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Why not START 

the easy way?



The historical approach

• Newton’s laws

• Collisions

• Momentum (and conservation)

• Work and energy

• Conservation of energy
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Ernst Mach (1838–1916)

• Collisions (experimental)

• Conservation of momentum (experimental)

• Newton’s laws

• Work and energy

• Conservation of energy



wouldn’t it be nice if we could start simple?



we can!
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• Unity

• Focus on physics
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More practical!

• Contexts different

• Lighter
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11.1 CirCular motion at Constant speed 255

motion. We therefore begin our analysis of rotational mo-

tion by describing circular motion. Circular motion occurs 

all around us. A speck of dust stuck to a spinning CD, a 

stone being whirled around on a string, a person on a Ferris 

wheel—all travel along the perimeter of a circle, repeating 

their motion over and over. Circular motion takes place in a 

plane, and so in principle we have already developed all the 

tools required to describe it. To describe circular and rota-

tional motion we shall follow an approach that is analogous 

to the one we followed for the description of translational 

motion. Exploiting this analogy, we can then use the same 

results and insights gained in earlier chapters to introduce a 

third conservation law.

11.1 Circular motion at constant speed

Figure 11.2 shows two examples of circular motion: a block 

dragged along a circle by a rotating turntable and a puck 

constrained by a string to move in a circle. The block and 

puck are said to revolve around the vertical axis through 

the center of each circular path. Note that the axis about 

which they revolve is external to the block and puck and 

perpendicular to the plane of rotation. This is the defini-

tion of revolve—to move in circular motion around an 

external center. Objects that turn about an internal axis, 

such as the turntable in Figure 11.2a, are said to rotate. 

These two types of motion are closely related because a 

rotating object can be considered as a system of an enor-

mous number of particles, each revolving around the axis 

of rotation.

The motion we have been dealing with so far in this 

text is called translational motion (Figure 11.1a). 

This type of motion involves no change in an ob-

ject’s orientation; in other words, all the particles in the 

object move along identical parallel trajectories. During 

rotational motion, which we begin to study in this chap-

ter, the orientation of the object changes, and the particles 

in an object follow different circular paths centered on 

a straight line called the axis of rotation (Figure 11.1b). 

Generally, the motion of rigid objects is a combination of 

these two types of motion (Figure 11.1c), but as we shall 

see in Chapter 12 this combined motion can be broken 

down into translational and rotational parts that can be 

analyzed separately. Because we already know how to 

describe translational motion, knowing how to describe 

rotational motion will complete our description of the 

motion of rigid objects.

As Figure 11.1b shows, each particle in a rotating object 

traces out a circular path, moving in what we call circular 

Figure 11.1 Translational and rotational motion of a rigid object.

(a) Translational motion

All points on object follow identical trajectories.

(b) Rotational motion

(c) Combined translation and rotation

All points on object trace circles centered on axis of rotation.

Di�erent points on object follow di�erent trajectories.

axis of rotation

Figure 11.2 Examples of circular motion.

(a) Block revolves on rotating turntable

(b) Tethered puck revolves on air table

Block revolves because

axis is external to it.

Turntable rotates 

because axis is internal to it.

axis of rotation
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their motion over and over. Circular motion takes place in a 
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motion. Exploiting this analogy, we can then use the same 
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dragged along a circle by a rotating turntable and a puck 
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These two types of motion are closely related because a 

rotating object can be considered as a system of an enor-

mous number of particles, each revolving around the axis 

of rotation.

The motion we have been dealing with so far in this 

text is called translational motion (Figure 11.1a). 

This type of motion involves no change in an ob-

ject’s orientation; in other words, all the particles in the 

object move along identical parallel trajectories. During 

rotational motion, which we begin to study in this chap-

ter, the orientation of the object changes, and the particles 

in an object follow different circular paths centered on 

a straight line called the axis of rotation (Figure 11.1b). 

Generally, the motion of rigid objects is a combination of 

these two types of motion (Figure 11.1c), but as we shall 

see in Chapter 12 this combined motion can be broken 

down into translational and rotational parts that can be 

analyzed separately. Because we already know how to 

describe translational motion, knowing how to describe 

rotational motion will complete our description of the 

motion of rigid objects.

As Figure 11.1b shows, each particle in a rotating object 

traces out a circular path, moving in what we call circular 

Figure 11.1 Translational and rotational motion of a rigid object.

(a) Translational motion

All points on object follow identical trajectories.

(b) Rotational motion

(c) Combined translation and rotation

All points on object trace circles centered on axis of rotation.

Di�erent points on object follow di�erent trajectories.

axis of rotation
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Self-quiz

1. Two carts are about to collide head-on on a track. The inertia of cart 1 is greater than the inertia of 

cart 2, and the collision is elastic. The speed of cart 1 before the collision is higher than the speed 

of cart 2 before the collision. (a) Which cart experiences the greater acceleration during the colli-

sion? (b) Which cart has the greater change in momentum due to the collision? (c) Which cart has 

the greater change in kinetic energy during the collision?

2.  Which of the following deformations are reversible and which are irreversible: (a) the deformation 

of a tennis ball against a racquet, (b) the deformation of a car fender during a traffic accident, (c) the 

deformation of a balloon as it is blown up, (d) the deformation of fresh snow as you walk through it?

3.  Translate the kinetic energy graph in Figure 7.2 into three sets of energy bars: before the collision, 

during the collision, and after the collision. In each set, include a bar for K1 , a bar for K2 , and a bar 

for the internal energy of the system, and assume that the system is closed.

4.  Describe a scenario to fit the energy bars shown in Figure 7.22. What happens during the interaction?

Figure 7.22 

K U Es Eth K U Es Eth

∆Es

∆U∆K

∆Eth

Figure 7.23 

vx

t1

2

5.  Describe a scenario to fit the velocity-versus-time curves for two colliding objects shown in 

Figure 7.23. What happens to the initial energy of the system of colliding objects during the 

interaction?

Answers
1. (a) The cart with the smaller inertia experiences the greater acceleration (see Figure 7.2). (b) The magnitude 

of ∆pS1 is the same as the magnitude of ∆pS2 , but the changes are in opposite directions because the momentum 

of the system does not change during the collision. (c) �∆K1� = �∆K2� , but the changes are opposite in sign 

because the kinetic energy of the system before the elastic collision has to be the same as the kinetic energy of 

the system afterward.

2. (a) Reversible. The ball returns to its original shape. (b) Irreversible. The fender remains crumpled. (c) Irreversible. 

The balloon does not completely return to its original shape after deflation. (d) Irreversible. Your footprints 

remain.

3. See Figure 7.24. Before the collision K1 = 0, K2 is maximal, 

and Eint = 0; during the collision K1 , K2 , and Eint are all 

about one-third of the initial value of K1; after the collision 

K1 is about 7>8 of the initial value of K1 , K2 is about 1>8 of 

the initial value of K1 , and Eint = 0. Because the system is 

closed, its energy is constant, which means the sum of the 

three bars is always the same.

4. During the interaction, eight units of source energy is con-

verted to two units of kinetic energy, two units of potential 

energy, and four units of thermal energy. One possible scenario is the vertical launching of a ball. Consider the 

system comprising you, the ball, and Earth from just before the ball is launched until after it has traveled some 

distance upward: The source energy goes down (you exert some effort), thermal energy goes up (in the process 

of exerting effort you heat up), kinetic energy goes up (the ball was at rest before the launch), and so does po-

tential energy (the distance between the ground and the ball increases).

5. The graph represents an inelastic collision because the relative velocity of the two objects decreases to about 

half its initial value. In order for the momentum of the system to remain constant, the inertia of object 1 must 

be twice that of object 2. Possible scenario: Object 2, inertia m, collides inelastically with object 1, inertia 2m. 

The collision brings object 2 to rest and sets object 1 in motion. The interaction converts the initial kinetic energy 

of object 2 to kinetic energy of cart 1 and to thermal energy and/or incoherent configuration energy of both carts.

Figure 7.24 
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6.5 Galilean relativity
Consider two observers, A and B, moving at constant velocity relative to each other. Suppose they observe the same event and describe it relative to their respective reference frames and clocks (Figure 6.13). Let the origins of the two observers’ reference frames coincide at t = 0 (Figure 6.13a). Observer A sees the event as happening at position rSAe at clock reading tAe (Figure 6.13b).* Observer B sees the event at position rSBe at clock reading tBe . What is the relationship between these clock readings and positions?If, as we discussed in Chapter 1, we assume time is absolute—the same everywhere—and if the two observers have synchronized their (identical) clocks, they both observe the event at the same clock readings, which means

 
tAe = tBe. (6.1)

Because the clock readings of the two observers always agree, we can omit the subscripts referring to the reference frames:

 tA = tB = t. (6.2)
From Figure 6.13 we see that the position rSAB of observer B in reference frame A at instant te is equal to B’s displacement over the time interval ∆t = te − 0 = te , and so rSAB = vSAB te because B moves at constant velocity vSAB . Therefore

 rSAe = rSAB + rSBe = vSAB te + rSBe . (6.3)
Equations 6.2 and 6.3 allow us to relate event data collected in one reference frame to data on the same event e collected in a reference frame that moves at constant velocity relative to the first one (neither of these has to be at rest relative to Earth, but their origins must coincide at t = 0). To this end we rewrite these equations so that they give the values of time and position in reference frame B 

Figure 6.13 Two observers moving relative to each other observe the same event. Observer B moves at constant velocity vSAB 
relative to observer A. (a) The origins O of the two reference frames overlap at instant t = 0. (b) At instant te , when the event 
occurs, the origin of observer B’s reference frame has a displacement vSAB te relative to reference frame A.

event

OA OB

OA  =  OB

Both observers start at origin at clock reading t  =  0.

In time interval shown, observer B advances this distance.

vAB

rBe
rAB  =  vABte

tA  =  tB  =  0

rAe

tBe  =  tAe  =  te

tAe

(a)

A

A
B

B

Origin in frame A Origin in frame B

S

S

S
S S

vAB
S

(b)

*Remember our subscript form: The capital letter refers to the reference frame; the lowercase e is for 
“event.” Thus the vector rSAe represents observer A’s measurement of the position at which the event 
occurs.
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Consider two observers, A and B, moving at constant velocity relative to each other. Suppose they observe the same event and describe it relative to their respective reference frames and clocks (Figure 6.13). Let the origins of the two observers’ reference frames coincide at t = 0 (Figure 6.13a). Observer A sees the event as happening at position rSAe at clock reading tAe (Figure 6.13b).* Observer B sees the event at position rSBe at clock reading tBe . What is the relationship between these clock readings and positions?If, as we discussed in Chapter 1, we assume time is absolute—the same everywhere—and if the two observers have synchronized their (identical) clocks, they both observe the event at the same clock readings, which means

 
tAe = tBe. (6.1)

Because the clock readings of the two observers always agree, we can omit the subscripts referring to the reference frames:

 tA = tB = t. (6.2)
From Figure 6.13 we see that the position rSAB of observer B in reference frame A at instant te is equal to B’s displacement over the time interval ∆t = te − 0 = te , and so rSAB = vSAB te because B moves at constant velocity vSAB . Therefore

 rSAe = rSAB + rSBe = vSAB te + rSBe . (6.3)
Equations 6.2 and 6.3 allow us to relate event data collected in one reference frame to data on the same event e collected in a reference frame that moves at constant velocity relative to the first one (neither of these has to be at rest relative to Earth, but their origins must coincide at t = 0). To this end we rewrite these equations so that they give the values of time and position in reference frame B 

Figure 6.13 Two observers moving relative to each other observe the same event. Observer B moves at constant velocity vSAB 
relative to observer A. (a) The origins O of the two reference frames overlap at instant t = 0. (b) At instant te , when the event 
occurs, the origin of observer B’s reference frame has a displacement vSAB te relative to reference frame A.

event

OA OB

OA  =  OB

Both observers start at origin at clock reading t  =  0.

In time interval shown, observer B advances this distance.

vAB

rBe
rAB  =  vABte

tA  =  tB  =  0

rAe

tBe  =  tAe  =  te

tAe

(a)

A

A
B

B

Origin in frame A Origin in frame B

S

S

S
S S

vAB
S

(b)

*Remember our subscript form: The capital letter refers to the reference frame; the lowercase e is for 
“event.” Thus the vector rSAe represents observer A’s measurement of the position at which the event 
occurs.
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234 Chapter 10  motion in a plane

Even though the normal and tangential components of 
the contact force exerted by the floor on the cabinet belong 
to the same interaction, they behave differently and are 
usually treated as two separate forces: the normal compo-
nent being called the normal force and the tangential com-
ponent being called the force of friction.

