
How The Universe Got That Way
13 billion years ago (more or less) the universe was born in 
what is termed the “big bang”. It was a hot, dense soup of 
particles and photons. Now, the universe is a big, cold, largely 
empty space populated by galaxies, stars, planets—and you 
and me.

How did it get this way? And how did we figure this out? 

These are the topics of this course.

Brian Jones 
physicsjones@gmail.com

As you come in:
• Get a name tent
• Introduce yourself 

to your neighbors
• Start chatting
• Introduce yourself 

to me, if you’d like!

How Class Will Go

The first 10 minutes: Introductions & chatting
The first hour: Physics principles
The second hour: What does this teach us?
The last 10 minutes: Mysteries and extensions
Anytime: Questions
Between classes: Lunch and conversation

Physics 
Principles

Electromagnetic Waves

Photon Model

Interactions with Matter

The electromagnetic wave.

An oscillating charge will emit an electromagnetic wave.
It’s a wave of electric and magnetic fields.

Interaction of Light With Matter
Touch (gently!) different color flashlights to the glow-in-the-dark surface. 
Which colors leave trails?

Continuous Spectrum

Things that are hot emit a continuous spectrum of light.

Emission Spectrum

Gases that are electrically excited emit specific wavelengths

Line Spectrum

Gases that are electrically excited emit specific wavelengths

Hydrogen

Helium



During a solar 
eclipse, you can 

see the spectrum 
of the corona

Line Spectrum

Gases that are electrically excited emit specific wavelengths

Hydrogen

Helium

This line is 
very bright.

Absorption Spectrum

The Electromagnetic Spectrum

Wave Wavelength Photon energy

FM Radio 10 feet ½ millionth eV

Microwave 6 inches 8 millionths eV

Thermal Radiation 1/10 of a hair 1/10 eV

Red 10x red blood cell 2 eV

Blue 6x red blood cell 3 eV

Ultraviolet 4x red blood cell 4 eV

As things get warmer, the wavelength 
of emitted radiation gets shorter.
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Radio waves are detected by antennas as well. The electric field of the radio wave 
drives a current up and down a conductor, producing a potential difference that can 
be amplified. For best reception, the antenna length should be about 1

4 of a wave-
length. A typical cell phone works at 1.9 GHz, with wavelength l = c/f = 16 cm. 
Thus a cell phone antenna should be about 4 cm long, or about 1 12 inches; it is gen-
erally hidden inside the phone itself.
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The oscillating dipole causes an 
electromagnetic wave to move away 
from the antenna at speed vem  =  c.

An oscillating voltage causes
the dipole to oscillate.

Antenna
wire

FIGURE 25.35 An antenna generates a 
self-sustaining electromagnetic wave.

CONCEPTUAL EXAMPLE 25.10 Wildlife tracking 

The elk shown in the left photo wears a radio 
collar with a vertical broadcast antenna. A 
wildlife biologist can search for the signal 
from the elk’s collar by using a receiving 
antenna. How should the receiving antenna 
be oriented?

REASON We have seen that an antenna 
generates a wave that is polarized in the 
same direction as the antenna itself. As the 
photo on the right shows, the receiving antenna should be oriented in the direction of 
the wave’s polarization—here, vertically—so that the wave’s electric field can drive 
charges up and down the antenna, creating a measurable potential difference. If the 
receiving antenna were horizontal, charges would be driven only along the tiny diam-
eter of the antenna wire, creating no potential difference along its length.

ASSESS In reality, tracked animals are always moving, and their antennas may change 
orientation. To obtain the largest signal, the biologist must adjust the receiving antenna 
to match.

In materials with no free charges, the electric fields of radio waves and micro-
waves can still interact with matter by exerting a torque on molecules, such as water, 
that have a permanent electric dipole moment, as shown in FIGURE 25.36. The mole-
cules acquire kinetic energy from the wave, then their collisions with other  molecules 
transform that energy into thermal energy, increasing the temperature.

This is how a microwave oven heats food. Water molecules, with their large 
dipole moment, rotate in response to the electric field of the microwaves, then trans-
fer this energy to the food via molecular collisions.

Infrared, Visible Light, and Ultraviolet
Radio waves can be produced by oscillating charges in an antenna. At the higher 
frequencies of infrared, visible light, and ultraviolet, the “antennas” are individual 
atoms. This portion of the electromagnetic spectrum is atomic radiation.

