
This Week 

Feeling Fields: Animals can sense electric 
fields and magnetic fields to help them move 
through the world. 

Part I: Electric Fields
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710 C H A P T E R  20 Electric Fields and Forces

For the charged bead and sphere, the electric force was larger than the weight 
force; for the two bees, much less. On our macroscopic scale, electric forces domi-
nate for small objects and deliberately charged objects. For much smaller charges, as 
on the bee, the electric force is much smaller as well. At an atomic level, the situa-
tion is more extreme. The opposite charges on water molecules create the attractive 
force of a hydrogen bond. The electric force on the molecules in this case is more 
than 1014 times larger than the weight force. At the atomic scale, the weight force is 
negligible; there’s only one force that matters: the electric force between charged 
particles.

20.4 The Concept of the Electric Field
Coulomb’s law is the basic law of electrostatics. We can use Coulomb’s law to cal-
culate the force a positive charge exerts on a nearby negative charge. But there is an 
unanswered question: How does the negative charge “know” that the positive charge 
is there? Coulomb’s law tells us how to calculate the magnitude and direction of the 
force, but it doesn’t tell us how the force is transmitted through empty space from 
one charge to the other. To answer this question, we will introduce the field model, 
first suggested in the early 19th century by Michael Faraday, a British investigator of 
electricity and magnetism.

FIGURE 20.22 shows a photograph of the surface of a shallow pan of oil with tiny 
grass seeds floating on it. When charged wires, one positive and one negative, touch 
the surface of the oil, the grass seeds line up to form a regular pattern. The pattern 
suggests that some kind of electric influence from the charges fills the space around 
the charges. Perhaps the grass seeds are reacting to this influence, creating the pat-
tern that we see. This alteration of the space around the charges could be the mecha-
nism by which the long-range Coulomb’s law force is exerted.

This is the essence of the field model. Consider the attractive force between a 
positive charge A and a negative charge B. FIGURE 20.23 shows the difference between 
the force model, which we have been using, and the field model. In the field model, 
it is the alteration of space around charge A that is the agent that exerts a force 
on charge B. This alteration of space is what we call a field. The charge makes an 
alteration everywhere in space. Other charges then respond to the alteration at their 
position.

The field model applies to many branches of physics. The space around a charge 
is altered to create the electric field. The alteration of the space around a mass is 
called the gravitational field. The alteration of the space around a magnet is called 
the magnetic field, which we will consider in Chapter 24.

The Electric Field Is Real
The field model might seem arbitrary and abstract. We can already calculate forces 
between charges; why introduce another way of looking at things? We will find that 
the field model is a very useful tool for visualizing and calculating forces for com-
plex arrangements of charges. It is also a very useful tool for understanding certain 
aspects of the natural world.

In the force model, A
exerts a force directly on B.

In the field model, A alters the
space around it. (The wavy lines
are poetic license. We’ll soon
learn a better representation.)

Particle B then responds to
the altered space. The altered
space is the agent that exerts
the force on B.
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FIGURE 20.23 The force and field models 
for the interaction between two charges.

FIGURE 20.22 Visualizing the electric field.

STOP TO THINK 20.3 Charges 1 and 2 exert repulsive 
forces on each other. q1 = 4q2 . Which statement is true?

A. F1 on 2 7 F2 on 1
B. F1 on 2 = F2 on 1
C. F1 on 2 6 F2 on 1
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 Video Figure 20.22
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The field model.

The first hairs were whiskers.

Feeling Fields

Inactive hair 
follicles are 
now electric 
field sensors.

When two 
different 

materials touch 
and then are 
taken apart, 

charges can be 
transferred.

Charging by 
Contact



The electric nature 
of flies.

As the wings 
move through 

the air, a 
static charge 

develops.

Being charged brings benefits

Picking up 
pollen.

Hummingbirds pick up more charge.
A bee acquires a +32 pC 
charge as it moves through 
the air. Thus, an electric 
field surrounds the bee.

