-ray, 63
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Diffraction grating, 62, 68, 368
Diffraction-limited resolution, 234, 235
Diffraction spikes, 65
Diffuse reflection, 184
Digit term, 431
Diopter, 232
Dipole, 413
Dipole radiation, 413
Disappearing filament pyrometer, 313
Dispersion, 53, 236
matter waves, 362
normal vs. anomalous, 237
Dispersive, 141
Dissonance, 136
Distributive property, 449
Diverging lens, 221
Division by zero, 450
Djembe, 139
DNA, 338, 343
Dog vision, 255, 271
Dogwood, 263
Dolphin vision, 255
Doolin, James, 249
Doppler cooling, 343
Doppler effect, 101, 102
acoustic velocimetry, 105
angular, 120
binary star, 415
blueshift, 106
broadening, 119
cooling, 343
echolocation, 120
general equation, 111
moving observer, 103, 108
moving source, 103, 110
photon, 355
power, 113
radar, 105
redshift, 106
reflection, 111
relativistic, 114
shift, 109
supersonic, 114
traffic analogy, 104, 110
ultrasound, 105

Doppler, Christian, 102, 107
Doppler shift, 109
Double-pane window, 220
Double rainbow, 239
Double-slit experiment, 60, 344
Draupner wave, 48

Drum, 139

Earth
albedo, 316, 326
average temperature, 317
climate, 316
energy budget, 316, 326
global warming, 319, 327
greenhouse effect, 318, 326
orbit, 418
phases, 172
structure, 152
Earthquake, 153
epicenter, 23
focus, 23
hypocenter, 23
p-waves, 23
s-waves, 23
Echo
Doppler effect, 111
Echolocation, 40, 131, 158
Doppler effect, 120
Eclipse, 170
lunar, 171
solar, 170
Eddington, Arthur, 420
Eddy, 148
Edinburgh, Scotland, 278
Egypt, 5
Einstein, Albert, 9, 21, 26, 58, 76, 116,
333, 345, 359, 360, 393, 397,
414,416, 418,419
Einstein ring, 421
El Chichén volcano, 178
Electric field, 275
Electric guitar, 137, 159
Electromagnet, 277
Electromagnetic waves, 20
discovery, 8
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gamma rays, 286
infrared, 284
long radio, 282
microwave, 283
polarization, 291
radio, 282
skipping, 283
ultraviolet, 284
visible light, 284
X-rays, 285
Electron, 275
Electron avalanche, 337
Electron cloud, 377
Electron microscope, 69, 235, 402
Electron-volt, 368
Elephant, 131
Elliot, Barney, 92
Ellipse, 208
Emission, 385
Emissivity, 315
Emmetropization, 231
Empedocles, 3
Energy, 76, 359
attenuation, 95
definition, 76
density, 79
harmonic oscillator, 375
hydrogen orbitals, 378
kinetic, 77, 359
levels, 372
mass-energy, 76
particle in a box, 372
photon, 335
potential, 77, 359
thermal, 77
units, 77
wave, 76, 78
zero-point, 372
Energy-time uncertainty, 349, 389
Energy transfer
abrupt, 94
between energy types, 76
damping, 95
irreversible, 77
non-resonant, 94

resonance, 87
reversible, 93
English Channel, 206
Enologist, 243
Entanglement, 393
Epicenter, 23, 154
EPR paradox, 393
EPTA, 426
Equal temperament tuning, 161
Equation, 448
Equilibrium position, 125
Equivalence principle, 419
Euclid, 3, 185
Euglena, 176
European Pulsar Timing Array, 426
Evanescent wave, 220, 366, 375
Everything distributes, 450
Evil eye, 3
Exoplanet, 106
Exponential term, 431
Exponents, 451
Expression (math), 448
Extramission theory, 2
Eye
accommodation, 231
anterior chamber, 230, 250
arca zebra clam, 177
blue color, 290
chambered nautilus, 176
ciliary muscles, 231
cornea, 230, 250
evolution, 177
fovea, 251, 255
iris, 230, 252
lens, 230, 250
planaria, 176
pupil, 230, 252
retina, 230, 250
signaling, 250
Eyepiece lens, 233, 234
Eye spot, 176

