
Week 3 

Everything is Random and Unknowable, 
But Everything is Connected: 

The Strange Quantum World 

What is the difference between 
something that is unknown and 
something that is unknowable?

Your height varies over the day.
How accurately do you think 
you can know your height?
We use the symbol ∆ to 

denote uncertainty.

∆h = ?

28 !C H A P T E R  1 Representing Motion

Section 1.2 Models and Modeling

Section 1.3 Position and Time: Putting Numbers on Nature

 4. | Figure P1.4 shows Sue along the straight-line path between 
her home and the cinema. What is Sue’s position x if
a. Her home is the origin?
b. The cinema is the origin?

Sue

3 mi2 mi

Home Cinema

FIGURE P1.4 

 5. | Figure P1.4 shows Sue along the straight-line path between 
her home and the cinema. Now Sue walks home. What is Sue’s 
displacement if
a. Her home is the origin?
b. The cinema is the origin?

 6. | Logan observes a paramecium under a microscope. The eye-
piece of the microscope has a horizontal scale marked in mm. 
The paramecium starts at the 65 mm mark and ends up at the 
42!mm mark. What is the paramecium’s displacement?

 7. | Keira starts at position x = 23 m along a coordinate axis. 
She then undergoes a displacement of -45 m. What is her final 
position?

 8. | A car travels along a straight east-west road. A coordinate 
system is established on the road, with x increasing to the east. 
The car ends up 14 mi west of the origin, which is defined as 
the intersection with Mulberry Road. If the car’s displacement 
was -23 mi, what side of Mulberry Road did the car start on? 
How far from the intersection was the car at the start?

 9. | Foraging bees often move in straight lines away from and 
toward their hives. Suppose a bee starts at its hive and flies 
500!m due east, then flies 400 m west, then 700 m east. How 
far is the bee from the hive?

Section 1.4 Velocity

 10. | A security guard walks at a steady pace, traveling 110 m in 
one trip around the perimeter of a building. It takes him 240 s to 
make this trip. What is his speed?

 11. || List the following items in order of decreasing speed, from 
greatest to least: (i) A wind-up toy car that moves 0.15 m in 
2.5!s. (ii) A soccer ball that rolls 2.3 m in 0.55 s. (iii) A bicycle 
that travels 0.60 m in 0.075 s. (iv) A cat that runs 8.0 m in 2.0 s.

 12. || Figure P1.12 shows the motion diagram for a horse galloping 
in one direction along a straight path. Not every dot is labeled, 
but the dots are at equally spaced instants of time. What is the 
horse’s velocity
a. During the first 10 seconds of its gallop?
b. During the interval from 30 s to 40 s?
c. During the interval from 50 s to 70 s?

70 s

50 150

50 s 30 s 10 s
x (m)

250 350 450 550 650FIGURE P1.12 

 15. ||  In Michael Johnson’s world-record 400 m sprint, he ran the 
first 100 m in 11.20 s; then he reached the 200 m mark after a 
total time of 21.32 s had elapsed, reached the 300 m mark after 
31.76 s, and finished in 43.18 s.
a. During what 100 m segment was his speed the highest?
b. During this segment, what was his speed in m/s?

Section 1.5 A Sense of Scale: Significant Figures, Scientific 
Notation, and Units

 16. || Convert the following to SI base units:
a. 9.12 ms b. 3.42 km
c. 44 cm/ms d. 80 km/h

 17. | Convert the following to SI units:
a. 8.0 in b. 66 ft/s c. 60 mph

 18. | Convert the following to SI units:
a. 1.0 hour b. 1.0 day c. 1.0 year

 19. || How many significant figures does each of the following 
numbers have?
a. 6.21 b. 62.1
c. 0.620 d. 0.062

 20. | How many significant figures does each of the following 
numbers have?
a. 0.621 b. 0.006200
c. 1.0621 d. 6.21 * 103

 21. | Compute the following numbers to three significant figures.
a. 33.3 * 25.4 b. 33.3 - 25.4
c. 233.3 d. 333.3 , 25.4

 22. || If you make multiple mea-
surements of your height, 
you  are likely to find that the 
results vary by nearly half an 
inch in either direction due 
to measurement error and 
actual variations in height. 
You are slightly shorter in 
the evening, after gravity has 
compressed and reshaped 
your spine over the course of 
a day. One measurement of a 
man’s height is 6 feet and 1!inch. Express his height in meters, 
using the appropriate number of significant figures.