To understand the difference between normal and fric-
tional forces, consider a brick on a horizontal wooden plank 
supported at both ends (Figure 10.19a). Because the brick 
is at rest, the normal force F

S c
pb# exerted by the plank on 

it is equal in magnitude to the gravitational force exerted 
on it. Now imagine using your hand to push down on 
the brick with a force F

S c
hb. Your downward push increases 

the total downward force exerted on the brick, and, like a 
spring under compression, the plank bends until the nor-
mal force it exerts on the brick balances the combined 
downward forces exerted by your hand and by Earth on the 
brick (Figure 10.19b). As you push down harder, the plank 
bends more, and the normal force continues to increase 
(Figure 10.19c) until you exceed the plank’s capacity to pro-
vide support and it snaps, at which point the normal force 
suddenly disappears (Figure 10.19d). So, normal forces take 
on whatever value is required to prevent whatever is push-
ing down on a surface from moving through that surface—
up to the breaking point of the supporting material.

Next imagine that instead of pushing down on the 
brick of Figure 10.19a, you gently push it to the right, as 
in Figure 10.20. As long as you don’t push hard, the brick 
remains at rest. This tells you that the horizontal forces 
 exerted on the brick add to zero, and so the plank must be 
exerting on the brick a horizontal frictional force that is 
equal in magnitude to your push but in the opposite direc-
tion. This horizontal force is caused by microscopic bonds 
between the surfaces in contact. Whenever two objects are 
placed in contact, such bonds form at the extremities of 
microscopic bumps on the surfaces of the objects. When 
you try to slide the surfaces past each other, these tiny 
bonds prevent sideways motion. As you push the brick to 
the right, the bumps resist bending and, like microscopic 
springs, each bump exerts a force to the left. The net effect 
of all these microscopic forces is to hold the brick in place. 
As you increase the force of your push, the bumps resist 
bending more and the tangential component of the contact 
force grows. This friction exerted by surfaces that are not 
moving relative to each other is called static friction.

(b) From Figure 10.18 I see that tan u = �Fc
sp x� > �F c

sp y� . For

u 6 45° , tan u 6 1, and so �Fc
sp x� 6 �F c

sp y� . Because �Fc
sp y� = FG

Ep

and �Fc
sp x� = Fc

rp, I find that for u 6 45°, Fc
rp 6 FG

Ep. When

u 7 45° , tan u 7 1, and so �Fc
sp x� 7 �F c

sp y�  and Fc
rp 7 FG

Ep. ✔

(c) �F
S c

sp y� = FG
Ep and Fc

sp = 2(Fc
sp x)2 + (Fc

sp y)2 . Therefore, Fc
sp 

must always be larger than FG
Ep when u Z 0. ✔

❹ EvaluatE rEsult I know from experience that you have to 

pull harder to move a swing farther from its equilibrium posi-

tion, and so my answer to part a makes sense. With regard to 

part b, when the swing is at rest at 45°, the forces F
S c

rp and F
S G

Ep 

on your friend make the same angle with the force F
S c

sp, and so 

F
S c

rp and F
S G

Ep should be equal in magnitude. The force of gravity 

is independent of the angle, but the force exerted by the rope in-

creases with increasing angle, and so it makes sense that for  angles 

larger than 45°, F
S c

rp is larger than F
S G

Ep. In part c, because the 

vertical component of the force F
S c

sp exerted by the seat on your 

friend always has to be equal to the force of gravity, adding a 

horizontal component makes F
S c

sp larger than F
S G

Ep, as I found.

10.4 You decide to move a heavy file cabinet by sliding 

it across the floor. You push against the cabinet, but it doesn’t 

budge. Draw a free-body diagram for it.

10.4 Friction
The force that opposes your push on the file cabinet in 
Checkpoint 10.4—the tangential component of the contact 
force exerted by the floor on the cabinet—has to do with 
friction. If the floor were very slick or if the cabinet had 
casters, there would be little friction and your push would 
easily move the cabinet. Instead, you have to lean against it 
with all your strength until, with a jerk, it suddenly begins 
to slide. Once you get the cabinet moving, you must keep 
pushing to keep it in motion. If you stop pushing, friction 
stops the motion.

10.5 (a) Suppose you push the file cabinet just enough to 

keep it moving at constant speed. Draw a free-body diagram for 

the cabinet while it slides at constant speed. (b) Suddenly you 

stop pushing. Draw a free-body diagram for the file cabinet at 

this instant.

Don’t skip Checkpoint 10.5! It will be harder to under-
stand the rest of this section if you haven’t thought about 
these situations.

Figure 10.19 A demonstration of the normal force.

As you push harder, contact force exerted by 
plank on brick increases, supporting brick c cuntil plank breaks.   
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234 Chapter 10  motion in a plane

Even though the normal and tangential components of 
the contact force exerted by the floor on the cabinet belong 
to the same interaction, they behave differently and are 
usually treated as two separate forces: the normal compo-
nent being called the normal force and the tangential com-
ponent being called the force of friction.

To understand the difference between normal and fric-
tional forces, consider a brick on a horizontal wooden plank 
supported at both ends (Figure 10.19a). Because the brick 
is at rest, the normal force F

S c
pb# exerted by the plank on 

it is equal in magnitude to the gravitational force exerted 
on it. Now imagine using your hand to push down on 
the brick with a force F

S c
hb. Your downward push increases 

the total downward force exerted on the brick, and, like a 
spring under compression, the plank bends until the nor-
mal force it exerts on the brick balances the combined 
downward forces exerted by your hand and by Earth on the 
brick (Figure 10.19b). As you push down harder, the plank 
bends more, and the normal force continues to increase 
(Figure 10.19c) until you exceed the plank’s capacity to pro-
vide support and it snaps, at which point the normal force 
suddenly disappears (Figure 10.19d). So, normal forces take 
on whatever value is required to prevent whatever is push-
ing down on a surface from moving through that surface—
up to the breaking point of the supporting material.

Next imagine that instead of pushing down on the 
brick of Figure 10.19a, you gently push it to the right, as 
in Figure 10.20. As long as you don’t push hard, the brick 
remains at rest. This tells you that the horizontal forces 
 exerted on the brick add to zero, and so the plank must be 
exerting on the brick a horizontal frictional force that is 
equal in magnitude to your push but in the opposite direc-
tion. This horizontal force is caused by microscopic bonds 
between the surfaces in contact. Whenever two objects are 
placed in contact, such bonds form at the extremities of 
microscopic bumps on the surfaces of the objects. When 
you try to slide the surfaces past each other, these tiny 
bonds prevent sideways motion. As you push the brick to 
the right, the bumps resist bending and, like microscopic 
springs, each bump exerts a force to the left. The net effect 
of all these microscopic forces is to hold the brick in place. 
As you increase the force of your push, the bumps resist 
bending more and the tangential component of the contact 
force grows. This friction exerted by surfaces that are not 
moving relative to each other is called static friction.

(b) From Figure 10.18 I see that tan u = �Fc
sp x� > �F c

sp y� . For

u 6 45° , tan u 6 1, and so �Fc
sp x� 6 �F c

sp y� . Because �Fc
sp y� = FG

Ep

and �Fc
sp x� = Fc

rp, I find that for u 6 45°, Fc
rp 6 FG

Ep. When

u 7 45° , tan u 7 1, and so �Fc
sp x� 7 �F c

sp y�  and Fc
rp 7 FG

Ep. ✔

(c) �F
S c

sp y� = FG
Ep and Fc

sp = 2(Fc
sp x)2 + (Fc

sp y)2 . Therefore, Fc
sp 

must always be larger than FG
Ep when u Z 0. ✔

❹ EvaluatE rEsult I know from experience that you have to 

pull harder to move a swing farther from its equilibrium posi-

tion, and so my answer to part a makes sense. With regard to 

part b, when the swing is at rest at 45°, the forces F
S c

rp and F
S G

Ep 

on your friend make the same angle with the force F
S c

sp, and so 

F
S c

rp and F
S G

Ep should be equal in magnitude. The force of gravity 

is independent of the angle, but the force exerted by the rope in-

creases with increasing angle, and so it makes sense that for  angles 

larger than 45°, F
S c

rp is larger than F
S G

Ep. In part c, because the 

vertical component of the force F
S c

sp exerted by the seat on your 

friend always has to be equal to the force of gravity, adding a 

horizontal component makes F
S c

sp larger than F
S G

Ep, as I found.

10.4 You decide to move a heavy file cabinet by sliding 

it across the floor. You push against the cabinet, but it doesn’t 

budge. Draw a free-body diagram for it.

10.4 Friction
The force that opposes your push on the file cabinet in 
Checkpoint 10.4—the tangential component of the contact 
force exerted by the floor on the cabinet—has to do with 
friction. If the floor were very slick or if the cabinet had 
casters, there would be little friction and your push would 
easily move the cabinet. Instead, you have to lean against it 
with all your strength until, with a jerk, it suddenly begins 
to slide. Once you get the cabinet moving, you must keep 
pushing to keep it in motion. If you stop pushing, friction 
stops the motion.

10.5 (a) Suppose you push the file cabinet just enough to 

keep it moving at constant speed. Draw a free-body diagram for 

the cabinet while it slides at constant speed. (b) Suddenly you 

stop pushing. Draw a free-body diagram for the file cabinet at 

this instant.

Don’t skip Checkpoint 10.5! It will be harder to under-
stand the rest of this section if you haven’t thought about 
these situations.

Figure 10.19 A demonstration of the normal force.

As you push harder, contact force exerted by 
plank on brick increases, supporting brick c cuntil plank breaks.   
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234 Chapter 10  motion in a plane

Even though the normal and tangential components of 
the contact force exerted by the floor on the cabinet belong 
to the same interaction, they behave differently and are 
usually treated as two separate forces: the normal compo-
nent being called the normal force and the tangential com-
ponent being called the force of friction.

To understand the difference between normal and fric-
tional forces, consider a brick on a horizontal wooden plank 
supported at both ends (Figure 10.19a). Because the brick 
is at rest, the normal force F

S c
pb# exerted by the plank on 

it is equal in magnitude to the gravitational force exerted 
on it. Now imagine using your hand to push down on 
the brick with a force F

S c
hb. Your downward push increases 

the total downward force exerted on the brick, and, like a 
spring under compression, the plank bends until the nor-
mal force it exerts on the brick balances the combined 
downward forces exerted by your hand and by Earth on the 
brick (Figure 10.19b). As you push down harder, the plank 
bends more, and the normal force continues to increase 
(Figure 10.19c) until you exceed the plank’s capacity to pro-
vide support and it snaps, at which point the normal force 
suddenly disappears (Figure 10.19d). So, normal forces take 
on whatever value is required to prevent whatever is push-
ing down on a surface from moving through that surface—
up to the breaking point of the supporting material.

Next imagine that instead of pushing down on the 
brick of Figure 10.19a, you gently push it to the right, as 
in Figure 10.20. As long as you don’t push hard, the brick 
remains at rest. This tells you that the horizontal forces 
 exerted on the brick add to zero, and so the plank must be 
exerting on the brick a horizontal frictional force that is 
equal in magnitude to your push but in the opposite direc-
tion. This horizontal force is caused by microscopic bonds 
between the surfaces in contact. Whenever two objects are 
placed in contact, such bonds form at the extremities of 
microscopic bumps on the surfaces of the objects. When 
you try to slide the surfaces past each other, these tiny 
bonds prevent sideways motion. As you push the brick to 
the right, the bumps resist bending and, like microscopic 
springs, each bump exerts a force to the left. The net effect 
of all these microscopic forces is to hold the brick in place. 
As you increase the force of your push, the bumps resist 
bending more and the tangential component of the contact 
force grows. This friction exerted by surfaces that are not 
moving relative to each other is called static friction.

