
Science and Life 
Hippos aren’t fat, and they can’t 
swim. A mouse can survive a fall from 
any height. There are salamanders 
one foot long that don’t have lungs or 
gills. There are snakes that can see 
in complete darkness, and dolphins 
that can sense your heartbeat. And 
the animal with the largest brain 
relative to its body size is a fish—a 
fish with an amazing superpower. In 
this class, we’ll talk about the laws of 
nature that explain how creatures live 
and breathe and move around, and 
the senses they use to understand 
their world.

Brian Jones 
physicsjones@gmail.com

Different Visions 

Our view of the world is 
defined by the range of our 
vision. There are properties of 
light that we can’t sense, and 
wavelengths of light we can’t 
see, that other creatures can. 
We’ll explore the entire range 
of the electromagnetic 
spectrum and discuss 
creatures that use light we 
can’t see to inform their view of 
the world.

Physics Principles
Properties of Light


The Electromagnetic Spectrum

Light has a dual nature.

Light is an electromagnetic wave.

The orange arrows are electric fields: They push charges around.

Polarization

Playing with Polarizers

Check out: Polarized glasses, phone screens, reflections, computer screens

Polarization Axis Polarization Axis

Electromagnetic waves are also photons:
Particles of light, with a certain amount of energy.



The Dual Nature of Light
Is light a wave or a particle?

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

The electromagnetic spectrum

Short wavelength 
High energy

400 nm 
3.1 eV

Long wavelength 
Low energy

700 nm 
1.8 eV

There is more 
to the 

rainbow.

900 C H A P T E R  25 EM Induction and EM Waves

As we saw, a single photon of light at a wavelength of 550 nm has an energy of 
2.3 eV. Let’s look at just what 2.3 eV “buys” in interactions with atoms and molecules. 
TABLE 25.1 lists some energies required for typical atomic and molecular processes. 
These values show that 2.3 eV is a significant amount of energy on an atomic scale. It 
is certainly enough to cause a molecular transformation (as it does in the sensory sys-
tem of your eye), and photons with a bit more energy (higher frequency and thus 
shorter wavelength) can break a covalent bond. The photon model of light will be 
essential as we explore the interaction of electromagnetic waves with matter.

TABLE 25.1 Energies of some atomic and 
molecular processes

Process Energy

Breaking a hydrogen bond 
between two water molecules

0.24 eV

Energy released in metaboliz-
ing one molecule of ATP

0.32 eV

Breaking the bond between 
atoms in a water molecule

4.7 eV

Ionizing a hydrogen atom 13.6 eV STOP TO THINK 25.6 Two FM radio stations emit radio waves at frequencies of 
90.5 MHz and 107.9 MHz. Each station emits the same total power. If you think of the 
radio waves as photons, which station emits the larger number of photons per second?

 A. The 90.5 MHz station. B. The 107.9 MHz station.
 C. Both stations emit the same number of photons per second.

25.7 The Electromagnetic Spectrum
We have now seen two very different ways to look at electromagnetic waves: as 
oscillating waves of the electric and magnetic fields, and as particle-like units of the 
electromagnetic field called photons. This dual nature of electromagnetic waves is 
something we will discuss at length in Chapter 28. For now, we will note that each 
view is appropriate in certain circumstances. For example, we speak of radio waves 
but of x rays. The “ray” terminology tells us that x rays are generally better described 
as photons than as waves.

FIGURE 25.33 shows the electromagnetic spectrum with photon energy (in eV) and 
wavelength (in m) scales. As you can see, electromagnetic waves span an extraordi-
narily wide range of wavelengths and energies. Radio waves have wavelengths of 
many meters but very low photon energies—only a few billionths of an eV. Because 
the photon energies are so small, radio waves are well described by Maxwell’s the-
ory of electromagnetic waves. At the other end of the spectrum, x rays and gamma 
rays have very short wavelengths and very high photon energies—large enough to 
ionize atoms and break molecular bonds. Consequently, x rays and gamma rays, 
although they do have wave-like characteristics, are best described as photons. Visi-
ble light is in the middle.

Radio Waves and Microwaves
An electromagnetic wave is self-sustaining, needing no charges or currents to keep it 
propagating through space. However, charges and currents are needed at the source 
of an electromagnetic wave. Radio waves and microwaves are generally produced 
by the motion of charged particles in an antenna.