 23. | Mount Everest has a height of 29,029 ft above sea level. 
Express this height in meters, giving your result in scientific 
notation with the correct number of significant figures.

 24. ||| Blades of grass grow from the bottom, so, as growth occurs, 
the top of the blade moves upward. During the summer, when 
your lawn is growing quickly, estimate this speed, in m/s. Make 
this estimate from your experience noting, for instance, how 
often you mow the lawn and what length you trim. Express 
your result in scientific notation.

 25. || Estimate the average speed, in m/s, with which the hair on 
your head grows. Make this estimate from your own experience 
noting, for instance, how often you cut your hair and how much 
you trim. Express your result in scientific notation.

Section 1.6 Vectors and Motion: A First Look

 26. | Loveland, Colorado, is 18 km due south of Fort Collins and 
31 km due west of Greeley. What is the distance between Fort 
Collins and Greeley?

 13. || It takes Harry 35 s to walk from x = -12 m to x = -47 m. 
What is his velocity?

 14. | A dog trots from x = -12 m to x = 3 m in 10 s. What is its 
velocity?

Watch Video Solution  Problem 1.25
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Normal Distribution

Normal Distribution Reasoning with Equations

c = fλ
Red light has a longer wavelength than 

blue light. Which color has a higher 
frequency?

Where is a Ball?

Where is a Wave?



Not Quantized.

Quantized.

Why 
“Quantum”?

Is light a wave or a particle?

Quantum 
Concept #1:

EM Waves have a 
particle nature

Writing with Light
Touch (gently!) different color flashlights to the glow-in-the-dark surface. 
Which colors leave trails?

Writing with Light
Light comes in “chunks” of a certain size related to the wavelength.

Which has higher energy?

Blue light photonsRed light photons

Which has higher energy?

Blue light photons 
Short wavelength


High energy

Red light photons 
Long wavelength


Low energy

Photons Look Like Particles

 25.6 The Photon Model of Electromagnetic Waves 899

25.6  The Photon Model of Electromagnetic 
Waves

FIGURE 25.32 shows three images made with a camera in which the film has been 
replaced by a special high-sensitivity detector. A correct exposure, at the bottom, 
shows a perfectly normal image of a woman. But with very faint illumination (top), 
the picture is not just a dim version of the properly exposed image. Instead, it is a 
collection of dots. A few points on the detector have registered the presence of light, 
but most have not. As the illumination increases, the density of these dots increases 
until the dots form a full picture.

This is not what we might expect. If light is a wave, reducing its intensity should 
cause the picture to grow dimmer and dimmer until it disappears, but the entire pic-
ture would remain present. Instead, the top image in Figure 25.32 looks as if some-
one randomly threw “pieces” of light at the detector, causing full exposure at some 
points but no exposure at others.

If we did not know that light is a wave, we would interpret the results of this 
experiment as evidence that light is a stream of some type of particle-like object. If 
these particles arrive frequently enough, they overwhelm the detector and it senses a 
steady “river” instead of the individual particles in the stream. Only at very low 
intensities do we become aware of the individual particles.

As we will see in Chapter 28, many experiments convincingly lead to the surpris-
ing result that electromagnetic waves have a particle-like nature. These particle-
like components of electromagnetic waves are called photons.

The photon model of electromagnetic waves consists of three basic postulates:

1. Electromagnetic waves consist of discrete, massless units called photons. A 
photon travels in vacuum at the speed of light, 3.00 * 108 m/s.

2. Each photon has energy
 Ephoton = hf  (25.22)

where f  is the frequency of the wave and h is a universal constant called 
Planck’s constant. The value of Planck’s constant is

h = 6.63 * 10-34 J # s

In other words, the electromagnetic waves come in discrete “chunks” of energy 
hf. The higher the frequency, the more energetic the chunks.

3. The superposition of a sufficiently large number of photons has the character-
istics of a continuous electromagnetic wave.
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At low light levels,
we see individual
points, as if from
particles.

At higher light
levels, we don’t
see the particle-like
behavior.

FIGURE 25.32 Images made with an 
increasing level of light intensity.

550 nm is the approximate average wavelength of visible light.

a. What is the energy of a photon with a wavelength of 550 nm?
b. A 40 W incandescent lightbulb emits about 1 J of visible light 

energy every second. Estimate the number of visible light 
photons emitted per second.