Factoring, 449
Fahrenheit (unit), 130
Far field
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electromagnetic, 280
gravitational, 417
Fata Morgana, 243
Federal Communications Commission,
283
Feedback
near field, 281
negative, 343
positive, 93, 149, 318, 320
Fermat, Pierre de, 202
Fermat’s principle, 202, 239, 421
Fermion, 396
Fermi velocity, 401
Feynman, Richard, 203, 413
Fiber optics, 31, 284
Field, 274
electric, 275
far, 280, 417
gravitational, 408
magnetic, 276
near, 279, 417
radiation, 280
scalar, 274
vector, 274, 408
Firefly, 336, 388
First harmonic, 53
First overtone, 53
Fission, 366
Fizeau, Hippolyte, 28
Flash Boys (book), 30
Flashdark, 74
Flint glass, 238
Flow separation, 149
Fluorescence, 386, 400
lifetime, 387
Fluorine molecule, 384
Flute, 54, 138
FM radio, 283
f-number, 229
Focal length, 191
pinhole camera, 175
Focal plane, 228
Focus, 189
Folly, 180
Food calories, 77

Foosball, 200
Force, 125, 127
gravitational, 406
measurement, 343
photon, 341
reaction, 182
restoring, 125
Fourier, Jean-Baptiste Joseph, 46
Fourier transform, 46, 348
Fovea, 251
Frankland, Edward, 386
Fraunhofer lines, 94, 107
Fraunhofer, Joseph von, 93
Free particle, 361
Frequency, 32, 33
Frequency downshift, 149
Frequency-wavelength relationship, 33
Freshman’s dream, 450
Fresnel, Augustin-Jean, 64, 219
Fresnel equations, 220
Fringes, 60
Front running, 31
Frosted glass, 286
Fruit fly, 256
Frustrated total internal reflection, 220,
366
Fuller, Buckminster, 370
Fundamental frequency, 53
Fundamental mode, 53
Fusion, 366
FWHM, 349

Galaxy

GN-z11, 27, 106

NGC 1357, 119
Galilean telescope, 235
Galileo Galilei, 28, 235, 406
Gamma rays, 286
Gamut, 267
Gasoline, 399
Gaussian form, 225
Geodesic dome, 370
Geometric scattering, 287
Geometry, 453
Geostationary orbit, 27
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Germanium, 40
Germer, Lester, 368
Ginko, 263
Glacial lakes, 290
Global warming, 319, 327
Glow-in-the-dark, 388
Glucose, 201, 299
Gnat, 340
Golden Gate Bridge, 209
Grackle, 68
Gravitational
acceleration, 142, 409
blueshift, 108
constant, 407
field, 408
force, 406
lensing, 405, 421
mass, 419
particles, 350
redshift, 108
waves, 21, 41, 350, 405, 410
Gravitational waves, 405, 410
background, 426
behaviors, 411
detection, 423
energy, 413
frequency, 411
momentum, 415
near and far field, 417
polarization, 412, 429
power, 415
properties, 411
spectrum, 425
speed, 416
Graviton, 350, 416
Gravity, 406, 420
Gravity waves, 141
Grazing incidence, 216
Grazing reflection, 185
Great Wave off Kanagawa, The, 49
Greece, 134
Greeks, ancient, 2

Green Fluorescent Protein (GFP), 387,

403
Greenhouse effect, 318, 326

Greenhouse gas, 317

Greenland, 321

Ground state, 373

Group velocity, 145, 362

Guitar, 73, 74, 137, 351
spectrum, 83

Haidinger’s brush, 296
Hall of Mirrors, 182
Hard boundary, 50
Hard X-ray, 285
Harmonic oscillator, 374, 401, 402
Harmonica, 138
Harmonics, 53
Harp, 137
Harriot, Thomas, 214
Haze, 288
Heat capacity ratio, 129
Heat radiation, 284
Heisenberg uncertainty principle,
400, 403

Heisenberg, Werner, 345, 390
Heliocentric model, 406
Helium, 369

liquid, 396

spectrum, 385
Helium atom, 383
Heptatonic, 136
Hero of Alexandria, 3, 202
Hertz (unit), 34
Hertz, Heinrich, 8, 34, 278
Hokusai, Katsushika, 49
Holocene extinction event, 321
Honeybee, 256
Hooke, Robert, 6
House fly, 256
HSB model, 264
HSV model, 264

