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6.5 Newton’s Law of Gravity
Our current understanding of the force of gravity begins with Isaac Newton. The 
popular image of Newton coming to a key realization about gravity after an apple 
fell on his head is at least close to the truth: Newton himself said that the “notion of 
gravitation” came to him as he “sat in a contemplative mood” and “was occasioned 
by the fall of an apple.”

The important notion that came to Newton is this: Gravity is a universal force 
that affects all objects in the universe. The force that causes the fall of an apple is the 
same force that keeps the moon in orbit. This is something widely accepted now, but 
at the time this was a revolutionary idea, and there were some important details for 
Newton to work out—in particular, the way that the force varies with distance.

Gravity Obeys an Inverse-Square Law
Newton proposed that every object in the universe attracts every other object with a 
force that has the following properties:

1. The force is inversely proportional to the square of the distance between the objects.
2. The force is directly proportional to the product of the masses of the two objects.

FIGURE 6.21 shows two spherical objects with masses m1 and m2 separated by dis-
tance r. Each object exerts an attractive force on the other, a force that we call the 
gravitational force. These two forces form an action/reaction pair, so F

u

1 on 2 is equal 
in magnitude and opposite in direction to F

u

2 on 1 . The magnitude of the forces is given 
by Newton’s law of gravity.

STOP TO THINK 6.4 A satellite is in a low earth orbit. Which of the following 
changes would increase the orbital period?

A. Increasing the mass of the satellite
B. Increasing the height of the satellite about the surface
C. Increasing the value of g

Newton’s law of gravity If two objects with masses m1 and m2 are a dis-
tance r apart, the objects exert attractive forces on each other of magnitude

 F1 on 2 = F2 on 1 =
Gm1 m2

r2  (6.15)

The forces are directed along the line joining the two objects.
The constant G is called the gravitational constant. In SI units,

G = 6.67 * 10-11 N # m2/kg2
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p.191
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SQUARE

 NOTE  � Strictly speaking, Newton’s law of gravity applies to particles with 
masses m1 and m2 . However, it can be shown that the law also applies to the force 
between two spherical objects if r is the distance between their centers. �

As the distance r between two objects increases, the gravitational force between 
them decreases. Because the distance appears squared in the denominator, Newton’s 
law of gravity is what we call an inverse-square law. Doubling the distance between 
two masses causes the force between them to decrease by a factor of 4. This mathe-
matical form is one we will see again, so it is worth our time to explore it in more 
detail.
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FIGURE 6.21 The gravitational forces  
on masses m1 and m2 .
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Forces on the Moon

Sun vs. Earth

The Sun is 330,000 times more massive 
than the Earth.

The Sun is 390 times farther away than 
the earth.

330,000 / (390)2 = 2.2

So the Sun’s gravitational force on the 
moon is greater than the Earth’s!

Planetary Gravity
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Variable gravity When we calculated 
the force of the earth’s gravity, we assumed 
that the earth’s shape and composition are 
uniform. In reality, unevenness in density 
and other factors create small variations in the 
earth’s gravity, as shown in this image. Red 
means slightly stronger surface gravity; blue 
means slightly weaker. These variations are 
important for scientists who study the earth, 
but they are small enough that we can ignore 
them for the computations we’ll do in this text.

Rmoon

Mmoon

m

“Little g” perspective:
F  =  mgmoon

Rmoon

Mmoon

“Big G” perspective:

F  =  
GMmoonm

R2
moon

m

FIGURE 6.22 An astronaut weighing a 
mass on the moon.

What is the magnitude of the gravitational force of the earth on a 
60 kg person? The earth has mass 5.98 * 1024 kg and radius 
6.37 * 106 m.

STRATEGIZE We will find the force between the person and the 
earth by using Newton’s law of gravity.

PREPARE We again model the person as a sphere. The distance r 
in Newton’s law of gravity is the distance between the centers of 
the two spheres. The size of the person is negligible compared to 
the size of the earth, so we can use the earth’s radius as r.

SOLVE The force of gravity on the person due to the earth can be 
computed using Equation 6.15:

Finding the gravitational force of the earth on a person

 Fearth on person =
GMe m

Re
2

 =
16.67 * 10-11 N # m2/kg2215.98 * 1024 kg2160 kg216.37 * 106 m22

 = 590 N

ASSESS This force is exactly the same as we would calculate 
using the formula for the weight force, w = mg. This isn’t sur-
prising, though. Chapter 5 introduced the weight of an object as 
simply the “force of gravity” acting on it. Newton’s law of grav-
ity is a more fundamental law for calculating the force of gravity, 
but it’s still the same force that we earlier called “weight.”