STRATEGIZE The energy and frequency of a photon are related 
by Equation 25.22. Once we know the photon energy, we can find 
the number of photons it would take to have a total energy of 1 J.

SOLVE a. The frequency of the photon is

f =
c
l
=

3.00 * 108 m/s
550 * 10-9 m

= 5.45 * 1014 Hz

Equation 25.22 gives us the energy of this photon:

 Ephoton = hf = 16.63 * 10-34 J # s215.45 * 1014 Hz2
 = 3.61 * 10-19 J

This is an extremely small energy! In fact, photon energies are 
so small that they are usually measured in electron volts (eV) 

Finding the energy of a photon of visible light
rather than joules. Recall that 1 eV = 1.60 * 10-19 J. With 
this, we find that the photon energy is

Ephoton = 3.61 * 10-19 J * 1 eV
1.60 * 10-19 J

= 2.3 eV

b. The photons emitted by a lightbulb span a range of energies, 
because the light spans a range of wavelengths, but the aver-
age photon energy corresponds to a wavelength near 550 nm. 
Thus we can estimate the number of photons in 1 J of light as

N �
1 J

3.61 * 10-19 J/photon
� 3 * 1018 photons

A typical lightbulb emits about 3 * 1018 photons every 
 second.

ASSESS The number of photons emitted per second is stagger-
ingly large. It’s not surprising that in our everyday life we sense 
only the river and not the individual particles within the flow.

EXAMPLE 25.9 
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Where Is A Photon?

Which can you locate more precisely?

Worth Knowing:
Quantum Waves Aren’t Like Other Waves.

Before the photon hits the screen.

After the photon hits the screen.

That’s why we 
say:

EM Waves have a 
particle nature

Not:
Light is a particle.

Quantum 
Concept #2:

Particles have a 
wave nature.

Double Slit Interference Pattern

Incident laser beam

Viewing
screen

Particles have a Wave Nature

λ =
h
p
=

h
mv

De Broglie wavelength for a moving particle

λ

m

This doesn’t matter for macroscopic objects.

Wavelength of a squirrel 
running at 3 m/s:

1x10-33 m

Localized. Smeared out.

Particles have a Wave Nature

λ =
h
p
=

h
mv

De Broglie wavelength for a moving particle

If a particle slows 
down, how does its 
wavelength change?



Colder = Slower.

vrms =
3kBT
m vrms =

3kBT
m

Mass: 23 u

Bose-Einstein CondensateDiameter: 0.36 nm

v =14.7 mm/s 

λ =1.2 µm 

At very low temperature, the de Broglie 
wavelengths of the atoms in a diffuse gas can 
become larger than the distance between 
atoms, leading to remarkable consequences. In 
an early study, a gas of 23Na was cooled to 200 
nK. What is the de Broglie wavelength? How 
does this compare to the 0.36 nm diameter of 
the atoms?

1.38×10-23 m2•kg/s2•K

Millions of atoms 
in the same place 
at the same time.

Two Types of Particles
Bosons                                     Leptons

Photons are bosons. That’s how lasers work.

Particle Model Particle Model: Orbits



Wave Model: Orbitals Wave Functions

But when the waves hit the screen….

…they look like particles.

That’s why we 
say:

Particles have a 
wave nature.

Not:
Electrons and 
other particles 

are waves.

Quantum Concept 
#3:

The wave nature of 
particles leads to 

quantization.

Standing Wave Modes

Particles have a wave nature. So...

...the possible states are quantized.

L

vm

L

Particle:

Wave:
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Similarly, a system can conserve energy while jumping to a higher-energy state, 
for which additional energy is needed, by absorbing a photon of frequency 
fphoton = �Esystem/h. The photon will not be absorbed unless it has exactly this fre-
quency. The frequencies absorbed in these upward transitions form the system’s 
absorption spectrum.

Let’s summarize what quantum physics has to say about the properties of atomic-
level systems:

 ■ The energies are quantized. Only certain energies are allowed; all others are 
forbidden. This is a consequence of the wave-like properties of matter.

 ■ The ground state is stable. Quantum systems seek the lowest possible energy 
state. A particle in an excited state, if left alone, will jump to lower and lower 
energy states until it reaches the ground state. Once in its ground state, there are 
no lower energy states to which a particle can jump.

 ■ Quantum systems emit and absorb a discrete spectrum of light. Only those 
photons whose frequencies match the energy intervals between the allowed 
energy levels can be emitted or absorbed. Photons of other frequencies cannot be 
emitted or absorbed without violating energy conservation.