Hubble Space Telescope, 66, 101,

196
eXtreme Deep Field, 101
Hubble, Edwin, 106
Hiickel, Erich, 361
Hue, 264
Hull speed, 159

390,

106,
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Hulse, Russell, 415
Human hair, 65, 73
Hummingbird, 67
Huygens, Christiaan, 6, 59

Huygens’s principle, 59, 240, 421

Hydrocarbons, 399
Hydrogen

atom, 377

discharge tube, 379

molecule, 383

spectrum, 385
Hydrogen chloride, 374
Hypersonic weapon, 325
Hypocenter, 23, 153
Hypotenuse, 454

Icarus, 342
Ice age, 321
Ideal gas law, 130
Idiophone, 139
IKAROS, 342
Image, 186
convex mirror, 197
distance, 188
inverted, 192
magnification, 188, 195
magnified, 187
pinhole camera, 174
real, 192, 223
reduced, 187
upright, 188
virtual, 187, 216, 224
Image stabilization
electronic, 230
optical, 230
Incidence
angle of, 214
grazing, 216
normal, 216
Incident angle, 184
Incident ray, 184
Incident waves, 50, 182
India, 4, 137
Inertia, 125
Inertial mass, 419

Inferior mirage, 213
Inflation phase (universe), 108
In focus, 228
Infrared radiation, 284
Infrared thermometer, 313
Infrasound, 131
Inner core, 152
In phase, 47
Inspiral, 410
Intensity spectrum, 81
Interference, 7, 54
constructive, 47
destructive, 47
double-slit, 60
electron, 368
Fermat’s principle, 203, 240
filters, 56
molecule, 370
photon, 345, 346
single-slit, 63
structural coloration, 67
thin-film, 54, 67
Interference filters, 56
Interferometer, 57, 346, 424
Interglacial period, 321
Intergovernmental Panel on Climate Change,
320
International Pulsar Timing Array, 426
International Space Station, 170
International Telecommunication Union,
282
Interstellar movie, 422
Intromission theory, 3
Inverse trigonometry functions, 455
Invisible light, 20
Io, 28
Ton, 285, 379
Tonization energy, 379
Ionized state, 379
Ionizing radiation, 285
Ionosphere, 283
IPTA, 426
Iran, 136
Iridescent feathers, 68
Iris, 230



508

Index

Iron oxide, 385
Irreversible process, 77
Ishihara chart, 254
Ishihara, Shinobu, 254
Islamic Golden Age, 5
Isotope, 319

James Webb Space Telescope, 66, 196

Janssen, Jules, 386
Japan, 137
Japanese maple, 263

Japan tsunami, 150, 159

Jeans, James, 333
Joule (unit), 77

Joule, James Prescott, 77

Jump rope, 52
Jupiter, 28, 179
Io, 28

Kaleidoscope, 209
Kanada, 4

Kapoor, Anish, 181
Kazoo, 139

Keck Observatory, 196
Kelvin (unit), 130

Kelvin wake pattern, 145

Kinetic energy, 77
Kirchoff, Gustav, 93

Lake Erie, 152, 160
Land, Edwin, 292

Laplace, Pierre-Simon, 418

Laser, 388, 400

gravitational wave, 430

living, 403
medium, 388
pumping, 388

Laser Interferometer Space Antenna

(LISA), 426

Laser Interferometric Gravitational Wave
Observatory (LIGO), 423

Laser tweezers, 342

Last Chance Canyon, CA, 249
Laundry brightener, 387

Law of reflection, 184

Law of universal gravitation, 406

LCD, 294, 342

Leaf color, 263

Lens, 221
achromatic, 237
apochromat, 238
aspheric, 222
converging, 221
coordinates, 222
cylindrical, 221
diverging, 221
electron, 236
erecting, 235
eyepiece, 233, 234
focal length, 222
focus, 222
multiple, 232
objective, 233, 234
principal rays, 223
spherical, 221
thin, 221

thin lens equation, 225

Lewis, Michael, 30
Light
invisible, 20
perception, 36
rays, 3
refractive index, 29
speed, 26

speed in a medium, 29

visible, 20
Light adaptation, 252
Lighthouse, 224

Light Detection and Ranging (LIDAR),

230
Lightning, 285
Light pillar, 210
Light source
cool white color, 312
fluorescent, 81, 311
halogen, 311

incandescent, 84, 311, 324

LED, 311

warm white color, 312

Light-year, 40
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Line of purples, 267
Line-of-sight propagation, 283
Line spectra, 82