(b) From Figure 10.18 I see that tan u = �Fc
sp x� > �F c

sp y� . For

u 6 45° , tan u 6 1, and so �Fc
sp x� 6 �F c

sp y� . Because �Fc
sp y� = FG

Ep

and �Fc
sp x� = Fc

rp, I find that for u 6 45°, Fc
rp 6 FG

Ep. When

u 7 45° , tan u 7 1, and so �Fc
sp x� 7 �F c

sp y�  and Fc
rp 7 FG

Ep. ✔

(c) �F
S c

sp y� = FG
Ep and Fc

sp = 2(Fc
sp x)2 + (Fc

sp y)2 . Therefore, Fc
sp 

must always be larger than FG
Ep when u Z 0. ✔

❹ EvaluatE rEsult I know from experience that you have to 

pull harder to move a swing farther from its equilibrium posi-

tion, and so my answer to part a makes sense. With regard to 

part b, when the swing is at rest at 45°, the forces F
S c

rp and F
S G

Ep 

on your friend make the same angle with the force F
S c

sp, and so 

F
S c

rp and F
S G

Ep should be equal in magnitude. The force of gravity 

is independent of the angle, but the force exerted by the rope in-

creases with increasing angle, and so it makes sense that for  angles 

larger than 45°, F
S c

rp is larger than F
S G

Ep. In part c, because the 

vertical component of the force F
S c

sp exerted by the seat on your 

friend always has to be equal to the force of gravity, adding a 

horizontal component makes F
S c

sp larger than F
S G

Ep, as I found.

10.4 You decide to move a heavy file cabinet by sliding 

it across the floor. You push against the cabinet, but it doesn’t 

budge. Draw a free-body diagram for it.

10.4 Friction
The force that opposes your push on the file cabinet in 
Checkpoint 10.4—the tangential component of the contact 
force exerted by the floor on the cabinet—has to do with 
friction. If the floor were very slick or if the cabinet had 
casters, there would be little friction and your push would 
easily move the cabinet. Instead, you have to lean against it 
with all your strength until, with a jerk, it suddenly begins 
to slide. Once you get the cabinet moving, you must keep 
pushing to keep it in motion. If you stop pushing, friction 
stops the motion.

10.5 (a) Suppose you push the file cabinet just enough to 

keep it moving at constant speed. Draw a free-body diagram for 

the cabinet while it slides at constant speed. (b) Suddenly you 

stop pushing. Draw a free-body diagram for the file cabinet at 

this instant.

Don’t skip Checkpoint 10.5! It will be harder to under-
stand the rest of this section if you haven’t thought about 
these situations.

Figure 10.19 A demonstration of the normal force.

As you push harder, contact force exerted by 
plank on brick increases, supporting brick c cuntil plank breaks.   
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234 Chapter 10  motion in a plane

Even though the normal and tangential components of 
the contact force exerted by the floor on the cabinet belong 
to the same interaction, they behave differently and are 
usually treated as two separate forces: the normal compo-
nent being called the normal force and the tangential com-
ponent being called the force of friction.

To understand the difference between normal and fric-
tional forces, consider a brick on a horizontal wooden plank 
supported at both ends (Figure 10.19a). Because the brick 
is at rest, the normal force F

S c
pb# exerted by the plank on 

it is equal in magnitude to the gravitational force exerted 
on it. Now imagine using your hand to push down on 
the brick with a force F

S c
hb. Your downward push increases 

the total downward force exerted on the brick, and, like a 
spring under compression, the plank bends until the nor-
mal force it exerts on the brick balances the combined 
downward forces exerted by your hand and by Earth on the 
brick (Figure 10.19b). As you push down harder, the plank 
bends more, and the normal force continues to increase 
(Figure 10.19c) until you exceed the plank’s capacity to pro-
vide support and it snaps, at which point the normal force 
suddenly disappears (Figure 10.19d). So, normal forces take 
on whatever value is required to prevent whatever is push-
ing down on a surface from moving through that surface—
up to the breaking point of the supporting material.

Next imagine that instead of pushing down on the 
brick of Figure 10.19a, you gently push it to the right, as 
in Figure 10.20. As long as you don’t push hard, the brick 
remains at rest. This tells you that the horizontal forces 
 exerted on the brick add to zero, and so the plank must be 
exerting on the brick a horizontal frictional force that is 
equal in magnitude to your push but in the opposite direc-
tion. This horizontal force is caused by microscopic bonds 
between the surfaces in contact. Whenever two objects are 
placed in contact, such bonds form at the extremities of 
microscopic bumps on the surfaces of the objects. When 
you try to slide the surfaces past each other, these tiny 
bonds prevent sideways motion. As you push the brick to 
the right, the bumps resist bending and, like microscopic 
springs, each bump exerts a force to the left. The net effect 
of all these microscopic forces is to hold the brick in place. 
As you increase the force of your push, the bumps resist 
bending more and the tangential component of the contact 
force grows. This friction exerted by surfaces that are not 
moving relative to each other is called static friction.

(b) From Figure 10.18 I see that tan u = �Fc
sp x� > �F c

sp y� . For

u 6 45° , tan u 6 1, and so �Fc
sp x� 6 �F c

sp y� . Because �Fc
sp y� = FG

Ep

and �Fc
sp x� = Fc

rp, I find that for u 6 45°, Fc
rp 6 FG

Ep. When

u 7 45° , tan u 7 1, and so �Fc
sp x� 7 �F c

sp y�  and Fc
rp 7 FG

Ep. ✔

(c) �F
S c

sp y� = FG
Ep and Fc

sp = 2(Fc
sp x)2 + (Fc

sp y)2 . Therefore, Fc
sp 

must always be larger than FG
Ep when u Z 0. ✔

❹ EvaluatE rEsult I know from experience that you have to 

pull harder to move a swing farther from its equilibrium posi-

tion, and so my answer to part a makes sense. With regard to 

part b, when the swing is at rest at 45°, the forces F
S c

rp and F
S G

Ep 

on your friend make the same angle with the force F
S c

sp, and so 

F
S c

rp and F
S G

Ep should be equal in magnitude. The force of gravity 

is independent of the angle, but the force exerted by the rope in-

creases with increasing angle, and so it makes sense that for  angles 

larger than 45°, F
S c

rp is larger than F
S G

Ep. In part c, because the 

vertical component of the force F
S c

sp exerted by the seat on your 

friend always has to be equal to the force of gravity, adding a 

horizontal component makes F
S c

sp larger than F
S G

Ep, as I found.

10.4 You decide to move a heavy file cabinet by sliding 

it across the floor. You push against the cabinet, but it doesn’t 

budge. Draw a free-body diagram for it.

10.4 Friction
The force that opposes your push on the file cabinet in 
Checkpoint 10.4—the tangential component of the contact 
force exerted by the floor on the cabinet—has to do with 
friction. If the floor were very slick or if the cabinet had 
casters, there would be little friction and your push would 
easily move the cabinet. Instead, you have to lean against it 
with all your strength until, with a jerk, it suddenly begins 
to slide. Once you get the cabinet moving, you must keep 
pushing to keep it in motion. If you stop pushing, friction 
stops the motion.

10.5 (a) Suppose you push the file cabinet just enough to 

keep it moving at constant speed. Draw a free-body diagram for 

the cabinet while it slides at constant speed. (b) Suddenly you 

stop pushing. Draw a free-body diagram for the file cabinet at 

this instant.

Don’t skip Checkpoint 10.5! It will be harder to under-
stand the rest of this section if you haven’t thought about 
these situations.

Figure 10.19 A demonstration of the normal force.

As you push harder, contact force exerted by 
plank on brick increases, supporting brick c cuntil plank breaks.   
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If we increase the number of energy units in the box 
of Figure 19.13 to 100 or 1000, the number of basic states 
grows exponentially, and if we plot the probability of each 
macrostate as a function of the fraction of energy in A, we 
obtain the two curves labeled 100 and 1000 in Figure 19.14. 
Just as we saw in Figure 19.7, the most probable macro-
state doesn’t change, but the probability peaks much more 
narrowly around this state. In other words, the most prob-
able macrostate—the equilibrium state—is now even more 
likely than any other macrostate.

Note that the number of basic states is very large, even 
with just ten energy units and 20 particles. In a box of vol-
ume 1 m3 containing air at atmospheric pressure and room 
temperature, there are on the order of 1025 particles and 
1020 energy units per particle, and so the number of basic 
states becomes unimaginably large—on the order of ten 
raised to the power 1021! Because the number of basic states 
is so large, it is more convenient to work with the natural 
logarithm of that number. As you can see from the right-
most column in Table 19.2, the natural logarithm of the 
number of basic states is indeed much more manageable.

Figure 19.15 shows how the natural logarithms of ΩA, ΩB, 
and Ω vary with the number of energy units in compartment 
A in Figure 19.13. As you can see, the natural logarithm of 
the number of basic states changes much less rapidly than the 
number of basic states. Note that as EA increases, the num-
ber of basic states ΩA increases. As EA increases, however, EB 
decreases and so ΩB decreases. The number of basic states 
Ω is maximum when EA = 7 and EB = 3, representing an 
equipartition of energy. The most probable macrostate (equi-
librium) is achieved when there is equipartition of energy.

19.15 What is the average energy per particle in compart-
ments A and B in Figure 19.13 (a) when there is one energy unit 
in A and (b) when the system is at equilibrium?

As you can see from Table 19.2, with EA = 1 the number of 
basic states for the system (2.80 × 104) is more than 100 times 
smaller than it is at equilibrium (EA = 7, Ω = 4.34 × 106). 
Collisions between the particles and the partition redistribute 

basic states available to the system is obtained by multiply-
ing ΩA by ΩB: Ω = ΩAΩB. 

The probability of each macrostate is obtained by di-
viding Ω, the number of basic states associated with that 
macrostate, by Ωtot, the number of basic states associated 
with all macrostates (2.00 × 107; see Table 19.2). The table 
shows you that this probability is greatest for the macro-
state EA = 7, as you would expect. Given that there are 14 
particles in A and six in B, on average each particle has half 
an energy unit, and so the EA = 7 macrostate corresponds 
to an equipartitioning of the energy. The curve labeled 10 
units in Figure 19.14 shows this probability as a function of 
the fraction of energy contained in A.

example 19.6 Probability of macrostates

In Figure 19.13, after a very large number of particle-partition 
collisions have occurred, what is the probability of finding the 
system in (a) the macrostate EA = 1 and (b) the macrostate 
EA = 7?
❶ GettinG Started Because all basic states are equally likely, 
the probability of finding the system in macrostate EA is equal 
to the fraction Ω >Ωtot, where Ω is the number of basic states 
of the system associated with the macrostate EA and Ωtot is 
the total number of basic states associated with all macrostates 
(2.00 × 107; Table 19.2).
❷ deviSe plan To find the probability of a given macrostate 
EA, I divide the value of Ω for that macrostate given in Table 19.2 
by Ωtot = 2.00 × 107.
❸ execute plan (a) For EA = 1, Table 19.2 tells me that 
Ω = 2.80 × 104. The probability of macrostate EA = 1 is thus 
(2.80 × 104)>(2.00 × 107) = 1.40 × 10-3. ✔
(b) For the macrostate EA = 7, Ω = 4.34 × 106. So the probabil-
ity of this macrostate occurring is (4.34 × 106)>(2.00 × 107) =  
2.17 × 10-1. ✔
❹ evaluate reSult My result shows that the macrostate 
EA = 7 is more than 150 times more probable than the macro-
state EA = 1. This makes sense because, as we saw earlier, the 
macrostate EA = 7 is the equilibrium state for which there is an 
equipartition of energy.

Figure 19.15 Natural logarithm of the number of basic states for 
 compartment A, for compartment B, and for the two compartments in 
Figure 19.13 combined. The number of basic states is maximal when the 
energy is equipartitioned (seven energy units in A).
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Figure 19.14 Probability of finding a given fraction of the system’s 
energy in compartment A of the box in Figure 19.13. As the number 
of  energy units increases from 10 to 1000, the probability distribution 
 becomes narrower but remains centered about the mean energy.
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If we increase the number of energy units in the box 
of Figure 19.13 to 100 or 1000, the number of basic states 
grows exponentially, and if we plot the probability of each 
macrostate as a function of the fraction of energy in A, we 
obtain the two curves labeled 100 and 1000 in Figure 19.14. 
Just as we saw in Figure 19.7, the most probable macro-
state doesn’t change, but the probability peaks much more 
narrowly around this state. In other words, the most prob-
able macrostate—the equilibrium state—is now even more 
likely than any other macrostate.