We’ll use these ideas in the next two chapters to understand the properties of atoms 
and nuclei.

As we see in this diagram, the spectrum 
of each gas shows a discrete set of 
wavelengths, corresponding to the energies 
of possible transitions. Each gas has a 
different set of energy states, which leads 
to different possible transitions for each 
gas, and thus different spectra.

An electron in a quantum system has allowed energies E1=1.0 eV, E2 = 4.0 eV, and 
E3 = 6.0 eV. What wavelengths are observed in the emission spectrum of this system?

STRATEGIZE Photons are emitted when the system undergoes a quantum jump from a 
higher energy level to a lower energy level. We will determine what jumps are possible 
and then determine the energy differences; this will tell us the possible energies of the 
emitted photons.

PREPARE FIGURE 28.20 shows the energy-
level diagram for this system. There are 
three possible transitions.

SOLVE This system will emit photons on 
the 3 S 1, 2 S 1, and 3 S 2 transitions,  
with �E3S1 =  5.0 eV, �E2S1 = 3.0 eV, 
and �E3S2 =  2.0 eV. From fphoton =   
�Esystem/h and l = c/f, we find that the 
wavelengths in the emission spectrum are

 3 S 1   f = 5.0 eV/h = 1.21 * 1015 Hz
  l = 250 nm 1ultraviolet2

 2 S 1   f = 3.0 eV/h = 7.25 * 1014 Hz
  l = 410 nm 1blue2

 3 S 2   f =  2.0 eV/h = 4.83 * 1014 Hz
 l = 620 nm 1orange2

ASSESS Transitions with a small energy difference, like 3 S 2, correspond to lower 
photon energies and thus longer wavelengths than transitions with a large energy differ-
ence like 3 S 1, as we would expect.

Determining an emission spectrum from quantum statesEXAMPLE 28.13 

FIGURE 28.20  The system’s energy-level  
diagram and quantum jumps.

STOP TO THINK 28.7 A photon with a wavelength of 
410 nm has energy Ephoton = 3.0 eV. Do you expect 
to see a spectral line with l = 410 nm in the emission 
spectrum of the system represented by this energy-
level diagram?

n  =  1

n  =  2

n  =  35.0 eV

3.0 eV

1.0 eV

Energy

Possible emission 
transitions
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Line Spectra



The Crux of the Quantum Biscuit

Photons have a particle nature.

Their energy is quantized.
It comes in chunks of a particular size.

Particles have a wave nature. Confining them restricts 
them to certain energy states.

The energy of a confined particle is quantized. 
It is restricted to certain values.

When you constrain a wave, it can only have certain states.

L

vm

L

En =
1

2m
hn
2L

⎡
⎣⎢

⎤
⎦⎥

2

=
h2

8mL2 n
2      n = 1,2,3,4...

Allowed energies for particle in a box

What happens when you change the box size?

En =
1

2m
hn
2L

⎡
⎣⎢

⎤
⎦⎥

2

=
h2

8mL2 n
2      n = 1,2,3, 4...

Allowed energies for particle in a box

If you make the box smaller (make L smaller), 
how does that change the energies?

Quantum Concept 
#4:

Uncertainty

Lots

Not So Much

Heisenberg uncertainty principle

Δx
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GENERAL PRINCIPLES
Quantization of energy

When a particle is confined, it sets up a 
de Broglie standing wave.

Matter has wave-like properties

r� 5IF�de Broglie wavelength of a 
particle of mass m is l = h/mv.

r� 5IF�XBWF�MJLF�OBUVSF�PG�NBUUFS�JT�
seen in the interference patterns 
of electrons, protons, and other 
particles.

Energy levels and quantum jumps
The localization of electrons leads to 
quantized energy levels. An electron 
can exist only in certain energy  
states. An electron can jump to a  
higher level if a photon is absorbed,  
or to a lower level if a photon is  
emitted. The energy difference  
between the levels equals the photon 
energy.

The wave nature of electrons allows 
them to tunnel across an insulating 
gap to the tip of a scanning tunnel-
ing microscope, revealing details of 
the atoms on a surface.