Liquid crystal display, 292, 294
LMS color space, 265
Lockyer, Normal, 386
Lodestone, 274

Loma Prieta earthquake, 17
London, 206

Longitudinal waves, 22

Long radio waves, 282
Lorentz, Hendrik, 418

Lorentz invariance, 418

Los Angeles, 161

Loudness, 133

Louis X1V, King, 182

Love, Augustus Edward Hough, 155

Love waves, 154
Low angle reflection, 296
Luciferin, 336, 388
Luminiferous aether, 20, 57
Luminosity, 266
Lunar eclipse, 171
partial, 171
penumbral, 171
total, 171
Lycopene, 98
Lyman, Theodore 1V, 379
Lymphocyte, 236

Mach cone, 115
Mach, Ernst, 115
Magic mirror illusion, 208
Magnetic field, 276
Magnetic resonance imaging, 397
Magnifying glass, 224
Major scale, 136
Malus, Etienne—Louis, 293
Malus’s Law, 293
Mantis shrimp, 256, 296
Mantle, 152
Many worlds interpretation, 392
Marimba, 139
Mars, 179

atmosphere, 288, 304, 318

greenhouse effect, 318
terraform, 319
Marvin the Martian, 118
Mass, 334, 420
Mass extinction, 321
Mass flow, 148
Matter waves, 20, 357
dispersion, 362
Fermat’s principle, 203
interference, 368
traveling, 361
velocity, 362
Maxwell’s equations, 278, 333
Maxwell, James Clerk, 8, 277
Mbira, 139
Measurement problem, 391
Mechanical waves, 19, 124
Medical ultrasound, 132
Medium (EM waves), 29
Medium (mechanical waves), 19
Membranophones, 139
Mercury, 422
Merganser, hooded, 146
Merian, J.R., 160
Merian’s formula, 160
Metal atom, 385
Metastable state, 388
Meter, 29
Methane, 319, 399
Metric prefixes, 441
Metric system, 440
Mexico, 178
Michelson, Albert, 58
Microscope, 233
electron, 69, 235, 402
TIRF, 221
Microwave link, 31
Microwave oven, 59, 71, 90, 283
Microwaves, 283
Middle C (music), 135
Mie, Gustave, 288
Mie scattering, 288
Milk, 288, 289
Millennium Bridge, 92
Millimeter wave scanner, 284
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Minor scale, 136
Mirage, 213
Mirror
acoustic, 206
center of curvature, 191
coma, 196
concave, 189
concave spherical, 191
convex, 197
elliptical, 208
equation, 194
focal length, 191, 195, 197
focus, 189
force, 353
full-length, 207
hyperbolic, 196
minimum size, 189
multiple, 198
optical axis, 190
parabolic, 190, 208
plane, 186
principal rays, 193, 197
requirements, 183
sculpture, 181
soap bubble, 209
spherical aberration, 196
symmetry, 199
three-mirror anastigmat, 196
Mode number, 52
Molar (unit), 87
Molar extinction coefficient, 87
Molecular bond, 381
Molecular orbital, 381
Molecular rotations, 90
Molecular vibrations, 91, 284, 374
Momentum, 125, 339, 358
angular, 415
gravitational waves, 415
photon, 339
Moon, 157
albedo, 327
apparent size, 170
dust, 338
eclipse, 170
Europa (of Jupiter), 323

gravitational wave power, 415
orbit, 148, 171, 180, 406
phases, 172
recession, 186
retroreflector, 186
temperature, 323, 327
Titan (of Saturn), 119
Morely, Edward, 58
Mormon Tabernacle, 208
Mother-of-pearl, 68
Mould, Steve, 422
Mount Washington (NH), 120
Mo Zi, 3
MRI instrument, 397
Multiply by one, 449
Music, 133
consonance, 135
dissonance, 136
instruments, 137
intervals, 135
scales, 136
scientific pitch notation, 134
Musical road, 42
Myopia, 231