If a second bee can sense a 
field of 1 N/C (which it 
probably can) from how far 
away can it sense the first 
bee, in principle?

Half a meter—or 
about a foot and a 

half.

Positively charged 
bees transfer a small 
charge to a flower 

when they visit.

A bee can tell, from a 
distance of 20 cm (about 6 
inches) that another bee 

has visited a flower.



Dancing with fields
Atmospheric electricity
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There is usually an electric field near the earth.
It gets bigger when clouds form.

The shark knows you are there.

Can sense 0.0000001 N/C Part II: Magnetic Fields

Changing magnetic fields induce electric fields.
And those electric fields can make currents flow.

Sharks use their electric sense to detect 
magnetic fields.

• A shark is sensitive to a 
potential difference of 5 nV.

• The shark’s head is 0.60 m 
wide, and it swims at 2.0 m/s.

What is the magnitude of the 
smallest field variation that the 
shark could detect?

ΔV = vlΔB = 5 ×10−9  V

ΔB = 5 ×10−9  V
vl

= 5 ×10−9  V
2.0 m/s( ) 0.60 m( ) = 4.2 nT

Shark Shoal at a Seamount

Magnetic field anomaly

Easily able to sense 
the small differences 

in field.

Dipoles Line Up With The Field
Magnetism is liney uppy, not forcey.
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We can produce a “picture” of the magnetic field by using iron filings—very 
small elongated grains of iron. If there are enough grains, iron filings can give a very 
detailed representation of the magnetic field, as shown in FIGURE 24.3. The compasses 
that we use to determine field direction show us that the magnetic field of a mag-
net points away from the north pole and toward the south pole.

Each iron filing acts
like a tiny compass
needle and rotates to
point in the direction
of the magnetic field.

Since the poles of the
iron filings are not
labeled, a compass can
be used to check the
direction of the field.

Where the field is
strong, the torque
easily lines up the
filings.

Where the field is
weak, the torque barely
lines up the filings.
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FIGURE 24.3 Revealing the magnetic field of a bar magnet using iron filings.

Magnetic Field Vectors and Field Lines
We can draw the field of a magnet such as the one shown in Figure 24.3 in either of 
two ways. When we want to represent the magnetic field at one particular point, the 
magnetic field vector representation is especially useful. But if we want an overall 
representation of the field, magnetic field lines are often simpler to use. These two 
representations are similar to the electric field vectors and lines used in Chapter 20, 
and we’ll use similar rules to draw them. 

As shown in FIGURE 24.4, we can imagine placing a number of compasses near the 
magnet to measure the direction and magnitude of the magnetic field. To represent 
the field at the location of one of the compasses, we then draw a vector with its tail 
at that location. Figure 24.4 shows how to choose the direction and magnitude of 
this vector. Although we’ve drawn magnetic field vectors at only a few points around 
the magnet, it’s important to remember that the magnetic field exists at every point 
around the magnet.

We can also represent the magnetic field using magnetic field lines. The rules for 
drawing these lines are similar to those for drawing the electric field lines of Chap-
ter 20. Electric field lines begin on positive charges and end on negative charges; 
magnetic field lines go from a north magnetic pole to a south magnetic pole. The 
direction and the spacing of the field lines show the direction and the strength of the 
field, as illustrated in FIGURE 24.5.

The magnetic field vectors point in the
direction of the compass needles.

We represent the stronger
magnetic field near the
magnet by longer vectors.

S N

FIGURE 24.4 Mapping out the magnetic 
field of a bar magnet using compasses.
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The lines are drawn 
closer together where 
the magnitude B of 
the magnetic field is
greater.

Every magnetic field
line leaves the magnet 
at its north pole and
enters the magnet at
its south pole.

The direction of the
magnetic field B at any
point on the field line
is tangent to the line.

FIGURE 24.5 Drawing the magnetic field lines of a bar magnet.