Nearly all the atomic radiation in our environment is thermal radiation due to the 
thermal motion of the atoms in an object. As we saw in Chapter 12, thermal 
 radiation—a form of heat transfer—is described by Stefan’s law: If heat energy Q is 
radiated in a time interval ∆t by an object with surface area A and absolute tempera-
ture T, the rate of heat transfer Q/∆t ( joules per second) is

 
Q
∆t

= esAT 4 (25.23)

The constant e in this equation is the object’s emissivity, a measure of its effective-
ness at emitting electromagnetic waves, and s is the Stefan-Boltzmann constant, 
s = 5.67 * 10-8 W/(m2 # K4).

In Chapter 12 we considered the amount of energy radiated and its dependence 
on temperature. The filament of an incandescent bulb glows simply because it is hot. 
If you increase the current through a lightbulb filament, the filament temperature 
increases and so does the total energy emitted by the bulb, in accordance with 
 Stefan’s law. The three pictures in FIGURE 25.37 show a glowing lightbulb with the 
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The dipole moment
of the water molecule
rotates to line up with
the electric field of
the electromagnetic
wave c

cbut the direction
of the electric field
changes, so the
water molecule will
keep rotating.

FIGURE 25.36 A radio wave interacts with 
matter.

 Video Microwaves

Increasing filament temperature

At lower filament
temperatures, the bulb
is dim and the light is
noticeably reddish.

When the filament
is hotter, the bulb
is brighter and the
light is whiter.

FIGURE 25.37 The brightness of the 
bulb varies with the temperature of the 
filament.
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The 
Doppler 
Effect

Question
When a source of waves is approaching you, how does this change the wavelength?

When a source of waves is moving away from you, how does this change the wavelength?



Redshifts and Blueshifts
Question

With your group, 
come up with 

your best guess:

Of the 100 
nearest stars to 
Earth, how many 
are visible to the 

naked eye?

Hertzsprung-
Russell 

Diagram

Hotter means 
bluer and 
(generally) 

means brighter

1,000,000

1/1,000

1,000

1

Hertzsprung-
Russell 

Diagram

Question
What other 

trends do you 
notice?

1,000,000

1/1,000

1,000

1

If you know a 
star’s color, 

you know its 
brightness.

This lets you 
figure out how 
far away it is.

1,000,000

1/1,000

1,000

1

The brightest 
stars on the main 

sequence are 
100,000,000 

times brighter 
than the dimmest 

stars.

1,000,000

1/1,000

1,000

1

1,000,000

1/1,000

1,000

1

Question
Which type of 
star will live 

longer:

Bright and blue
or

Dim and red

1,000,000

1/1,000

1,000

1

The dim, red 
stars live longer.

So most of the 
stars around us 
are dim and red.

We just can’t see 
them.



It’s not because 
they are close.

It’s because 
they are bright.

Pleiades
440 light-years away

100x as far as Alpha Centauri

The Light-Year

A light-year is a measure 
of distance, the distance 

light travels in 1 year.

For perspective:

Light could travel all the 
way around the Earth 7 

times in 1 second.

The Pleiades 
are very young, 
about 1/50 the 
age of the sun.

A globular cluster 
near the small 

Magellanic cloud.

What can you say 
about the age of 

the globular 
cluster?

Close Galaxies

The Andromeda Galaxy is about 
2,000,000 light-years away from Earth.

Stars are being born in this galaxy. The stars 
that we see in the outer arms are the young, 

bright, blue stars.

Distant Galaxies

Why are they red?

It’s not because they 
are old. The brightest 
stars in spiral galaxies 
are the young stars. 
They should appear 
blue. But they don’t.

Also:
The farther away 

a galaxy is, the 
redder it appears.

Remember:
The Doppler 

Effect

If something is moving away from you, its wavelengths are shifted longer—the light is redshifted.
The faster something is moving, the more its wavelengths are shifted.



Question

On the small 
whiteboards, give a one 
sentence explanation 

for this fact:

Distant galaxies appear 
redshifted.

A galaxy twice as far 
away is redshifted twice 

as much.

Question

How do we explain 
this?

We’ll come back to 
this in the 5th week, 
when we talk about 

the Big Bang.

In the spectrum of 
the sun, you see 

lines for 
hydrogen, helium, 
carbon and many 
other elements.

But in the spectra 
of some other 

stars you only see 
lines for hydrogen 

and helium. 

Why?

Anywhere you 
look in space, you 
can detect radio 

waves. 

Where did they 
come from?