Nanodiamond, 331
Narcissus, 182
Natural frequency, 53, 374
Natural line width, 349
Natural notes, 134
Nautilus
chambered, 176
Near field
electromagnetic, 279
gravitational, 417
Near-sightedness, 231
Neon spectrum, 386
Neon tetra, 68
Neutrino, 367
Neutron, 369
Newton (unit), 127
Newton, Isaac, 6, 57, 81, 406
Newton’s rings, 56
Nichols radiometer, 341
Night vision goggles, 284, 337
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Nitrogen molecule, 384
NMR instrument, 397
Node, 51
Noether, Emmy, 76
Noise-canceling headphones, 48, 72
Non-linear effects, 45, 149, 339
Non-radiative transition, 386
Nondispersive, 127
Normal incidence, 216
Normal lens, 228
Normal modes, 53, 90, 137, 370
Northern lights, 277
Nuclear

decay, 366

fission, 366

force, 369, 370

fusion, 366

reaction, 116, 286, 366
Numbers, 431

Object, 174, 186
distance, 188
Objective lens, 233, 234
Oblique projection, 167
Octave, 134
Oculus dexter, 232
Oculus sinister, 232
Oil sheen, 54
One-dimensional waves, 23
Opsin, 251
Optical
activity, 299
axis, 222
cavity, 389
density, 86
fiber, 218
rotation, 299
trapping, 342
Optical axis, 190
Orbital
atomic, 377
molecular, 381
Organ, 138, 159
Orthographic projection, 167
Ostriches, 14

Outer core, 152

Out of focus, 228

Out of phase, 47
Overtone, 53

Owl, 255

Oxygen molecule, 384
Oyster, 68

Ozone, 285

Ozone layer, 285

Pacific Ocean, 445
Palmieri, Luigi, 386
Parabola, 208

Parabolic mirror, 190
Parallax, 188

Paris, 28

Parker Solar Probe, 40
Parrot, 67, 255, 270
Particle in a box, 371, 402, 403
Particle theory of light, 4
Particle-wave debate, 6

Particle-wave duality, 9, 334, 344, 350,

370
Pascal (unit), 129
Paschen, Friedrich, 379
Passive sonar, 132
Pauli exclusion principle, 373, 396
Pauli, Wolfgang, 373
Peacock, 68
Peak, 18
Pedal tone, 139
Peephole, 235
Pendulum, 124
Pentatonic scale, 136
Penumbra, 169
Perfect fifth, 135
Perihelion, 422
Perimeter, 455
Period, 32
Periodic table, 380
Peripheral vision, 251
Periscope, 208
Persian scale, 136
Phase shift, 55, 73
Phase velocity, 145, 362
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Phoenix, Arizona, 290
Phone display, 259
Phonon, 350
Phosphor, 387
Photochemistry, 338
Photoelectric effect, 9, 336
Photomultiplier tube, 337
Photon, 332, 334
density, 355
energy, 335
length, 354
momentum, 339
pressure, 355
properties, 334
size, 346
Photonic crystal, 68
Photoreceptor cell, 250
Photosynthesis, 97, 338
Phototaxis, 176
Piano, 137
Pickup (guitar), 137
Pigeon, 68, 131
Pigment, 67, 260
Pinhole camera, 173, 229
Pitch, 133
Pixel, 259, 295
Planaria, 176

Planck-Einstein relation, 335

Planck, Max, 9, 332
Planck’s constant, 335, 358
Planck’s law, 333
Plane mirror, 186
Planet
exoplanet, 106
Mars, 288, 318
Mercury, 422
Saturn, 119
Venus, 318
Planing (boat), 115
Plankton, 388
Plato, 3
Plum tree, 263
Podolsky, Boris, 393
Poincaré, Henri, 418
Poisson, Siméon, 64

Polarity, 44, 50
Polarization, 22, 279, 291
circular, 298
circular dichroism, 89
diagonal, 297
Fresnel equations, 220
horizontal, 291
low angle reflection, 296
multiple polarizers, 292
sources, 295
vertical, 291