EXAMPLE 6.13 

 NOTE  � We will use uppercase R and M to represent the large mass and radius of 
a star or planet, as we did in Example 6.13. �

Gravity on Other Worlds
The force of gravitational attraction between the earth and you is responsible for 
your weight. If you traveled to another planet, your mass would be the same but 
your weight would vary, as we discussed in Chapter 5. Indeed, when astronauts ven-
tured to the moon, television images showed them walking—and even jumping and 
skipping—with ease, even though they were wearing life-support systems with a 
mass greater than 80 kg, a visible reminder that the weight of objects is less on the 
moon. Let’s consider why this is so.

FIGURE 6.22 shows an astronaut on the moon weighing a rock of mass m. When we 
compute the weight of an object on the surface of the earth, we use the formula 
w = mg. We can do the same calculation for a mass on the moon, as long as we use 
the value of g on the moon:

 w = mgmoon (6.16)

This is the “little g” perspective. Falling-body experiments on the moon give the 
value of gmoon as 1.62 m/s2.

But we can also take a “big G” perspective. The weight of the rock comes from 
the gravitational attraction of the moon, and we can compute this weight using 
Equation 6.15. The distance r is the radius of the moon, which we’ll call Rmoon . Thus

 Fmoon on m =
GMmoon m

R 2
moon

 (6.17)

Because Equations 6.16 and 6.17 are two names and two expressions for the same 
force, we can equate the right-hand sides to find that

gmoon =
GMmoon

R 2
moon

We have done this calculation for an object on the moon, but the result is com-
pletely general. At the surface of a planet (or a star), the free-fall acceleration g, a 
consequence of gravity, can be computed as

 gplanet =
GMplanet

R 2
planet

 (6.18)

Free-fall acceleration on the surface of a planet
PROPORTIONAL

M

g

p. 39

g

R

p. 191

INVERSE-
SQUARE
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It’s as if all of the mass is at the 
center.

Planetary Gravity

Gravity on the Sun

At a certain point, even with a low 
density, larger objects have larger 
gravity.

Gravity at the Sun’s 
equator is 28 times 
stronger the value of 
gravity at Earth’s equator.

Question

If you throw a ball upward, 
it slows down as it rises.

When it comes back down, 
it speeds up.

When it hits the ground or 
the table, it stops.

Explain this process in 
terms of energy.

Forms of Energy

Question

When a cloud of gas 
collapses, the potential 

energy decreases.

What happens to the 
temperature of the 

gas?

Creating a Star



Question

The gas heats up, and the 
atoms move faster—they 
heat up. This increases the 

pressure, and stops the 
collapse.

What happens when 
the gas cools?

Creating a Star

Question

If the gas cools off, there 
will be more of a collapse.

How can you keep the 
star from collapsing 
further? How do you 
heat up the interior?

Creating a Star

Question

If the gas cools off, there 
will be more of a collapse.

What happens when 
the star runs out of 

fuel???

Creating a Star A bit of fundamental physics

 30.1 Nuclear Structure 1055

30.1 Nuclear Structure
For 29 chapters, we’ve made frequent references to properties of atoms that are due 
to the electrons that surround the nucleus. In this final chapter it’s time to dig deeper, 
to talk about the nucleus itself. In particular:

 ■ What is nuclear matter? What are its properties?
 ■ What holds the nucleus together? Why doesn’t the electrostatic force blow it apart?
 ■ What is the connection between the nucleus and radioactivity?

These are questions of nuclear physics.
As you learned in Section 29.2, an atom consists of a “cloud” of electrons orbit-

ing a very small nucleus. You also learned that the nucleus is composed of two types 
of particles: positively charged protons and uncharged neutrons. Together, protons 
and neutrons are referred to as nucleons.

The nucleus is a tiny speck in the center of a vastly larger atom. As FIGURE 30.1 

shows, the nuclear diameter of roughly 10-14 m is only about 1/10,000 the size of 
the atom, defined by the diameter of its electron cloud. What we call matter is over-
whelmingly empty space!

The number of protons Z in a nucleus is the element’s atomic number. Which ele-
ment (hydrogen, carbon, gold, etc.) a particular nucleus corresponds to is deter-
mined by the number of protons in the nucleus, not by the number of orbiting 
electrons. Electrons are easily added and removed to form negative and positive 
ions, but doing so doesn’t change the element. The mass number A is the total num-
ber of nucleons—the total number of protons and neutrons—in the nucleus. Thus we 
have A = Z + N, where N is the neutron number.