Note that the number of basic states is very large, even 
with just ten energy units and 20 particles. In a box of vol-
ume 1 m3 containing air at atmospheric pressure and room 
temperature, there are on the order of 1025 particles and 
1020 energy units per particle, and so the number of basic 
states becomes unimaginably large—on the order of ten 
raised to the power 1021! Because the number of basic states 
is so large, it is more convenient to work with the natural 
logarithm of that number. As you can see from the right-
most column in Table 19.2, the natural logarithm of the 
number of basic states is indeed much more manageable.

Figure 19.15 shows how the natural logarithms of ΩA, ΩB, 
and Ω vary with the number of energy units in compartment 
A in Figure 19.13. As you can see, the natural logarithm of 
the number of basic states changes much less rapidly than the 
number of basic states. Note that as EA increases, the num-
ber of basic states ΩA increases. As EA increases, however, EB 
decreases and so ΩB decreases. The number of basic states 
Ω is maximum when EA = 7 and EB = 3, representing an 
equipartition of energy. The most probable macrostate (equi-
librium) is achieved when there is equipartition of energy.

19.15 What is the average energy per particle in compart-
ments A and B in Figure 19.13 (a) when there is one energy unit 
in A and (b) when the system is at equilibrium?

As you can see from Table 19.2, with EA = 1 the number of 
basic states for the system (2.80 × 104) is more than 100 times 
smaller than it is at equilibrium (EA = 7, Ω = 4.34 × 106). 
Collisions between the particles and the partition redistribute 

basic states available to the system is obtained by multiply-
ing ΩA by ΩB: Ω = ΩAΩB. 

The probability of each macrostate is obtained by di-
viding Ω, the number of basic states associated with that 
macrostate, by Ωtot, the number of basic states associated 
with all macrostates (2.00 × 107; see Table 19.2). The table 
shows you that this probability is greatest for the macro-
state EA = 7, as you would expect. Given that there are 14 
particles in A and six in B, on average each particle has half 
an energy unit, and so the EA = 7 macrostate corresponds 
to an equipartitioning of the energy. The curve labeled 10 
units in Figure 19.14 shows this probability as a function of 
the fraction of energy contained in A.

example 19.6 Probability of macrostates

In Figure 19.13, after a very large number of particle-partition 
collisions have occurred, what is the probability of finding the 
system in (a) the macrostate EA = 1 and (b) the macrostate 
EA = 7?
❶ GettinG Started Because all basic states are equally likely, 
the probability of finding the system in macrostate EA is equal 
to the fraction Ω >Ωtot, where Ω is the number of basic states 
of the system associated with the macrostate EA and Ωtot is 
the total number of basic states associated with all macrostates 
(2.00 × 107; Table 19.2).
❷ deviSe plan To find the probability of a given macrostate 
EA, I divide the value of Ω for that macrostate given in Table 19.2 
by Ωtot = 2.00 × 107.
❸ execute plan (a) For EA = 1, Table 19.2 tells me that 
Ω = 2.80 × 104. The probability of macrostate EA = 1 is thus 
(2.80 × 104)>(2.00 × 107) = 1.40 × 10-3. ✔
(b) For the macrostate EA = 7, Ω = 4.34 × 106. So the probabil-
ity of this macrostate occurring is (4.34 × 106)>(2.00 × 107) =  
2.17 × 10-1. ✔
❹ evaluate reSult My result shows that the macrostate 
EA = 7 is more than 150 times more probable than the macro-
state EA = 1. This makes sense because, as we saw earlier, the 
macrostate EA = 7 is the equilibrium state for which there is an 
equipartition of energy.

Figure 19.15 Natural logarithm of the number of basic states for 
 compartment A, for compartment B, and for the two compartments in 
Figure 19.13 combined. The number of basic states is maximal when the 
energy is equipartitioned (seven energy units in A).
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Figure 19.14 Probability of finding a given fraction of the system’s 
energy in compartment A of the box in Figure 19.13. As the number 
of  energy units increases from 10 to 1000, the probability distribution 
 becomes narrower but remains centered about the mean energy.
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If we increase the number of energy units in the box 
of Figure 19.13 to 100 or 1000, the number of basic states 
grows exponentially, and if we plot the probability of each 
macrostate as a function of the fraction of energy in A, we 
obtain the two curves labeled 100 and 1000 in Figure 19.14. 
Just as we saw in Figure 19.7, the most probable macro-
state doesn’t change, but the probability peaks much more 
narrowly around this state. In other words, the most prob-
able macrostate—the equilibrium state—is now even more 
likely than any other macrostate.

Note that the number of basic states is very large, even 
with just ten energy units and 20 particles. In a box of vol-
ume 1 m3 containing air at atmospheric pressure and room 
temperature, there are on the order of 1025 particles and 
1020 energy units per particle, and so the number of basic 
states becomes unimaginably large—on the order of ten 
raised to the power 1021! Because the number of basic states 
is so large, it is more convenient to work with the natural 
logarithm of that number. As you can see from the right-
most column in Table 19.2, the natural logarithm of the 
number of basic states is indeed much more manageable.

Figure 19.15 shows how the natural logarithms of ΩA, ΩB, 
and Ω vary with the number of energy units in compartment 
A in Figure 19.13. As you can see, the natural logarithm of 
the number of basic states changes much less rapidly than the 
number of basic states. Note that as EA increases, the num-
ber of basic states ΩA increases. As EA increases, however, EB 
decreases and so ΩB decreases. The number of basic states 
Ω is maximum when EA = 7 and EB = 3, representing an 
equipartition of energy. The most probable macrostate (equi-
librium) is achieved when there is equipartition of energy.

19.15 What is the average energy per particle in compart-
ments A and B in Figure 19.13 (a) when there is one energy unit 
in A and (b) when the system is at equilibrium?

As you can see from Table 19.2, with EA = 1 the number of 
basic states for the system (2.80 × 104) is more than 100 times 
smaller than it is at equilibrium (EA = 7, Ω = 4.34 × 106). 
Collisions between the particles and the partition redistribute 

basic states available to the system is obtained by multiply-
ing ΩA by ΩB: Ω = ΩAΩB. 

The probability of each macrostate is obtained by di-
viding Ω, the number of basic states associated with that 
macrostate, by Ωtot, the number of basic states associated 
with all macrostates (2.00 × 107; see Table 19.2). The table 
shows you that this probability is greatest for the macro-
state EA = 7, as you would expect. Given that there are 14 
particles in A and six in B, on average each particle has half 
an energy unit, and so the EA = 7 macrostate corresponds 
to an equipartitioning of the energy. The curve labeled 10 
units in Figure 19.14 shows this probability as a function of 
the fraction of energy contained in A.

example 19.6 Probability of macrostates

In Figure 19.13, after a very large number of particle-partition 
collisions have occurred, what is the probability of finding the 
system in (a) the macrostate EA = 1 and (b) the macrostate 
EA = 7?
❶ GettinG Started Because all basic states are equally likely, 
the probability of finding the system in macrostate EA is equal 
to the fraction Ω >Ωtot, where Ω is the number of basic states 
of the system associated with the macrostate EA and Ωtot is 
the total number of basic states associated with all macrostates 
(2.00 × 107; Table 19.2).
❷ deviSe plan To find the probability of a given macrostate 
EA, I divide the value of Ω for that macrostate given in Table 19.2 
by Ωtot = 2.00 × 107.
❸ execute plan (a) For EA = 1, Table 19.2 tells me that 
Ω = 2.80 × 104. The probability of macrostate EA = 1 is thus 
(2.80 × 104)>(2.00 × 107) = 1.40 × 10-3. ✔
(b) For the macrostate EA = 7, Ω = 4.34 × 106. So the probabil-
ity of this macrostate occurring is (4.34 × 106)>(2.00 × 107) =  
2.17 × 10-1. ✔
❹ evaluate reSult My result shows that the macrostate 
EA = 7 is more than 150 times more probable than the macro-
state EA = 1. This makes sense because, as we saw earlier, the 
macrostate EA = 7 is the equilibrium state for which there is an 
equipartition of energy.

Figure 19.15 Natural logarithm of the number of basic states for 
 compartment A, for compartment B, and for the two compartments in 
Figure 19.13 combined. The number of basic states is maximal when the 
energy is equipartitioned (seven energy units in A).
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Figure 19.14 Probability of finding a given fraction of the system’s 
energy in compartment A of the box in Figure 19.13. As the number 
of  energy units increases from 10 to 1000, the probability distribution 
 becomes narrower but remains centered about the mean energy.
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If we increase the number of energy units in the box 
of Figure 19.13 to 100 or 1000, the number of basic states 
grows exponentially, and if we plot the probability of each 
macrostate as a function of the fraction of energy in A, we 
obtain the two curves labeled 100 and 1000 in Figure 19.14. 
Just as we saw in Figure 19.7, the most probable macro-
state doesn’t change, but the probability peaks much more 
narrowly around this state. In other words, the most prob-
able macrostate—the equilibrium state—is now even more 
likely than any other macrostate.

Note that the number of basic states is very large, even 
with just ten energy units and 20 particles. In a box of vol-
ume 1 m3 containing air at atmospheric pressure and room 
temperature, there are on the order of 1025 particles and 
1020 energy units per particle, and so the number of basic 
states becomes unimaginably large—on the order of ten 
raised to the power 1021! Because the number of basic states 
is so large, it is more convenient to work with the natural 
logarithm of that number. As you can see from the right-
most column in Table 19.2, the natural logarithm of the 
number of basic states is indeed much more manageable.

Figure 19.15 shows how the natural logarithms of ΩA, ΩB, 
and Ω vary with the number of energy units in compartment 
A in Figure 19.13. As you can see, the natural logarithm of 
the number of basic states changes much less rapidly than the 
number of basic states. Note that as EA increases, the num-
ber of basic states ΩA increases. As EA increases, however, EB 
decreases and so ΩB decreases. The number of basic states 
Ω is maximum when EA = 7 and EB = 3, representing an 
equipartition of energy. The most probable macrostate (equi-
librium) is achieved when there is equipartition of energy.

19.15 What is the average energy per particle in compart-
ments A and B in Figure 19.13 (a) when there is one energy unit 
in A and (b) when the system is at equilibrium?

As you can see from Table 19.2, with EA = 1 the number of 
basic states for the system (2.80 × 104) is more than 100 times 
smaller than it is at equilibrium (EA = 7, Ω = 4.34 × 106). 
Collisions between the particles and the partition redistribute 

basic states available to the system is obtained by multiply-
ing ΩA by ΩB: Ω = ΩAΩB. 

The probability of each macrostate is obtained by di-
viding Ω, the number of basic states associated with that 
macrostate, by Ωtot, the number of basic states associated 
with all macrostates (2.00 × 107; see Table 19.2). The table 
shows you that this probability is greatest for the macro-
state EA = 7, as you would expect. Given that there are 14 
particles in A and six in B, on average each particle has half 
an energy unit, and so the EA = 7 macrostate corresponds 
to an equipartitioning of the energy. The curve labeled 10 
units in Figure 19.14 shows this probability as a function of 
the fraction of energy contained in A.

example 19.6 Probability of macrostates

In Figure 19.13, after a very large number of particle-partition 
collisions have occurred, what is the probability of finding the 
system in (a) the macrostate EA = 1 and (b) the macrostate 
EA = 7?
❶ GettinG Started Because all basic states are equally likely, 
the probability of finding the system in macrostate EA is equal 
to the fraction Ω >Ωtot, where Ω is the number of basic states 
of the system associated with the macrostate EA and Ωtot is 
the total number of basic states associated with all macrostates 
(2.00 × 107; Table 19.2).
❷ deviSe plan To find the probability of a given macrostate 
EA, I divide the value of Ω for that macrostate given in Table 19.2 
by Ωtot = 2.00 × 107.
❸ execute plan (a) For EA = 1, Table 19.2 tells me that 
Ω = 2.80 × 104. The probability of macrostate EA = 1 is thus 
(2.80 × 104)>(2.00 × 107) = 1.40 × 10-3. ✔
(b) For the macrostate EA = 7, Ω = 4.34 × 106. So the probabil-
ity of this macrostate occurring is (4.34 × 106)>(2.00 × 107) =  
2.17 × 10-1. ✔
❹ evaluate reSult My result shows that the macrostate 
EA = 7 is more than 150 times more probable than the macro-
state EA = 1. This makes sense because, as we saw earlier, the 
macrostate EA = 7 is the equilibrium state for which there is an 
equipartition of energy.