Polarized sunglasses, 292, 297, 303

Polarizer, 291

Polaroid, 292

Poplar, 263

Population inversion, 388
Porcelain, 287

Porpoise, 131

Positive feedback, 93
Positron, 367

Potential energy, 77

Potential energy surface, 363

Potential energy well, 371
Pound (unit), 127
Power, 78

density, 79

wave, 79
Precision, 432
Presbyopia, 232
Pressure, 129
Primary colors, 258
Primary waves

Huygens, 59

seismic, 23, 154

Principal quantum number, 377

Principal rays, 193, 197, 223
Prism, 236
Projection, 166
oblique, 167
orthographic, 167

Propagating uncertainties, 435

Propane, 399
Ptolemy, 3
Pulsar, 426

Pulse (waves), 44
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Pupil, 230

P-waves, 23, 154
Pyrometer, 313
Pythagoras, 133, 454
Pythagorean theorem, 454

Quadrupole, 413
Quadrupole radiation, 413
Quantum
decoherence, 395
mechanics, 359
teleportation, 394
tunneling, 366
wierdness, 389
Quasiparticle, 350

Rabbit ear antenna, 302
Radiation field, 280
Radio waves, 282
Radiometer, 340
Radium, 286
Rainbow, 238
Ramsay, Sir William, 386
Ray diagram
concave mirror, 192
convex mirror, 197
plane mirror, 188
principal rays, 193, 197
shadow, 167
Rayleigh-Jeans law, 333

Rayleigh, Lord (J. W. Strutt), 155, 289,

333

Rayleigh scattering, 171, 289, 296

Rayleigh waves, 155
Ray-tracing, 4

Real image, 192
Red-eye artifact, 219
Redshift, 106

cosmic microwave background, 325

cosmological, 108
gravitational, 108
Reflected angle, 184
Reflected ray, 184
Reflection, 3, 50, 182
at interface, 50

boundaries, 182
diffuse, 184
Doppler effect, 111

frustrated total internal, 220

law of, 184

partial, 182

specular, 184

total internal, 217, 218

water wave, 183
Refraction, 3, 155, 212

angle of, 214

density gradients, 213

direction, 213

water waves, 244

Refractive index, 29, 34, 212, 281

Relative velocity, 103
Relativity, 58, 359
de Broglie relations, 359
Doppler effect, 114
general, 108
general theory, 419
momentum, 359
special theory, 416
Resonance, 87

electromagnetic waves, 89

engineering, 91
in resonance, 87
matter waves, 382
out of resonance, 87
reversible, 93
Resonate, 87
Rest mass, 334
Restoring force, 125
Retarded position, 418
Retina, 230
Retinal, 250, 252
Retroreflector, 186
cat’s eye, 219
corner-cube, 186
Moon, 186
RGB color model, 258

Richter magnitude scale, 154

Right angle, 454
Right triangles, 454
Rip current, 148
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Ripples, 140

Ritchey-Chrétien telescope, 196
Ritchey, George, 196

Ritsu scale, 137

Rock flour, 289

Rod cell, 250

Rogue waves, 48

Roller coaster, 363

Rgmer, Ole, 28, 42

Rosen, Nathan, 393

Rotational modes, 90

ROY G BIY, 257

Runaway greenhouse effect, 318
Rust, 385

RYB color model, 262

Rydberg constant, 380

Rydberg formula, 380, 401
Rydberg, Johannes, 379

Ryo scale, 137

Sahl, Ibn, 214
Sardine, 68
Satellite, 338
Saturation, 264
Saturn, 99
Saxophone, 139
Scalar, 274

Scanning electron microscopes, 235
Scanning tunneling microscope, 367

Scattering, 286

efficiency, 287

geometric, 287

large objects, 286

medium objects, 288

rainbows, 239

Rayleigh, 171

small objects, 289
Schlieren, 243
Schrodinger’s cat, 391, 403
Schrodinger equation, 360
Schrodinger, Erwin, 360
Scientific notation, 431
Scientific pitch notation, 135
Second harmonic, 53
Secondary colors, 258