Now that we know how to think about magnetic fields, let’s look at magnetic 
fields from magnets with different arrangements. We’ll use the iron filing method to 
show the lines from real magnets, along with a drawing of the field lines.
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 24.2 The Magnetic Field 843

The earth’s magnetic field has components both parallel to the ground (horizon-
tal) and perpendicular to the ground (vertical). An ordinary north-pointing compass 
responds to only the horizontal component of the field, but a compass free to pivot 
vertically will tilt downward as well. FIGURE 24.7b shows that, near the equator, the 
earth’s magnetic field is nearly parallel to the ground. The angle from the horizontal, 
called the dip angle, is quite small. Near the poles, the field is more nearly vertical; 
near the north pole, the field points down more than it points north. Sea turtles seem 
to use the dip angle of the earth’s field to determine their latitude.

The south pole of the earth’s magnet
is actually in northern Canada, not
right at the north geographic pole.

North
magnetic
pole

Earth’s rotational axis

North geographic pole

Equator

South
magnetic
pole

(a)

S

N

          

Near the poles, the field is tipped
at a large angle with respect to
the earth’s surface.

Near the equator,
the field is nearly
parallel to the
earth’s surface.

Dip angle

(b)

FIGURE 24.7 The earth’s magnetic field.

Other animals also use the earth’s magnetic field to navigate. You might imagine 
that animals would use an internal compass to determine orientation, to know which 
way is north, but the most unequivocal example of a creature that navigates using the 
earth’s field is one that uses the field to tell up from down, not north from south. Mag-
netotactic bacteria have strongly magnetized bits of iron in their bodies, as you can 
see in FIGURE 24.8. Their bodies rotate to line up parallel to the earth’s field, just like a 
compass. These bacteria prefer the low-oxygen zone near the bottom of bodies of 
water. If the water is disturbed and they are displaced upward, they travel in the direc-
tion of the earth’s field, following the vertical component of the field downward.

FIGURE 24.8  The internal compass of 
a magnetotactic bacterium.

There is evidence that pigeons use the earth’s magnetic field to 
navigate. Although the exact mechanism is not understood, 
researchers suspect that magnetic sensors in the bird’s head are 
responsible for detecting the earth’s field. To investigate this 
question, researchers attached small magnets to the backs of 
pigeons and measured their ability to find their way home. 
 FIGURE 24.9 shows a pigeon, with a magnet on its back, flying 
north from its release point in New York State. In order to make 
the bird think that it’s flying south, should the pole P of the mag-
net be a north or a south pole?

CONCEPTUAL EXAMPLE 24.1 Homing pigeon navigation 
REASON Figure 24.7a shows that the earth’s field at northern lati-
tudes points to the north and down; FIGURE 24.10 shows the earth’s 
field B

u

earth pointing in this direction. For the pigeon to think it’s fly-
ing south, the magnetic field at its head would need to be flipped 
north to south, as shown by vector B

u

south. The magnet should 
thus create a field that adds to B

u

earth to give B
u

south. As Figure 24.10 
shows, this field is directed to the south, or, in Figure 24.9, to the 
left, into the magnet. This shows that pole P is a south pole.

P

FIGURE 24.9 Is the pole P a north or a south pole?
NorthSouth

Up

Bmagnet
u

Bearth
u

Bsouth
u

FIGURE 24.10 Magnetic fields for the pigeon.

ASSESS When the pigeon is flying north, it is flying toward the 
south pole of the earth’s magnet. It makes sense, then, that a stronger 
south pole behind it would turn its magnetic orientation around.
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The Magnetic Field of the Earth

Santa pole

Penguin pole

More down than north

60°

Not north. Down.

North

Down

Physics 
Toolbox 
Sensor 
Suite

Cows possibly line up with the earth’s field.

Dogs line up with the field too. Foxes leap from the north to the south.

Keeping a Record

Field along 
Florida coast

Navigating with the Dip Angle

Dip angle



Design an experiment:

How would you prove that 
sea turtles use the dip angle 
to determine their latitude?

Navigating with the Dip Angle

Tests with 
green turtle 
hatchlings