Figure 19.15 Natural logarithm of the number of basic states for 
 compartment A, for compartment B, and for the two compartments in 
Figure 19.13 combined. The number of basic states is maximal when the 
energy is equipartitioned (seven energy units in A).
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6.5 Galilean relativity
Consider two observers, A and B, moving at constant velocity relative to each 
other. Suppose they observe the same event and describe it relative to their 
respective reference frames and clocks (Figure 6.13). Let the origins of the two 
observers’ reference frames coincide at t = 0 (Figure 6.13a). Observer A sees the 
event as happening at position rSAe at clock reading tAe (Figure 6.13b).* Observer B 
sees the event at position rSBe at clock reading tBe . What is the relationship be
tween these clock readings and positions?

If, as we discussed in Chapter 1, we assume time is absolute—the same every
where—and if the two observers have synchronized their (identical) clocks, they 
both observe the event at the same clock readings, which means

 tAe = tBe. (6.1)

Because the clock readings of the two observers always agree, we can omit the 
subscripts referring to the reference frames:

 tA = tB = t. (6.2)

From Figure 6.13 we see that the position rSAB of observer B in refer
ence frame A at instant te is equal to B’s displacement over the time interval 
∆t = te − 0 = te , and so rSAB = vSAB te because B moves at constant velocity 
vSAB . Therefore

 rSAe = rSAB + rSBe = vSAB te + rSBe . (6.3)

Equations 6.2 and 6.3 allow us to relate event data collected in one reference 
frame to data on the same event e collected in a reference frame that moves at 
constant velocity relative to the first one (neither of these has to be at rest relative 
to Earth, but their origins must coincide at t = 0). To this end we rewrite these 
equations so that they give the values of time and position in reference frame B 

Figure 6.13 Two observers moving relative to each other observe the same event. Observer B moves at constant velocity vSAB 
relative to observer A. (a) The origins O of the two reference frames overlap at instant t = 0. (b) At instant te , when the event 
occurs, the origin of observer B’s reference frame has a displacement vSAB te relative to reference frame A.

event

OA OBOA  =  OB

Both observers start at origin 
at clock reading t  =  0.

In time interval shown, observer B 
advances this distance.

vAB

rBerAB  =  vABte
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tBe  =  tAe  =  tetAe
(a)

A AB B

Origin in frame A Origin in frame B

S

S

SS S

vAB
S

(b)

*Remember our subscript form: The capital letter refers to the reference frame; the lowercase e is for 
“event.” Thus the vector rSAe represents observer A’s measurement of the position at which the event 
occurs.
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192 Chapter 11  praCtiCe  Motion in a CirCle

  1. The speed v of a point on the equator as Earth rotates (D, P)

  2. The rotational inertia of a bowling ball about an axis tangent to 

its surface (A, R, X)

  3. Your rotational inertia as you turn over in your sleep (V, C)

  4. The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E, I, O, AA, S)

  5. The angular momentum of a spinning ice skater with each arm 

held out to the side and parallel to the ice (G, X, N, U)

  6. The speed you would need to orbit Earth in a low orbit (F, P)

  7. The magnitude of the force exerted by the Sun on Earth to hold 

Earth in orbit (B, L, T, Z)

  8. The kinetic energy associated with Earth’s rotation (Z, P, D)

  9. The angular momentum, about a vertical axis through your 

house, of a large car driving down your street (H, Y, M)

10. The kinetic energy of a spinning yo-yo (K, W, J, Q)

Developing a Feel

Make an order-of-magnitude estimate of each of the following quantities. Letters in parentheses refer to 

hints below. Use them as needed to guide your thinking:

A. What is the inertia of a bowling ball?

B. How long a time interval is needed for Earth to make one revolu-

tion around the Sun?

C. What simple geometric shape is an appropriate model for a 

sleeping person?

D. What is Earth’s rotational speed?

E. What is the combined inertia of the wheel and tire?

F. What is the relationship between force and acceleration for this 

orbit?
G. How can you model the skater’s shape during her spin?

H. What is the inertia of a midsize car?

I. What is the radius of the tire?

J. How many turns are needed to rewind the yo-yo?

K. What is the yo-yo’s rotational inertia?

L. What is the radius of Earth’s orbit?

M. What is the perpendicular distance from the house to the car’s 

line of motion?

N. What is the skater’s rotational inertia with arms held out?

O. How can you model the combined rotational inertia of the wheel 

and tire?
P. What is Earth’s radius?

Q. What is the final rotational speed?

R. What is the radius of a bowling ball?

S. What is the rotational speed of the tire?

T. What is the required centripetal acceleration?

Hints

If needed, see Key for answers to these guiding questions.

U. What is the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to 

reach the end of the string?

X. What is needed in addition to the formulas in Principles  

Table 11.3 in order to determine this quantity?

Y. What is a typical speed for a car moving on a city street?

Z. What is Earth’s inertia?

AA. What is a typical freeway cruising speed?

Key (all values approximate)

A. 7 kg;  B. 1 y = 3 × 107 s;  C. solid cylinder of radius 0.2 m;  

D. period = 24 h, so v = 7 × 10-5 s-1;  E. 101 kg;  F. from  

Eqs. 8.6, 8.17, and 11.16, gF
S
= maS,  so mg = mv2>r;  G. a solid  

cylinder with two thin-rod arms of inertia 4 kg held out perpen-

dicularly;  H. 2 × 103 kg;  I. 0.3 m;  J. 2 × 101 turns;   

K. 6 × 10−5 kg # m2 (with yo-yo modeled as solid  cylinder);   

L. 2 × 1011 m;  M. 2 × 101 m;  N. 4 kg # m2;  O. between MR2  

(cylindrical shell representing tire) and MR2>2 (solid cylinder  

representing wheel)—say, 3MR2>4;  P. 6 × 106 m;  Q. about twice 

the average rotational speed, or v = 5 × 102 s-1;  R. 0.1 m;   

S. no slipping, so v = v>r ≈ 102 s-1;  T. 8 × 10−3 m>s2;   

U. v ≈ 10 s-1;  V. 7 × 101 kg;  W. 0.5 s;  X. the parallel-axis  

theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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192 Chapter 11  praCtiCe  Motion in a CirCle

  1. The speed v of a point on the equator as Earth rotates (D, P)

  2. The rotational inertia of a bowling ball about an axis tangent to 

its surface (A, R, X)

  3. Your rotational inertia as you turn over in your sleep (V, C)

  4. The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E, I, O, AA, S)

  5. The angular momentum of a spinning ice skater with each arm 

held out to the side and parallel to the ice (G, X, N, U)

  6. The speed you would need to orbit Earth in a low orbit (F, P)

  7. The magnitude of the force exerted by the Sun on Earth to hold 

Earth in orbit (B, L, T, Z)

  8. The kinetic energy associated with Earth’s rotation (Z, P, D)

  9. The angular momentum, about a vertical axis through your 

house, of a large car driving down your street (H, Y, M)

10. The kinetic energy of a spinning yo-yo (K, W, J, Q)

Developing a Feel

Make an order-of-magnitude estimate of each of the following quantities. Letters in parentheses refer to 

hints below. Use them as needed to guide your thinking:

A. What is the inertia of a bowling ball?

B. How long a time interval is needed for Earth to make one revolu-

tion around the Sun?

C. What simple geometric shape is an appropriate model for a 

sleeping person?

D. What is Earth’s rotational speed?

E. What is the combined inertia of the wheel and tire?

F. What is the relationship between force and acceleration for this 

orbit?
G. How can you model the skater’s shape during her spin?

H. What is the inertia of a midsize car?

I. What is the radius of the tire?

J. How many turns are needed to rewind the yo-yo?

K. What is the yo-yo’s rotational inertia?

L. What is the radius of Earth’s orbit?

M. What is the perpendicular distance from the house to the car’s 

line of motion?

N. What is the skater’s rotational inertia with arms held out?

O. How can you model the combined rotational inertia of the wheel 

and tire?
P. What is Earth’s radius?

Q. What is the final rotational speed?

R. What is the radius of a bowling ball?

S. What is the rotational speed of the tire?

T. What is the required centripetal acceleration?

Hints

If needed, see Key for answers to these guiding questions.

U. What is the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to 

reach the end of the string?

X. What is needed in addition to the formulas in Principles  

Table 11.3 in order to determine this quantity?

Y. What is a typical speed for a car moving on a city street?

Z. What is Earth’s inertia?

AA. What is a typical freeway cruising speed?

Key (all values approximate)

A. 7 kg;  B. 1 y = 3 × 107 s;  C. solid cylinder of radius 0.2 m;  

D. period = 24 h, so v = 7 × 10-5 s-1;  E. 101 kg;  F. from  

Eqs. 8.6, 8.17, and 11.16, gF
S
= maS,  so mg = mv2>r;  G. a solid  

cylinder with two thin-rod arms of inertia 4 kg held out perpen-

dicularly;  H. 2 × 103 kg;  I. 0.3 m;  J. 2 × 101 turns;   

K. 6 × 10−5 kg # m2 (with yo-yo modeled as solid  cylinder);   

L. 2 × 1011 m;  M. 2 × 101 m;  N. 4 kg # m2;  O. between MR2  

(cylindrical shell representing tire) and MR2>2 (solid cylinder  

representing wheel)—say, 3MR2>4;  P. 6 × 106 m;  Q. about twice 

the average rotational speed, or v = 5 × 102 s-1;  R. 0.1 m;   

S. no slipping, so v = v>r ≈ 102 s-1;  T. 8 × 10−3 m>s2;   

U. v ≈ 10 s-1;  V. 7 × 101 kg;  W. 0.5 s;  X. the parallel-axis  

theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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  1. The speed v of a point on the equator as Earth rotates (D, P)

  2. The rotational inertia of a bowling ball about an axis tangent to 

its surface (A, R, X)

  3. Your rotational inertia as you turn over in your sleep (V, C)

  4. The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E, I, O, AA, S)

  5. The angular momentum of a spinning ice skater with each arm 

held out to the side and parallel to the ice (G, X, N, U)

  6. The speed you would need to orbit Earth in a low orbit (F, P)

  7. The magnitude of the force exerted by the Sun on Earth to hold 

Earth in orbit (B, L, T, Z)

  8. The kinetic energy associated with Earth’s rotation (Z, P, D)

  9. The angular momentum, about a vertical axis through your 

house, of a large car driving down your street (H, Y, M)

10. The kinetic energy of a spinning yo-yo (K, W, J, Q)

Developing a Feel

Make an order-of-magnitude estimate of each of the following quantities. Letters in parentheses refer to 

hints below. Use them as needed to guide your thinking:

A. What is the inertia of a bowling ball?

B. How long a time interval is needed for Earth to make one revolu-

tion around the Sun?

C. What simple geometric shape is an appropriate model for a 

sleeping person?

D. What is Earth’s rotational speed?

E. What is the combined inertia of the wheel and tire?

F. What is the relationship between force and acceleration for this 

orbit?
G. How can you model the skater’s shape during her spin?

H. What is the inertia of a midsize car?

I. What is the radius of the tire?

J. How many turns are needed to rewind the yo-yo?

K. What is the yo-yo’s rotational inertia?

L. What is the radius of Earth’s orbit?

M. What is the perpendicular distance from the house to the car’s 

line of motion?

N. What is the skater’s rotational inertia with arms held out?

O. How can you model the combined rotational inertia of the wheel 

and tire?
P. What is Earth’s radius?

Q. What is the final rotational speed?

R. What is the radius of a bowling ball?

S. What is the rotational speed of the tire?

T. What is the required centripetal acceleration?

Hints

If needed, see Key for answers to these guiding questions.

U. What is the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to 

reach the end of the string?

X. What is needed in addition to the formulas in Principles  

Table 11.3 in order to determine this quantity?

Y. What is a typical speed for a car moving on a city street?

Z. What is Earth’s inertia?

AA. What is a typical freeway cruising speed?