Secondary waves
Huygens, 59
seismic, 23, 154
Seiche, 151, 160
Seismic waves, 19, 154
Seismogram, 155
Seismograph, 155
Selective absorption, 295
Semitone (music), 134
Shadow, 165
Shadow-based vision, 176
Shallow water waves, 142
Shock wave, 115
Shortwave radio, 283
SI system, 440
Significant figures, 433
Similar triangles, 174, 226, 453
Sine, 454
Sine wave, 18
Sinusoidal wave, 18
Ski moguls, 149
Skin cancer, 285
Sky color, 290, 311
Sky polarization, 296
Smartphone, 281, 283
Snellius, Willebrord, 214
Snell’s law, 214, 240
Snell’s window, 217
Snow blindness, 303
Snow drifts, 149
Snow emissivity, 315, 324
Soap bubble, 56, 72
Sodium, 94
Sodium D line, 94
Sodium emission, 119
Sodium spectrum, 386
Soft boundary, 50
Soft X-ray, 285
Solar aberration, 419
Solar eclipse, 170
annular, 170
partial, 170, 175
total, 170
Solar sail, 341, 354
Solar wind, 277
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Soliton, 143
Sonar, 132
Sonic boom, 115
Sound, 128
clicks, 348
phonon, 351
refraction, 214
Sound localization, 160
Sound spectrum, 131
Sound waves, 19
Southern lights, 277
South pole, 160
Space blanket, 323
Spacecraft
Breakthrough starshot, 353
Cassini, 119
Helios-2, 119
Huygens, 119
IKAROS, 342
Voyager 1, 355
Spacetime, 422
Special relativity, 58
Spectral pyrometer, 313
Spectroscopy, 83
Spectrum
absorption, 86
atmosphere, 85
atmospheric gases, 85
blackbody, 309, 333
carotene, 86
colored glass, 85
continuous, 82
earthquake, 84
eye sensitivity, 252
fluorescent light, 82
gravitational waves, 425
guitar, 83
gumball color, 261
helium, 385
hydrogen, 83, 385
incandescent light, 84
intensity, 81
line, 82
line widths, 349
musical instruments, 133

neon, 386

sodium, 94, 386

sound, 81, 131

sun, 94

transmission, 84

wave packet, 348
Specular reflection, 184
Speed, 24
Speed of gravity, 416
Speed of light, 26, 416
Speed of sound, 129
Spherical aberration, 196
Spherical harmonics, 378
Spin (quantum), 334, 373
Spirograph toy, 146
Spitzer Space Telescope, 196
Spyglass, 235
Square root, 450

SR-71 Blackbird airplane, 40, 323

Standing wave, 51
antinode, 51
coffee, 88
driven string, 88
harmonics, 53
idiophone, 139
matter waves, 370
membrane instrument, 139
natural frequencies, 53
node, 51
normal mode, 53
stringed instrument, 137
wavelength, 51
wind instrument, 138

Star
Alnilam, 312
Betelgeuse, 118, 310, 355
binary, 411
neutron, 414
Procyon B, 325
Proxima Centauri, 40, 66
pulsar, 426
rotation, 107
S5-HSV-1, 106
Sirius, 118, 324
US-708, 120
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white dwarf, 414
Stark effect, 251
Stationary waves, 160
Steel pan (instrument), 139
Stefan, Josef, 312, 332
Stefan-Boltzmann constant, 312
Stefan-Boltzmann law, 312, 315, 316
Stellar aberration, 28, 419
Steller’s jay, 68
Stimulated emission, 388
Stock trading, 30
Stokes drift, 148
Stokes, George, 148
Strain, 410
Strawberry, 250
String wave, 19, 126, 159
Strong nuclear force, 369
Structural coloration, 67, 72
Strutt, John William (Ld. Rayleigh), 155,
289, 333
Submarine communication, 282
Subtractive color mixing, 260
Sugar maple, 263
Sun
apparent size, 170
eclipse, 170
photograph, 307
solar constant, 326
spectrum, 94, 100, 384, 386
speed of sound, 160
temperature, 311
Sunburn, 285, 338
Sun glitter, 210
Sunscreen, 285
Superconductivity, 397
Supercontinent, 153
Superfluid, 396
Superior mirage, 213, 243
Superposition, 44
beating pattern, 49, 112
constructive interference, 47
decomposition, 46
destructive interference, 47
different frequencies, 46
diffraction, 58