 NOTE  ▶ The mass number, which is dimensionless, is not the same thing as the 
atomic mass m. We’ll look at actual atomic masses later. ◀

Protons and neutrons are virtually identical other than the fact that the proton has 
one unit of the fundamental charge e, whereas the neutron is electrically neutral. The 
neutron is slightly more massive than the proton, but the difference is very small. 
TABLE 30.1 lists the basic properties of protons and neutrons.

Isotopes
As we learned in Chapter 29, not all atoms of the same element (and thus the same 
Z) have the same mass. There is a range of neutron numbers that happily form a 
nucleus with Z protons, creating a series of nuclei having the same Z-value (i.e., they 
are all the same chemical element) but different A-values. Each A-value in a series of 
nuclei with the same Z-value is called an isotope. Isotopes for some of the elements 
are given in a table in Appendix C.

The notation used to label isotopes uses the mass number A as a leading super-
script, as shown in FIGURE 30.2. Hence ordinary carbon, which has six protons and 
six neutrons in the nucleus (and thus has A = 122, is written 12C and pronounced 
“carbon twelve.” The radioactive form of carbon used in carbon-dating archaeo-
logical artifacts is 14C. It has six protons, making it carbon, and eight neutrons, for 
a total of 14 nucleons. The isotope 2H is a hydrogen atom in which the nucleus is 
not simply a proton but a proton and a neutron. Although the isotope is a form of 
hydrogen, it is called deuterium. Sometimes, for clarity, we will find it useful to 
include the atomic number as a leading subscript. Ordinary carbon is then written 
as 12

6C; deuterium as 21H.
The chemical behavior of an atom is largely determined by the orbiting elec-

trons. Different isotopes of the same element have very similar chemical proper-
ties. 14C will form the same chemical compounds as 12C and will generally be 
treated the same by the body, a fact that permits the use of 14C to determine the 
age of a sample. But the nuclear properties of these two isotopes are quite differ-
ent, as we will see.

≈10-10 m

≈10-14 m

Nucleus
≈10-14 m

Atom

Nucleons
(protons and neutrons)

The nucleus has a fairly
sharp boundary.

FIGURE 30.1 The nucleus is a tiny speck 
within an atom.

If an atom were the size of the Unisphere in 
New York City, the nucleus would be only 
the size of a pea.

TABLE 30.1 Protons and neutrons

Proton Neutron

Number Z N

Charge q +e 0

Mass, in u 1.00728 1.00866

A video to support a section’s topic 
is embedded in the eText.

Video Nuclear Physics Notation

The leading superscript gives
the total number of nucleons,
which is the mass number A.

The leading subscript
(if included) gives the
number of protons.

The three nuclei all have the same
number of protons, so they are 
isotopes of the same element, carbon.

12
6C 13

6C 14
6C

FIGURE 30.2 Three isotopes of carbon.
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We now understand protons and neutrons to be composed of smaller charged parti-
cles whimsically named quarks. The quarks that form protons and neutrons are called 
up quarks and down quarks, symbolized as u and d, respectively. The nature of these 
quarks and the composition of the neutron and the proton are shown in FIGURE 30.28.

 NOTE  ▶ It seems surprising that the charges of quarks are fractions of e. Don’t 
charges have to be integer multiples of e? It’s true that atoms, molecules, and 
all macroscopic matter must have q = Ne because these entities are constructed 
from electrons and protons. But no law of nature prevents other types of matter 
from having other amounts of charge. ◀

A neutron and a proton differ by one quark. Beta decay can now be understood as 
a process in which a down quark changes to an up quark, or vice versa. Beta-minus 
decay of a neutron can be written as

d S u + e- + ne 

The existence of quarks thus provides an explanation of how a neutron can turn into 
a proton.

CONCEPTUAL EXAMPLE 30.17 Quarks and beta-plus decay
What is the quark description of beta-plus decay?

REASON In beta-plus decay, a proton turns into a neutron, with the emission of a posi-
tron and an electron neutrino. To turn a proton into a neutron requires the conversion of 
an up quark into a down quark; the total reaction is thus

u S d + e+ + ne

Fundamental Particles
Our current understanding of the truly fundamental particles—the ones that cannot 
be broken down into smaller subunits—is that they come in two basic types: leptons 
(particles like the electron and the neutrino) and quarks (which combine to form par-
ticles like the proton and the neutron). The leptons and quarks are listed in TABLE 30.5. 

A few points are worthy of note:

 ■ Each particle has an associated antiparticle.
 ■ There are three families of leptons. The first is the electron and its associated neu-

trino, and their antiparticles. The other families are based on the muon and the 
tau, heavier siblings to the electron. Only the electron and positron are stable.

 ■ There are also three families of quarks. The first is the up-down family that makes 
all “normal” matter. The other families are pairs of heavier quarks that form more 
exotic particles.