Key (all values approximate)

A. 7 kg;  B. 1 y = 3 × 107 s;  C. solid cylinder of radius 0.2 m;  

D. period = 24 h, so v = 7 × 10-5 s-1;  E. 101 kg;  F. from  

Eqs. 8.6, 8.17, and 11.16, gF
S
= maS,  so mg = mv2>r;  G. a solid  

cylinder with two thin-rod arms of inertia 4 kg held out perpen-

dicularly;  H. 2 × 103 kg;  I. 0.3 m;  J. 2 × 101 turns;   

K. 6 × 10−5 kg # m2 (with yo-yo modeled as solid  cylinder);   

L. 2 × 1011 m;  M. 2 × 101 m;  N. 4 kg # m2;  O. between MR2  

(cylindrical shell representing tire) and MR2>2 (solid cylinder  

representing wheel)—say, 3MR2>4;  P. 6 × 106 m;  Q. about twice 

the average rotational speed, or v = 5 × 102 s-1;  R. 0.1 m;   

S. no slipping, so v = v>r ≈ 102 s-1;  T. 8 × 10−3 m>s2;   

U. v ≈ 10 s-1;  V. 7 × 101 kg;  W. 0.5 s;  X. the parallel-axis  

theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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  1. The speed v of a point on the equator as Earth rotates (D, P)

  2. The rotational inertia of a bowling ball about an axis tangent to 

its surface (A, R, X)

  3. Your rotational inertia as you turn over in your sleep (V, C)

  4. The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E, I, O, AA, S)

  5. The angular momentum of a spinning ice skater with each arm 

held out to the side and parallel to the ice (G, X, N, U)

  6. The speed you would need to orbit Earth in a low orbit (F, P)

  7. The magnitude of the force exerted by the Sun on Earth to hold 

Earth in orbit (B, L, T, Z)

  8. The kinetic energy associated with Earth’s rotation (Z, P, D)

  9. The angular momentum, about a vertical axis through your 

house, of a large car driving down your street (H, Y, M)

10. The kinetic energy of a spinning yo-yo (K, W, J, Q)

Developing a Feel

Make an order-of-magnitude estimate of each of the following quantities. Letters in parentheses refer to 

hints below. Use them as needed to guide your thinking:

A. What is the inertia of a bowling ball?

B. How long a time interval is needed for Earth to make one revolu-

tion around the Sun?

C. What simple geometric shape is an appropriate model for a 

sleeping person?

D. What is Earth’s rotational speed?

E. What is the combined inertia of the wheel and tire?

F. What is the relationship between force and acceleration for this 

orbit?
G. How can you model the skater’s shape during her spin?

H. What is the inertia of a midsize car?

I. What is the radius of the tire?

J. How many turns are needed to rewind the yo-yo?

K. What is the yo-yo’s rotational inertia?

L. What is the radius of Earth’s orbit?

M. What is the perpendicular distance from the house to the car’s 

line of motion?

N. What is the skater’s rotational inertia with arms held out?

O. How can you model the combined rotational inertia of the wheel 

and tire?
P. What is Earth’s radius?

Q. What is the final rotational speed?

R. What is the radius of a bowling ball?

S. What is the rotational speed of the tire?

T. What is the required centripetal acceleration?

Hints

If needed, see Key for answers to these guiding questions.

U. What is the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to 

reach the end of the string?

X. What is needed in addition to the formulas in Principles  

Table 11.3 in order to determine this quantity?

Y. What is a typical speed for a car moving on a city street?

Z. What is Earth’s inertia?

AA. What is a typical freeway cruising speed?

Key (all values approximate)

A. 7 kg;  B. 1 y = 3 × 107 s;  C. solid cylinder of radius 0.2 m;  

D. period = 24 h, so v = 7 × 10-5 s-1;  E. 101 kg;  F. from  

Eqs. 8.6, 8.17, and 11.16, gF
S
= maS,  so mg = mv2>r;  G. a solid  

cylinder with two thin-rod arms of inertia 4 kg held out perpen-

dicularly;  H. 2 × 103 kg;  I. 0.3 m;  J. 2 × 101 turns;   

K. 6 × 10−5 kg # m2 (with yo-yo modeled as solid  cylinder);   

L. 2 × 1011 m;  M. 2 × 101 m;  N. 4 kg # m2;  O. between MR2  

(cylindrical shell representing tire) and MR2>2 (solid cylinder  

representing wheel)—say, 3MR2>4;  P. 6 × 106 m;  Q. about twice 

the average rotational speed, or v = 5 × 102 s-1;  R. 0.1 m;   

S. no slipping, so v = v>r ≈ 102 s-1;  T. 8 × 10−3 m>s2;   

U. v ≈ 10 s-1;  V. 7 × 101 kg;  W. 0.5 s;  X. the parallel-axis  

theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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  1. The speed v of a point on the equator as Earth rotates (D, P)

  2. The rotational inertia of a bowling ball about an axis tangent to 

its surface (A, R, X)

  3. Your rotational inertia as you turn over in your sleep (V, C)

  4. The angular momentum around the axle of a wheel/tire combi-

nation on your car as you cruise on the freeway (E, I, O, AA, S)

  5. The angular momentum of a spinning ice skater with each arm 

held out to the side and parallel to the ice (G, X, N, U)

  6. The speed you would need to orbit Earth in a low orbit (F, P)

  7. The magnitude of the force exerted by the Sun on Earth to hold 

Earth in orbit (B, L, T, Z)

  8. The kinetic energy associated with Earth’s rotation (Z, P, D)

  9. The angular momentum, about a vertical axis through your 

house, of a large car driving down your street (H, Y, M)

10. The kinetic energy of a spinning yo-yo (K, W, J, Q)

Developing a Feel

Make an order-of-magnitude estimate of each of the following quantities. Letters in parentheses refer to 

hints below. Use them as needed to guide your thinking:

A. What is the inertia of a bowling ball?

B. How long a time interval is needed for Earth to make one revolu-

tion around the Sun?

C. What simple geometric shape is an appropriate model for a 

sleeping person?

D. What is Earth’s rotational speed?

E. What is the combined inertia of the wheel and tire?

F. What is the relationship between force and acceleration for this 

orbit?
G. How can you model the skater’s shape during her spin?

H. What is the inertia of a midsize car?

I. What is the radius of the tire?

J. How many turns are needed to rewind the yo-yo?

K. What is the yo-yo’s rotational inertia?

L. What is the radius of Earth’s orbit?

M. What is the perpendicular distance from the house to the car’s 

line of motion?

N. What is the skater’s rotational inertia with arms held out?

O. How can you model the combined rotational inertia of the wheel 

and tire?
P. What is Earth’s radius?

Q. What is the final rotational speed?

R. What is the radius of a bowling ball?

S. What is the rotational speed of the tire?

T. What is the required centripetal acceleration?

Hints

If needed, see Key for answers to these guiding questions.

U. What is the skater’s initial rotational speed?

V. What is your inertia?

W. When thrown, how long a time interval does the yo-yo take to 

reach the end of the string?

X. What is needed in addition to the formulas in Principles  

Table 11.3 in order to determine this quantity?

Y. What is a typical speed for a car moving on a city street?

Z. What is Earth’s inertia?

AA. What is a typical freeway cruising speed?

Key (all values approximate)

A. 7 kg;  B. 1 y = 3 × 107 s;  C. solid cylinder of radius 0.2 m;  

D. period = 24 h, so v = 7 × 10-5 s-1;  E. 101 kg;  F. from  

Eqs. 8.6, 8.17, and 11.16, gF
S
= maS,  so mg = mv2>r;  G. a solid  

cylinder with two thin-rod arms of inertia 4 kg held out perpen-

dicularly;  H. 2 × 103 kg;  I. 0.3 m;  J. 2 × 101 turns;   

K. 6 × 10−5 kg # m2 (with yo-yo modeled as solid  cylinder);   

L. 2 × 1011 m;  M. 2 × 101 m;  N. 4 kg # m2;  O. between MR2  

(cylindrical shell representing tire) and MR2>2 (solid cylinder  

representing wheel)—say, 3MR2>4;  P. 6 × 106 m;  Q. about twice 

the average rotational speed, or v = 5 × 102 s-1;  R. 0.1 m;   

S. no slipping, so v = v>r ≈ 102 s-1;  T. 8 × 10−3 m>s2;   

U. v ≈ 10 s-1;  V. 7 × 101 kg;  W. 0.5 s;  X. the parallel-axis  

theorem;  Y. 3 × 101 mi>h;  Z. 6 × 1024 kg;  AA. 3 × 101 m>s
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238 Chapter 13  praCtiCe  Gravity

❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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238 Chapter 13  praCtiCe  Gravity

❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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❸ execute plan Let us use ri for the initial Mars-probe radial center-to-center separation distance, rf = ∞  for the final separa-tion distance, RM for the radius of Mars, and mM and mp for the two masses. We begin with Eq. 13.23:

 Emech = 1
2 mpv2

esc − G 
mMmp

RM
= 0

 12 v2
esc − G 

mM

RM
= 0

 12 v2
esc = G 

mM

RM

 vesc = A2G 
mM

RM

 vesc =B2(6.67 × 10-11 N # m2>kg2) 
6.42 × 1023 kg
3.40 × 106 m  = 5.02 × 103 m>s = 5 km>s. ✔

Notice that this speed does not depend on the mass of the probe. A probe of any other size shot from the cannon would need the same minimum speed to break free of Mars’s gravitational pull.❹ evaluate result Our algebraic expression for the escape speed is plausible because it involves the mass of Mars, the ini-tial center-to-center radial separation distance of our two objects (which is Mars’s radius), and G. We expect vesc to increase with mM because the gravitational pull increases with increasing mass. We also expect vesc to decrease as the distance between the launch position and Mars’s center increases because the gravitational force exerted by the planet on the probe decreases with increasing separa-tion distance. All this is just what our result predicts.An escape speed of 18,000 km/h is smaller than (but on the order of) the escape speed from Earth, and so the answer is not unreasonable.We assumed that the initial Mars-probe separation distance is equal to the planet’s radius. Of course, the length of the cannon may be tens of meters, but this tiny difference would have no impact on the numerical answer. We ignored the rotation of Mars, which could supply a small amount of the needed kinetic energy. We also ignored the effect of the Sun, which is fine for getting away from the surface of Mars, but we would need to account for it if the destina-tion was another star.
Guided problem 13.4 Spring to the stars

Suppose that, instead of using chemical rockets, NASA decided to use a compressed spring to launch a spacecraft. If the spring constant is 100,000 N/m and the mass of the spacecraft is 10,000 kg, how far must the spring be compressed in order to launch the craft to a position outside Earth’s gravitational influence?
❶ GettinG started
  1. Describe the problem in your own words. Are there similarities to Worked Problem 13.3?  2. Draw a diagram showing the initial and final states. What is the spacecraft’s situation in the final state?  3. How does the spacecraft gain the necessary escape speed?

❷ devise plan
  4. What law of physics should you invoke?

  5. As the spring is compressed, is the gravitational potential energy of the Earth-spacecraft system affected? If so, can you ignore this effect?  6. What equation allows you to relate the initial and final states?❸ execute plan
  7. What is your target unknown quantity? Algebraically isolate it on one side of your equation.  8. Substitute the numerical values you know to get a numerical answer.

❹ evaluate result
  9. Is your algebraic expression for the compression plausible for how the compression changes as the spring constant and Earth’s mass and radius change?10. If you were the head of a design team, would you recommend pursuing this launch method?

Figure WG13.3 

❷ devise plan We can use conservation of energy because the probe has all of the needed kinetic energy at the beginning, as it is shot from a cannon. As the probe travels, this kinetic energy is con-verted to gravitational potential energy of the Mars-probe system. We want to know the initial speed of the probe acquired at launch. The initial potential energy is the value when the probe is still near the Martian surface. The final state of the probe is zero speed at an infinite distance from Mars. The Principles volume analyzes a simi-lar situation in Section 13.7, leading to Eq. 13.23, so there is no need to derive this result again here. We begin with Eq. 13.23, solving this version of an energy conservation equation for vi = vesc in terms of the known quantities.

Worked problem 13.3 escape at last
The Mars Colony wants to launch a deep-space probe, but they have no rocket engines. They decide to launch a probe with an electro-magnetic cannon, which means they must launch at escape speed. Determine this speed.