Huygens’s principle, 59
interference, 54
matter waves, 376
oscillations in time, 47
polarization, 297, 413
principle, 44
reflection at boundaries, 50
standing waves, 50
structural coloration, 67
thin-film interference, 54
wave packet, 347
Supersonic motion, 114
Surface area, 455
Surface normal, 184, 214
Surface tension, 140
Surface waves, 23
Suspension bridge, 73
S-waves, 23, 154
Swiftlet, 158
Symmetry
breaking, 148
gravitational, 407
rotational, 412
time-translation, 76
translational, 148
Systeme International, 440
Syzygy, 179

Tacoma Narrows Bridge, 91
Tangent, 454
Tapetum lucidum, 219
Taylor, Joseph, 415
Tectonic plates, 153
Telephoto lens, 228
Telescope, 234

diffraction spikes, 65

Very Long Baseline Array, 354
Television, 283
Temperature, 130

color, 311
Tension, 127
Terahertz gap, 284
Terraform, 319
Tertiary colors, 258
Theories of light, 1
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extramission, 2
intromission, 3
modern understanding, 10
particle-wave duality, 9
particles, 4
timeline, 11
waves, 6
Thermal energy, 77
Thermal radiation, 9, 308
color temperature, 311
coupling, 315
peak emission, 309
power, 312
two-way, 315
Thin film interference, 366
Thin lens, 221
Thin lens equation, 225
Thin-film interference, 54, 67
Three-dimensional waves, 24
Tidal bulges, 408
Tides, 150, 407
Timbre, 133
Time-translation symmetry, 76
Timpani, 139
TIRF microscopy, 221
T?hoku tsunami, 150
Tonic, 136
Total internal reflection, 218
Traffic analogy
Doppler effect, 104
frequency-wavelength, 32, 35
Translational symmetry, 148
Translucent, 287
Transmission electron microscopes, 236
Transmission spectra, 84
Transverse waves, 22, 279
Triangles, 453
right, 454
similar, 453
Trigonometry, 454
Trochoid, 146
Trough, 18
Trumpet, 138
Tsunami, 39, 150
Tunneling, 366

Turbulence, 148

TV remote control, 284
Two-cycle engine smoke, 290
Two-dimensional waves, 23
Two-way thermal radiation, 315
Tyndall, John, 289

Tyndall scattering, 289

Ultrafast laser, 349
Ultrasound, 131
Ultrasound imaging, 132
Ultraviolet catastrophe, 333
Ultraviolet light, 285
Umbra, 169
Umbrella inversion, 367
Uncertainties, 433
Uncertainty principle, 390
Uncertainty propagation, 435
Undertow, 148
Unit, 439

acre-foot, 444

atmosphere, 129

base, 440

brix, 244

calorie, 77

celsius, 130

checking equations, 26

conversion, 443

customary, 440

decibels, 82

derived, 440

diopter, 232

electron-volt, 368

Fahrenheit, 130

food calorie, 77

hertz, 34

joule, 77

kelvin, 130

kilowatt-hour, 98, 445

math, 441

metric, 440

molar, 87

newton, 127

none, 29

optical density, 86
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pascal, 129 density, 141
pound, 127 rotations, 90
pounds per square inch, 129 surface tension, 140
rpm, 34 vibrations, 91, 376
SI system, 440 Water waves, 20, 140
watt, 79 base, 146
Unitless, 29 breaking, 143, 149
Universe capillary, 140
age, 108 deep vs. shallow, 141

inflation phase, 108
Unpolarized light, 291
Uranus

spectrum, 100

Vector, 274
Velocity, 24
relative, 103
Venus, 179
albedo, 318
atmosphere, 327
greenhouse effect, 318
sailing past, 342
transit, 179
Versailles, France, 182
Very Long Baseline Array, 354
VHF radio, 283
Vibrational modes, 91
Vietnam, 137
Violin, 54, 73, 89, 128, 137
Virgo Observatory, 423
Virtual image, 187, 216
Visible light, 20, 284
Vision
extramission, 2
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