FIGURE 25.34 reminds you what the electric field of an electric dipole looks like. If 
the dipole is vertical, the electric field E

u
 at points along the horizontal axis in the fig-

ure is also vertical. Reversing the dipole, by switching the charges, reverses E
u
. If the 

charges were to oscillate back and forth, switching position at frequency f, then E
u
 

would oscillate in a vertical plane. The changing E
u
 would then create an induced mag-

netic field B
u
, which could then create an E

u
, which could then create a B

u
, . . . , and a 

vertically polarized electromagnetic wave at frequency f  would radiate out into space.
This is exactly what an antenna does. FIGURE 25.35 shows two metal wires attached 

to the terminals of an oscillating voltage source. The figure shows an instant when the 
top wire is negative and the bottom is positive, but these will reverse in half a cycle. 
The wire is basically an oscillating dipole, and it creates an oscillating electric field. 
The oscillating E

u
 induces an oscillating B

u
, and they take off as an electromagnetic 

wave at speed vem = c. The wave does need oscillating charges as a wave source, but 
once created it is self-sustaining and independent of the source.
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FIGURE 25.33 The electromagnetic 
spectrum.

E
u

E
u

Positive 
charge on top

Negative 
charge on top

Along a horizontal axis, the 
electric field is vertical, and it 
reverses direction if the dipole 
charges are switched.

FIGURE 25.34 The electric field of an 
 oscillating dipole.
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Beyond the violet:
Ultraviolet

360 nm
3.4 eV

Beyond the red:
Infrared
800 nm
1.5 eV

Near the rainbow. Far from the rainbow.

Visible light
600 nm

2 eV

Thermal radiation
10,000 nm

.12 eV

Vaseline
glass Fluorescence

Something that needs 
high energy photons.
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29.8 Molecules
Quantum mechanics applies to molecules just as it does to atoms, but molecules are 
more complex because they have internal modes of storing energy. In particular, 
molecules can rotate about their center of mass, and the atoms can vibrate back and 
forth as if the molecular bonds holding them together were little springs. For the 
most part, we’ll overlook this internal motion and focus our attention on the elec-
trons and the electron energy levels.

A quantum-mechanical analysis of molecules finds the following general results:

 ■ The energy is quantized. Electrons can exist in only certain allowed energy levels.
 ■ The number of energy levels is so extraordinarily high, and the energy levels are 

jammed so close together, that for all practical purposes the energy levels group 
into bands of allowed energy.

 ■ In thermal equilibrium, nearly all molecules are in the very lowest energy levels.

FIGURE 29.30 shows a generic molecular energy-level diagram for a medium-size 
molecule. Whereas an atom has a well-defined ground state, a molecule has a broad 
band of lower energy levels. Similarly, a single excited state, such as the 2s state of 
the hydrogen atom, has been replaced by a band of excited energy levels. Despite 
the vast number of allowed energy levels, nearly all molecules spend nearly all their 
time in the very lowest energy levels.

FIGURE 29.31 uses the energy-level diagram to explain two important phenomena of 
molecular spectroscopy: absorption and fluorescence. Whereas the absorption spec-
trum of an atom consists of discrete spectral lines, a molecule has a continuous 
absorption band. The absorption of light at a higher frequency (shorter wavelength) 
followed by the emission of light at a lower frequency (longer wavelength) is called 
fluorescence. Fluorescence occurs in molecules, but not atoms, because molecules 
can transform some of the absorbed energy into the vibrational energy of the atoms 
and thus increase the thermal energy of the molecules.

Band of
lower
energy
levels

Band of
excited
states

≈ 1- 3 eV

In thermal equilibrium, 
nearly all molecules are in 
the lowest few energy levels.

FIGURE 29.30 The molecular energy-level 
diagram for a medium-size molecule.

The molecules can absorb light
over a range of wavelengths.
This makes an absorption band.

The molecules rapidly transform
some of the absorbed energy into
molecular vibrations, causing the
molecules to fall to the bottom
edge of the excited band.
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Quantum jumps back to the lower 
band have less energy than the 
original jumps up. Thus the emission 
band is at longer wavelength than the 
absorption band. This is fluorescence. 

FIGURE 29.31 Molecular absorption and fluorescence.