❶ GettinG started Let us do a quick sketch to help our think-ing (Figure WG13.3). We select the Mars-probe system for analysis. In order to reach “deep space,” the probe must attain a very great distance from Mars. This will require a significant amount of initial kinetic energy, which the probe must acquire during launch. After launch, the kinetic energy immediately begins to decrease, and the potential energy of the Mars-probe system increases as the separa-tion distance increases. We assume a reference frame where Mars is fixed and only the probe moves. When the probe is far enough away (infinity, really, but practically it doesn’t need to go quite this far), the kinetic energy has its minimum value, which we can take to be zero because the colonists presumably do not want to supply any more energy than needed to get the probe out there. The gravi-tational potential energy has its maximum value, which is also zero. (Remember that universal gravitational potential energy is nega-tive.) We also assume that the Sun and other planets have a negli-gible influence on our system, and we ignore the rotation of Mars.
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 4.2 InertIa 77

Figure 4.3 shows a high-speed film sequence of such a 
collision. Cart 1 is initially at rest, and consequently its po-
sition doesn’t change in the first seven frames. Cart 2 ap-
proaches cart 1 from the left and collides with it 60 ms after 

Figure 4.3 (a) Two identical carts collide on a low-friction track. The 
length of track visible in each frame is 0.40 m. Cart 1 is initially at rest;  
cart 2 collides with it in the middle of the sequence. (b) Two curves, one 
marking the position of the rear of cart 1 and the other marking the posi-
tion of the front of cart 2, superimposed on the film clip.

position

tim
e

(b)(a)

cart 1

cart 2
cart 1

cart 2

the beginning of the film sequence. The collision causes 
cart 1 to move to the right and cart 2 to stop dead in its 
tracks (or, rather, track).

Measuring the positions of the two carts at various in-
stants gives us the x(t) curves shown in Figure 4.4, where 
the shaded region shows the time interval during which 
the collision took place. Although the collision appears 
 “instantaneous” to any observer, it takes about 10 ms for the 
motion of the carts to adjust.

Figure 4.5, which shows the velocities of the two carts, 
tells us that initially the velocities are constant: 0 for cart 1 
and about +0.58 m>s (the plus sign indicating motion to 
the right) for cart 2. After the collision, the velocities are 

Figure 4.4 Position-versus-time graph for the two carts in Figure 4.3. The 
curves correspond to the curves of Figure 4.3b. All 120 original frames in 
the sequence were used to obtain this graph.
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78 Chapter 4  MoMentuM

complete stop; instead, the collision reverses its direction of 
travel, so that after the collision it moves to the left with a 
speed of 0.2 m>s, as Figure 4.7 shows. After the collision, 
the initially stationary double cart, being more difficult to 
set in motion than the single standard cart, moves to the 
right, as before, but now its speed is lower than in the earlier 
experiments (0.40 m>s versus about 0.60 m>s). This result 
makes sense because we already know from experience that 
more massive objects are harder to set into motion than less 
massive ones—it’s easier to throw a small stone than a large 
boulder.

The x component of the velocity of the double cart 
changed by ∆vd x = +0.40 m>s − 0 = +0.40 m>s, and the 
x component of the velocity of the standard cart changed 
by ∆vs x = -0.20 m>s − (+0.60 m>s) = -0.80 m>s.* The 
magnitude of the double cart’s velocity change, 
�∆vd x� = 0.40 m>s, is half that of the standard cart, 
�∆vs x� = 0.80 m>s.

We can repeat this experiment and vary the initial 
speeds and directions of motion, but we would continue to 
find that no matter how the carts move (or do not move) ini-
tially, the magnitude of the velocity change of the double cart 
is always half that of the standard cart. Also, the two velocity 

interchanged: Cart 1 now moves to the right at +0.58 m>s, 
and cart 2 has come to a complete stop. We can also see 
this interchanging of velocities in Figures 4.3 and 4.4, where 
the slopes of the two x(t) curves are interchanged after the 
collision.

We can repeat the experiment, this time giving cart 2 a 
harder shove, and then repeat it again, this third time giv-
ing cart 2 just a gentle nudge. What we find is that, no mat-
ter what the initial velocity of cart 2 is, the collision always 
interchanges the two velocities.

Further experiments show that it is not necessary that 
cart 1 be initially at rest. Figure 4.6 shows what happens 
when both carts are moving in the same direction at the in-
stant of collision: Once again the collision interchanges the 
two velocities.

4.2 What is the change in velocity of (a) cart 1 and (b) cart 2 
in Figure 4.6? (c) What do you notice about your two answers?

You can repeat this experiment with many different ini-
tial velocities, with the carts moving in the same direction 
or in opposite directions, and you will always find that the 
collision interchanges the velocities of the carts. Moreover, 
Checkpoint 4.2 shows that, if the velocity of one cart in-
creases by a certain amount as a result of the collision, then 
the velocity of the other cart decreases by exactly the same 
amount.

To find out whether the amount of material that makes 
up each cart affects the motion, let’s fasten two standard 
carts together so that the size of this unit is twice the size of 
the other cart we are going to use, which we continue to call 
the standard cart. With this double cart at rest on the track, 
we shove the standard cart toward it at a speed of 0.60 m>s. 
This time the moving (standard) cart does not come to a 

Figure 4.6 Velocity-versus-time graph for two identical carts before and 
after a collision on a low-friction track. Both carts are initially moving in 
the same direction.
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*Because we must keep track of the changes in velocity of two colliding ob-
jects, we need an additional subscript. For example, ∆vd x = vd x,f − vd x,i 
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by a comma, designates the instant: f for final and i for initial. The middle 
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Figure 4.7 Velocity-versus-time graph for a standard cart and a double 
cart before and after the two collide on a low-friction track. The collision 
sets the double cart into motion and reverses the direction of travel of the 
standard cart.
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complete stop; instead, the collision reverses its direction of 
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the initially stationary double cart, being more difficult to 
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Further experiments show that it is not necessary that 
cart 1 be initially at rest. Figure 4.6 shows what happens 
when both carts are moving in the same direction at the in-
stant of collision: Once again the collision interchanges the 
two velocities.

4.2 What is the change in velocity of (a) cart 1 and (b) cart 2 
in Figure 4.6? (c) What do you notice about your two answers?

You can repeat this experiment with many different ini-
tial velocities, with the carts moving in the same direction 
or in opposite directions, and you will always find that the 
collision interchanges the velocities of the carts. Moreover, 
Checkpoint 4.2 shows that, if the velocity of one cart in-
creases by a certain amount as a result of the collision, then 
the velocity of the other cart decreases by exactly the same 
amount.

To find out whether the amount of material that makes 
up each cart affects the motion, let’s fasten two standard 
carts together so that the size of this unit is twice the size of 
the other cart we are going to use, which we continue to call 
the standard cart. With this double cart at rest on the track, 
we shove the standard cart toward it at a speed of 0.60 m>s. 
This time the moving (standard) cart does not come to a 

Figure 4.6 Velocity-versus-time graph for two identical carts before and 
after a collision on a low-friction track. Both carts are initially moving in 
the same direction.
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complete stop; instead, the collision reverses its direction of 
travel, so that after the collision it moves to the left with a 
speed of 0.2 m>s, as Figure 4.7 shows. After the collision, 
the initially stationary double cart, being more difficult to 
set in motion than the single standard cart, moves to the 
right, as before, but now its speed is lower than in the earlier 
experiments (0.40 m>s versus about 0.60 m>s). This result 
makes sense because we already know from experience that 
more massive objects are harder to set into motion than less 
massive ones—it’s easier to throw a small stone than a large 
boulder.

The x component of the velocity of the double cart 
changed by ∆vd x = +0.40 m>s − 0 = +0.40 m>s, and the 
x component of the velocity of the standard cart changed 
by ∆vs x = -0.20 m>s − (+0.60 m>s) = -0.80 m>s.* The 
magnitude of the double cart’s velocity change, 
�∆vd x� = 0.40 m>s, is half that of the standard cart, 
�∆vs x� = 0.80 m>s.

We can repeat this experiment and vary the initial 
speeds and directions of motion, but we would continue to 
find that no matter how the carts move (or do not move) ini-
tially, the magnitude of the velocity change of the double cart 
is always half that of the standard cart. Also, the two velocity 

interchanged: Cart 1 now moves to the right at +0.58 m>s, 
and cart 2 has come to a complete stop. We can also see 
this interchanging of velocities in Figures 4.3 and 4.4, where 
the slopes of the two x(t) curves are interchanged after the 
collision.

We can repeat the experiment, this time giving cart 2 a 
harder shove, and then repeat it again, this third time giv-
ing cart 2 just a gentle nudge. What we find is that, no mat-
ter what the initial velocity of cart 2 is, the collision always 
interchanges the two velocities.

Further experiments show that it is not necessary that 
cart 1 be initially at rest. Figure 4.6 shows what happens 
when both carts are moving in the same direction at the in-
stant of collision: Once again the collision interchanges the 
two velocities.

4.2 What is the change in velocity of (a) cart 1 and (b) cart 2 
in Figure 4.6? (c) What do you notice about your two answers?

You can repeat this experiment with many different ini-
tial velocities, with the carts moving in the same direction 
or in opposite directions, and you will always find that the 
collision interchanges the velocities of the carts. Moreover, 
Checkpoint 4.2 shows that, if the velocity of one cart in-
creases by a certain amount as a result of the collision, then 
the velocity of the other cart decreases by exactly the same 
amount.

To find out whether the amount of material that makes 
up each cart affects the motion, let’s fasten two standard 
carts together so that the size of this unit is twice the size of 
the other cart we are going to use, which we continue to call 
the standard cart. With this double cart at rest on the track, 
we shove the standard cart toward it at a speed of 0.60 m>s. 
This time the moving (standard) cart does not come to a 

Figure 4.6 Velocity-versus-time graph for two identical carts before and 
after a collision on a low-friction track. Both carts are initially moving in 
the same direction.
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complete stop; instead, the collision reverses its direction of 
travel, so that after the collision it moves to the left with a 
speed of 0.2 m>s, as Figure 4.7 shows. After the collision, 
the initially stationary double cart, being more difficult to 
set in motion than the single standard cart, moves to the 
right, as before, but now its speed is lower than in the earlier 
experiments (0.40 m>s versus about 0.60 m>s). This result 
makes sense because we already know from experience that 
more massive objects are harder to set into motion than less 
massive ones—it’s easier to throw a small stone than a large 
boulder.

The x component of the velocity of the double cart 
changed by ∆vd x = +0.40 m>s − 0 = +0.40 m>s, and the 
x component of the velocity of the standard cart changed 
by ∆vs x = -0.20 m>s − (+0.60 m>s) = -0.80 m>s.* The 
magnitude of the double cart’s velocity change, 
�∆vd x� = 0.40 m>s, is half that of the standard cart, 
�∆vs x� = 0.80 m>s.

We can repeat this experiment and vary the initial 
speeds and directions of motion, but we would continue to 
find that no matter how the carts move (or do not move) ini-
tially, the magnitude of the velocity change of the double cart 
is always half that of the standard cart. Also, the two velocity 

interchanged: Cart 1 now moves to the right at +0.58 m>s, 
and cart 2 has come to a complete stop. We can also see 
this interchanging of velocities in Figures 4.3 and 4.4, where 
the slopes of the two x(t) curves are interchanged after the 
collision.

We can repeat the experiment, this time giving cart 2 a 
harder shove, and then repeat it again, this third time giv-
ing cart 2 just a gentle nudge. What we find is that, no mat-
ter what the initial velocity of cart 2 is, the collision always 
interchanges the two velocities.

Further experiments show that it is not necessary that 
cart 1 be initially at rest. Figure 4.6 shows what happens 
when both carts are moving in the same direction at the in-
stant of collision: Once again the collision interchanges the 
two velocities.

4.2 What is the change in velocity of (a) cart 1 and (b) cart 2 
in Figure 4.6? (c) What do you notice about your two answers?

You can repeat this experiment with many different ini-
tial velocities, with the carts moving in the same direction 
or in opposite directions, and you will always find that the 
collision interchanges the velocities of the carts. Moreover, 
Checkpoint 4.2 shows that, if the velocity of one cart in-
creases by a certain amount as a result of the collision, then 
the velocity of the other cart decreases by exactly the same 
amount.