X-ray diffraction
X rays with wavelength l  
undergo strong reflections  
from atomic planes spaced by  
d when the angle of incidence  
satisfies the Bragg condition:

2d cos u = ml

m = 1, 2, 3,c

Light has particle-like properties

r� 5IF�FOFSHZ�PG�B�MJHIU�XBWF�DPNFT�JO�EJTDSFUF�
packets (light quanta) we call photons.

r� 'PS�MJHIU�PG�GSFRVFODZ� f, the energy of each  
photon is E = hf, where h = 6.63 * 10-34 J # s  
is Planck’s constant.

r� 8IFO�MJHIU�TUSJLFT�B�NFUBM�TVSGBDF
�BMM�PG�UIF�
energy of a single photon is given to a single 
electron.

Photoelectric effect
Light with frequency f can eject  
electrons from a metal only if  
f Ú f0 = E0/h, where E0 is the  
metal’s work function. Electrons  
will be ejected even if the intensity  
of the light is very small.

The stopping potential that stops  
even the fastest electrons is

 Vstop =
Kmax

e
=

hf - E0

e

The details of the photoelectric effect could not be 
explained with classical physics. New models were 
needed.

The wave nature of light limits the  
resolution of a light microscope.  
A more detailed image may be  
made with an electron microscope  
because of the very small de Broglie  
wavelength of fast electrons.

IMPORTANT CONCEPTS

APPLICATIONS

The fact that standing waves can have 
only certain allowed wavelengths leads 
to the conclusion that a confined particle 
can have only certain allowed energies.

Wave–particle duality
r� &YQFSJNFOUT�EFTJHOFE�UP�NFBTVSF�XBWF�

properties will show the wave nature of light 
and matter.

r� &YQFSJNFOUT�EFTJHOFE�UP�NFBTVSF�QBSUJDMF�
properties will show the particle nature of 
light and matter.

Heisenberg uncertainty principle
A particle with wave-like characteristics does not have a precise value of position 
x or a precise value of momentum px  . Both are uncertain. The position uncertainty 
∆ x and momentum uncertainty ∆px are related by

 ∆ x ∆px Ú h
4p

The more you pin down the value of one, the less precisely the other can be known.

I

0 f0
f

∆V

I

0-Vstop

d

u

n  =  1

n  =  2

n  =  3
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Uncertainty
If I know where you are, 
I don’t know where you 
are going.

∆x large

∆x small

Δv ∝
1
Δx

Everything is in Motion

Can I say that something is not moving?

Quantum Zero Point Energy

Things are moving, even at absolute zero.



What does the 
wave function 

mean?

After Measurement:

Before Measurement: The wave function 
is the particle.
It behaves differently 

depending on 
circumstances.

After Measurement:

Before Measurement:

Quantum Weirdness #1: Non-locality

Which slit did the 
electron go through?

Where is the electron?

Quantum Weirdness #2: Unknowability

If you know which slit the 
electron goes through, it 

changes the pattern.

Related Concept: Measuring Reality Affects Reality

Which slit did the 
electron go through?

Where is the electron? Single-photon diffraction pattern

Quantum Weirdness #3: Wave function collapse

Quantum Weirdness #4: Duality

Acting like a particle

Acting like a wave

Buckyball:
Looks like particles
Can act like a wave

Quantum Weirdness #5: Superposition

Bose-Einstein Condensate



H

H

N

H

Transition
between

states

Quantum Weirdness #6: Tunneling Scanning Tunneling Microscope

Quantum Weirdness #7: Mixed States

H

H

N

H

H

H

H

N

Up

Down

H

H

N

H H

H

H

N

Up
and

Down
Schrödinger’s Cat

Quantum Weirdness #8: Indistinguishability

Identical. Indistinguishable.

How many ways to arrange the 
two balls in the two containers?

How many ways to arrange the two 
electrons in the two containers?

Quantum Weirdness #9: Entanglement Quantum Weirdness #10: Effects Beyond The Edges



Philosophical 
Implications

Philosophical 
Implications
Observing reality 
alters reality.

Philosophical 
Implications
What we observe is 
not the deepest reality.

Philosophical 
Implications
We can only speak 
about what we can 
observe.

Philosophical 
Implications
Some things are 

unknown. 

Some things are 
unknowable.

The 
Incompleteness 

Theorem
Any formal system is 
either incomplete or 

inconsistent.

The tao that can be told is not the eternal Tao.
The name that can be named is not the eternal Name. 

The unnameable is the eternally real.

If a tree falls in the forest...



Philosophical 
Implications
Some things are not just 
unknown.

They are 
unknowable.

Which slit did the 
electron go through?

Many Worlds 
Interpretation

Mystery.
Connection.

Entanglement
Wonder.