▶ Whiter than white Laundry detergents often contain fluorescent dyes 
that absorb invisible ultraviolet light and then fluoresce in a broad band of 
visible wavelengths; they give off white light. The white glow of the laun-
dered shirt is evident in this photo of a person working under ultraviolet light. 
But this effect is useful even under normal circumstances. Sunlight contains 
lots of UV, so outdoors your white clothes not only reflect the white visible 
sunlight, but fluorescence produces even more white light—your clothes 
appear “whiter than white.” 

Many biological molecules are fluorescent. A good example is chlorophyll, the 
green pigment in plants that allows photosynthesis to happen. When illuminated by 
blue or ultraviolet light, chlorophyll fluoresces an unexpected dark red color. This 
property of chlorophyll is used by marine biologists to measure the concentration of 
phytoplankton—microscopic plants—in seawater.
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Human 
Vision

Rods and Cones

Human Vision

3 different cones 
tuned to different 
photon energies
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Infrared radiation, with its relatively long wavelength and low photon energy, 
produces effects in tissue similar to those of microwaves—heating—but the penetra-
tion is much less than for microwaves. Infrared is absorbed mostly by the top layer 
of your skin and simply warms you up, as you know from sitting in the sun or under 
a heat lamp. The wave picture is generally most appropriate for infrared.

In contrast, ultraviolet photons have enough energy to interact with molecules in 
entirely different ways, ionizing molecules and breaking molecular bonds. The cells 
in skin are altered by ultraviolet radiation, causing sun tanning and sun burning. 
DNA molecules can be permanently damaged by ultraviolet radiation. There is a 
sharp threshold for such damage at 290 nm (corresponding to 4.3 eV photon energy). 
At longer wavelengths, damage to cells is slight; at shorter wavelengths, it can be 
extensive. The interactions of ultraviolet radiation with matter are best understood 
from the photon perspective, with the absorption of each photon being associated 
with a particular molecular event.

Visible light is at a transition point in the electromagnetic spectrum. Your studies 
of wave optics in Chapter 17 showed you that light has a wave nature. At the same 
time, the energy of photons of visible light is large enough to cause molecular transi-
tions—which is how your eye detects light. When we work with visible light, we 
will often move back and forth between the wave and photon models.

Normally, wavelengths longer than about 750 nm—in the infra-
red—are invisible to the human eye. However, recent experi-
ments have shown that infrared light is visible under certain 
conditions but, surprisingly, often appears to be green or yellow. 
The effect occurs when two infrared photons simultaneously 
excite the same photoreceptor in the eye. The photoreceptor 
behaves as if it had absorbed a single photon with an energy 
equal to the sum of the two infrared photon energies. If, when 
observing infrared light, a person perceives 500 nm green light, 
what is the wavelength of the infrared light?

STRATEGIZE We will start by finding the energy of a photon of 
green light. The energy of each infrared photon is then half this value. 
From this infrared photon energy we can find the infrared wavelength.

PREPARE The frequency of an electromagnetic wave is related 
to its photon energy by Equation 25.22; the frequency and wave-
length are related by l = c/f .

Seeing (infra)red 
SOLVE The energy of the perceived green photon is

 Egreen = hf =
hc
l

=
16.63 * 10-34 J # s213.00 * 108 m/s2

500 * 10-9 m
 = 3.98 * 10-19 J

The energy of each infrared photon is then

EIR =
3.98 * 10-19 J

2
= 1.99 * 10-19 J

from which the infrared wavelength is

 lIR =
hc
EIR

=
16.63 * 10-34 J # s213.00 * 108 m/s2

1.99 * 10-19 J
= 1000 nm

ASSESS This wavelength is well into the infrared region and 
would not normally be visible. We see that the infrared wavelength 
is twice that of the perceived green light, which makes sense—
photon energy and wavelength are inversely related, so the infrared 
photons, with half the energy, will have twice the wavelength.

EXAMPLE 25.12 

Color Vision
The cones, the color-sensitive cells in the retina of the eye, each contain one of three 
slightly different forms of a light-sensitive photopigment. A single photon of light 
can trigger a reaction in a photopigment molecule, which ultimately leads to a signal 
being produced by a cell in the retina. The energy of the photon must be matched to 
the energy of a molecular transition for the photon energy to be absorbed. Each 
photopigment has a range of photon energies to which it is sensitive. Our color 
vision is a result of the differential response of three types of cones that contain three 
slightly different pigments, shown in FIGURE 25.39.