As far as we know, this is where the trail ends. Matter is made of molecules; mol-
ecules of atoms; atoms of protons, neutrons, and electrons; protons and neutrons of 
quarks. Quarks and electrons seem to be truly fundamental. But scientists of the 
early 20th century thought they were at a stopping point as well—they thought that 
they knew all of the physics that there was to know. As we’ve seen over the past few 
chapters, this was far from true. New tools such as the next generation of particle 
colliders will certainly provide new discoveries and new surprises.

The early chapters of this text, in which you learned about forces and motion, had 
very obvious applications to things in your daily life. But in these past few chapters 
we see that even modern discoveries—discoveries such as antimatter, which may 
seem like science fiction—can be put to very practical use. As we come to the close 
of this text, we hope that you have gained an appreciation not only for what physics 
tells us about the world, but also for the wide range of problems it can be used to 
solve.

TABLE 30.5 Leptons and quarks

Leptons Antileptons

Electron e- Positron e+

Electron  
 neutrino

 
ve

Electron  
 antineutrino

 
ne

Muon m- Antimuon m+

Muon  
 neutrino

 
vm

Muon   
antineutrino

 
nm

Tau t- Antitau t+

Tau  
 neutrino

 
vt

Tau  
 antineutrino

 
nt

Quarks Antiquarks

Up u Antiup u
Down d Antidown d

Strange s Antistrange s
Charm c Anticharm c

Bottom b Antibottom b
Top t Antitop t

  +  

  -  

u
e+ +2

3

NeutronProton

d
e1

3

An up quark has charge 

A proton is made
of two up quarks and
one down quark.

A neutron is made
of one up quark and
two down quarks.

e.e. A down quark has charge 

d
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1
3

d
e- 13

1
3
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u
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3

u
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FIGURE 30.28 The quark content of the 
proton and neutron.
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And….

Electrons and quarks have zero physical size.

And….

You may have heard it said that your body is made of 
mostly empty space.

That’s not true.

It’s made entirely of empty space.
So is everything.

What we see as solid matter is point objects and the 
forces and fields between them.

So….

If you compress matter hard enough, you 
can compress any amount of matter you 

want to a mathematical point.

Some Facts from Relativity

I need a stylized illustration that represents the notion of “relativity".



Nothing can go as fast as light.
c is the universal speed limit.

If a rocket keeps firing its engines, its 
kinetic energy will increase, but it’s 
speed will never exceed c, no matter 

how long this goes on.

Relativity Fact #1:
The universal speed 

limit

Gravitational Time Dilation

Δt (in gravitational field)
Δt (not in gravitational field)

= 1 −
2GM
rc2

Strong gravity 
slows time 

down.

This is always 
less than 1.

Relativity Fact #2:
Gravity affects time

Gravity and 
Orbits

Question

What direction 
do you pull on 

the ball?

Driving over a rise
A car of mass 1500 kg goes 
over hill at a speed of 20 m/s. 
The shape of the hill is 
approximately circular, with a 
radius of 60 m, as in the figure 
at right. When the car is at the 
highest point of the hill,

Does this make sense?
What happens if you go faster?

Driving over 
a rise

The idea of 
an orbit

7.9 km/s  (17,600 mph)



Escape
Velocity

11 km/s
25,000 mph

To 
Escape 

the Solar 
System

44 km/s
100,000 mph

Voyager 1 
has done 

this.

Black Hole

Under circumstances we’ll see, a 
huge amount of mass can 

collapse to a point.

The Event 
Horizon

Event Horizon

Question

At a point inside the event 
horizon, the escape 

velocity is greater than the 
speed of light.

What does this mean?

Black Hole
Event Horizon

Can you fall into a 
black hole?

As you get closer and 
closer, gravity gets 
stronger and stronger.

At some point, you’ll be ripped apart by tidal forces. But 
suppose you have a protective suit….

Black Hole
Event Horizon

Can you fall into a 
black hole?

As you get closer and 
closer, gravity gets 
stronger and stronger.

At the event horizon…. 
Time stops!

Question

Does the person make it into the black hole?

How big is a 
black hole?



More mass, 
bigger size 

of the event 
horizon. Mass of object

Size of 
event 

horizon

The 
observable 

universe

13 billion 
light years

The universe 
is 13 billion 
years old.

The light from stars 13 
billion light-years away 
has just had time to 

reach us.

Everything 
is moving 
away from 

us.

13 billion light years
The further 

away galaxies 
are, the faster 

they are 
moving.

Trying to 
get out of 

the bubble.

13 billion light years
Galaxies at 

the edge are 
moving away 

from us at the 
speed of light.

Everyone is 
the center.

13 billion light years

A different planet 
sees a different 

universe.