Humans have three types of cone cells in the eye, mice have two, and chickens four—
giving a chicken keener color vision than a human. The three color photopigments that 
bees possess give them excellent color vision, but a bee’s color sense is different from a 
human’s. The peak sensitivities of a bee’s photopigments are in the yellow, blue, and 
ultraviolet regions of the spectrum. A bee can’t see the red of a rose, but it is quite sensi-
tive to ultraviolet wavelengths well beyond the range of human vision. The flower in the 
right-hand photo at the start of the chapter looks pretty to us, but its coloration is really 
intended for other eyes. The ring of ultraviolet-absorbing pigments near the center of the 
flower, which is invisible to humans, helps bees zero in on the pollen.

Wavelength (nm)
350 450 550 650 750

Relative
sensitivity

The three different types of cones
have different color sensitivities.

FIGURE 25.39 The sensitivity of different 
cone cells in the human eye.

M25_KNIG9034_04_SE_C25_pp.879-915.indd   903 26/10/17   4:51 PM

Human vision has 
sensitivity way into the 
red end of the rainbow.

Human 
vision has 

a hard 
stop at 
the blue 

end of the 
rainbow.

How Many Colors in the Rainbow?

Pink Floyd vs. Isaac Newton

How Many Colors in the Rainbow?

Newton says 7. Floyd says 6.

The First Experiments: Isaac Newton

Why Seven?

Newton originally 
had five colors:

Red
Yellow
Green
Blue

Purple

Why seven?
Correspondence with music.

How Many Colors?

Some cultures say 3.
Some say 4.
Some say 5.
Some say 6.

One thing is for certain, though:

Indigo



Beyond the Rainbow Superpower.

How Am I Doing?
Scattering from Small Objects

Rayleigh scattering
For small objects:

Scattering ∝ 1
λ 4

Blue Skies Red Sunsets

The sky is blue.

Discussion Question
What color is the sun?

Discussion Question
Why does the sun appear 

yellow?

Where do the colors go?



What color is a shadow?

What color is this?

After Sunset...

Red isn’t much help after sunset.

White balance set to “Daylight.”

The short wavelengths leave last.

Check out the vest...
If you can see the sky, you are getting burned.



Birds and bees can see ultraviolet. Different Visions

Dogs (and most mammals)

They can see colors—
including colors beyond 

the violet end of the 
rainbow.

But they can’t see red. 
They don’t have any 

sensitivity at this end of 
the spectrum.

Discussion Question
Why would dog’s color 

sensitivity be tipped toward 
the short wavelength end of 

the spectrum?

Dog Vision
Look at the different color objects through the cyan glasses.

How do things appear?

After sunset, and before dawn, it’s the 
short wavelengths that let you see.

Bulls can’t 
see red.



Chickens

Much better 
color vision 
than you.

Can see into 
the ultraviolet. Discussion Question

Why might you expect to 
chickens to have much better 

color vision than dogs?

Urine is 
fluorescent.

It strongly 
absorbs 

ultraviolet 
light.

Kestrels can 
follow urine trails

Ornilux Glass Bees don’t have 
your visual 
acuity, but their 
vision has 
certain 
advantages.

Ultraviolet Eyes Navigating By The Sky

Bee eyes 
detect 

polarization
Polarization of skylight



Detection 
depends on 
polarization

And one more topic… The Sun Emits Light Because It Is Hot
The sun radiates electromagnetic waves at a peak wavelength of about 550 nm, right in 
the middle of the visible light spectrum.

So Do You—Just At Long Wavelength
You radiate about 870 W of thermal radiation. at a wavelength of about 9500 nm.. 
These are very low energy photons.

Thermal Images
Use the thermal imager to look around the room. What do you see?

Thermal ImageVisible Light

Rattlesnakes and other pit vipers can 
sense thermal radiation.

Raw Processed

How the sensory system works



Discussion Question
Why would you expect a 
thermal radiation sense in 

reptiles but not in mammals?

Reptiles
vs.

Mammals

Why the cold nose?
Dogs can probably sense thermal radiation using their chilly noses.

Cold Hands, Good Sensing
You can sense thermal radiation too.

Next Topic: 
Sensing 
Sound.