To find out whether the amount of material that makes 
up each cart affects the motion, let’s fasten two standard 
carts together so that the size of this unit is twice the size of 
the other cart we are going to use, which we continue to call 
the standard cart. With this double cart at rest on the track, 
we shove the standard cart toward it at a speed of 0.60 m>s. 
This time the moving (standard) cart does not come to a 

Figure 4.6 Velocity-versus-time graph for two identical carts before and 
after a collision on a low-friction track. Both carts are initially moving in 
the same direction.
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standard cart.
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complete stop; instead, the collision reverses its direction of 
travel, so that after the collision it moves to the left with a 
speed of 0.2 m>s, as Figure 4.7 shows. After the collision, 
the initially stationary double cart, being more difficult to 
set in motion than the single standard cart, moves to the 
right, as before, but now its speed is lower than in the earlier 
experiments (0.40 m>s versus about 0.60 m>s). This result 
makes sense because we already know from experience that 
more massive objects are harder to set into motion than less 
massive ones—it’s easier to throw a small stone than a large 
boulder.

The x component of the velocity of the double cart 
changed by ∆vd x = +0.40 m>s − 0 = +0.40 m>s, and the 
x component of the velocity of the standard cart changed 
by ∆vs x = -0.20 m>s − (+0.60 m>s) = -0.80 m>s.* The 
magnitude of the double cart’s velocity change, 
�∆vd x� = 0.40 m>s, is half that of the standard cart, 
�∆vs x� = 0.80 m>s.

We can repeat this experiment and vary the initial 
speeds and directions of motion, but we would continue to 
find that no matter how the carts move (or do not move) ini-
tially, the magnitude of the velocity change of the double cart 
is always half that of the standard cart. Also, the two velocity 

interchanged: Cart 1 now moves to the right at +0.58 m>s, 
and cart 2 has come to a complete stop. We can also see 
this interchanging of velocities in Figures 4.3 and 4.4, where 
the slopes of the two x(t) curves are interchanged after the 
collision.

We can repeat the experiment, this time giving cart 2 a 
harder shove, and then repeat it again, this third time giv-
ing cart 2 just a gentle nudge. What we find is that, no mat-
ter what the initial velocity of cart 2 is, the collision always 
interchanges the two velocities.

Further experiments show that it is not necessary that 
cart 1 be initially at rest. Figure 4.6 shows what happens 
when both carts are moving in the same direction at the in-
stant of collision: Once again the collision interchanges the 
two velocities.

4.2 What is the change in velocity of (a) cart 1 and (b) cart 2 
in Figure 4.6? (c) What do you notice about your two answers?

You can repeat this experiment with many different ini-
tial velocities, with the carts moving in the same direction 
or in opposite directions, and you will always find that the 
collision interchanges the velocities of the carts. Moreover, 
Checkpoint 4.2 shows that, if the velocity of one cart in-
creases by a certain amount as a result of the collision, then 
the velocity of the other cart decreases by exactly the same 
amount.

To find out whether the amount of material that makes 
up each cart affects the motion, let’s fasten two standard 
carts together so that the size of this unit is twice the size of 
the other cart we are going to use, which we continue to call 
the standard cart. With this double cart at rest on the track, 
we shove the standard cart toward it at a speed of 0.60 m>s. 
This time the moving (standard) cart does not come to a 

Figure 4.6 Velocity-versus-time graph for two identical carts before and 
after a collision on a low-friction track. Both carts are initially moving in 
the same direction.
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the park itself—trees and all—is the system. Diagrams 
that show a system’s initial and final conditions are called 
system diagrams; we shall use such diagrams throughout 
this book. The change in the number of trees over the time 
 interval is given by

change = final tree count − initial tree count.

The number of trees can change because new trees grow 
(creation) and old trees die or are taken down (destruction). 
Alternatively, new trees can be brought into the park (input) 
and some trees can be moved out of the park (output):

change = input − output + creation − destruction.

This equation is illustrated graphically in Figure 4.16a. If 
we understand how these four processes affect the trees, we 
can explain (or predict) any change in their number.

The accounting is often simplified by constraints put 
on the system. For example, if we build a fence around the 
park so that no trees can be transported into or out of  
the park, then the number of trees can change only because 
of creation and destruction. If there is no transfer of the 
extensive quantity under consideration across the bound-
ary of the system, the change in that property can be due to 
only creation and destruction (Figure 4.16b):

change = creation − destruction.

Under certain circumstances we can also exclude cre-
ation and destruction. Suppose, for example, that we are 
counting the number of indestructible benches in the park 
rather than trees. The number of these benches changes 
only when benches are transported into or out of the 
park across the park boundary (unless there is a factory 
making indestructible benches in the park—an unlikely 
 assumption). Any extensive quantity that cannot be cre-
ated or destroyed is said to be conserved. The value of a 

(b) Again I have three objects: the battery, the light bulb, and the 
room. I can choose just one of them—the battery—as my system 
(Figure 4.14a) or two of them—the battery and the light bulb 
(Figure 4.14b). ✔

Figure 4.14

Note that my choices of system are arbitrary. Nothing in 
the problem prescribes the choice of system. If you tried this 
problem on your own before looking at my solution and you 
made different choices, then your answer is just as “correct” 
as mine!

Defining a system tells us nothing whatsoever about 
what is happening within it. It is simply a tool to help us set 
up an accounting scheme. Once we have chosen a system, 
we can study how certain quantities associated with the 
system change over time by determining the value of these 
quantities at the beginning and end of a time interval.

We shall in particular be interested in extensive 
 quantities—that is, quantities whose value is proportional 
to the size or “extent” of the system. More specifically, if we 
divide the system into a number of pieces, then the sum 
of an extensive quantity for all the separate pieces is equal  
to the value of that quantity for the entire system. The num-
ber of trees in a park, for example, is extensive: If we  divide 
the park into two parts and add the number of trees in each 
part, then we obtain the total number of trees in the entire 
park. The price per gallon of gasoline is not an extensive 
quantity: If we divide a tankful of gas into two parts and 
add the price per gallon for the two parts, then we obtain 
twice the price per gallon for the entire tank. Quantities 
that do not depend on the extent of the system are  intensive 
quantities.

4.7 Are the following quantities extensive or intensive:  
(a) inertia, (b) velocity, (c) the product of inertia and velocity?

Only four processes can change the value of an extensive 
quantity: input, output, creation, and destruction. To see  
this, consider Figure 4.15, which schematically represents 
a park’s initial and final conditions over a certain time 
 interval. The edge of the park is the system boundary, and 

Figure 4.15 System diagram of a park. The number of trees in the park is 
an extensive quantity.

parkpark
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the park itself—trees and all—is the system. Diagrams 
that show a system’s initial and final conditions are called 
system diagrams; we shall use such diagrams throughout 
this book. The change in the number of trees over the time 
 interval is given by

change = final tree count − initial tree count.

The number of trees can change because new trees grow 
(creation) and old trees die or are taken down (destruction). 
Alternatively, new trees can be brought into the park (input) 
and some trees can be moved out of the park (output):

change = input − output + creation − destruction.

This equation is illustrated graphically in Figure 4.16a. If 
we understand how these four processes affect the trees, we 
can explain (or predict) any change in their number.

The accounting is often simplified by constraints put 
on the system. For example, if we build a fence around the 
park so that no trees can be transported into or out of  
the park, then the number of trees can change only because 
of creation and destruction. If there is no transfer of the 
extensive quantity under consideration across the bound-
ary of the system, the change in that property can be due to 
only creation and destruction (Figure 4.16b):

change = creation − destruction.

Under certain circumstances we can also exclude cre-
ation and destruction. Suppose, for example, that we are 
counting the number of indestructible benches in the park 
rather than trees. The number of these benches changes 
only when benches are transported into or out of the 
park across the park boundary (unless there is a factory 
making indestructible benches in the park—an unlikely 
 assumption). Any extensive quantity that cannot be cre-
ated or destroyed is said to be conserved. The value of a 

(b) Again I have three objects: the battery, the light bulb, and the 
room. I can choose just one of them—the battery—as my system 
(Figure 4.14a) or two of them—the battery and the light bulb 
(Figure 4.14b). ✔

Figure 4.14

Note that my choices of system are arbitrary. Nothing in 
the problem prescribes the choice of system. If you tried this 
problem on your own before looking at my solution and you 
made different choices, then your answer is just as “correct” 
as mine!

Defining a system tells us nothing whatsoever about 
what is happening within it. It is simply a tool to help us set 
up an accounting scheme. Once we have chosen a system, 
we can study how certain quantities associated with the 
system change over time by determining the value of these 
quantities at the beginning and end of a time interval.

We shall in particular be interested in extensive 
 quantities—that is, quantities whose value is proportional 
to the size or “extent” of the system. More specifically, if we 
divide the system into a number of pieces, then the sum 
of an extensive quantity for all the separate pieces is equal  
to the value of that quantity for the entire system. The num-
ber of trees in a park, for example, is extensive: If we  divide 
the park into two parts and add the number of trees in each 
part, then we obtain the total number of trees in the entire 
park. The price per gallon of gasoline is not an extensive 
quantity: If we divide a tankful of gas into two parts and 
add the price per gallon for the two parts, then we obtain 
twice the price per gallon for the entire tank. Quantities 
that do not depend on the extent of the system are  intensive 
quantities.

4.7 Are the following quantities extensive or intensive:  
(a) inertia, (b) velocity, (c) the product of inertia and velocity?

Only four processes can change the value of an extensive 
quantity: input, output, creation, and destruction. To see  
this, consider Figure 4.15, which schematically represents 
a park’s initial and final conditions over a certain time 
 interval. The edge of the park is the system boundary, and 

Figure 4.15 System diagram of a park. The number of trees in the park is 
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❸ execute plan I begin by determining the changes in the  
x components of the velocity for each cart. For the cart with the  
stone, ∆vu x = vu x,f − vu x,i = +0.38 m>s − 0 = +0.38 m>s;  
for the standard cart ∆vs x = vs x,f − vs x,i = -0.08 m>s -  
0.46 m>s = -0.54 m>s. Substituting these values into Eq. 4.2, 
I get

mu = -
∆vs x

∆vu x
 ms = -

-0.54 m>s
+0.38 m>s (1 kg) = 1.4 kg.

This represents the inertia of the stone and the cart as one unit. 
Given that the inertia of the standard cart is 1 kg, the inertia of 
the stone must be 0.4 kg. ✔

❹ evaluate result The inertia of the cart-and-stone combi-
nation is greater than 1 kg, as I would expect. If the magnitude 
of the velocity change of this combination were half that of the 
standard cart 112(0.54 m>s) = 0.27 m>s2, then the inertia of the 
cart-and-stone combination would be twice that of a standard 
cart, and so the inertia of the stone would be 1.0 kg. The magni-
tude of the velocity change is more than half, so I should expect 
the stone’s inertia to be less than 1.0 kg, which agrees with the 
answer I found.

4.9 (a) Suppose that instead of a replica of the platinum-iridium cylinder kept in 
France, we had chosen another object as our inertial standard and defined the inertia 
of that object as being exactly equal to 1 kg. Would the inertia of our unknown object 
as measured against the new standard be different from that object’s inertia measured 
against the French standard? (b) Would the outcome of a collision between two arbi-
trary objects be different?

4.6 Momentum
Our definition of inertia leads to the definition of another important physical 
quantity: momentum. Let’s rewrite Eq. 4.2 in a slightly different form by multi-
plying both sides by ∆vu x and then bringing all terms to the left side:

 mu∆vu x + ms∆vs x = 0. (4.3)

Because the changes in velocity ∆vx can be written in the form vx,f − vx,i, we 
can rewrite this equation as

 mu(vu x,f − vu x,i) + ms(vs x,f − vs x,i) = 0 (4.4)

or muvu x,f − muvu x,i + msvs x,f − msvs x,i = 0. (4.5)

This form of Eq. 4.3, which contains nothing but products of inertias and veloci-
ties, is important because it suggests something new. The product of the inertia 
and the velocity of an object is called the momentum (plural: momenta) of that 
object. The conventional symbol for momentum is p, and so we can write

 pS K mvS. (4.6)

As you learned in Section 2.6, the product of a vector and a scalar is a vector. 
Because inertia is a scalar and velocity is a vector, momentum is a vector. The 
direction of the momentum vector for any object is the same as the direction of 
the object’s velocity vector. The x component of the momentum is the product of 
the inertia and the x component of the velocity:

 px K mvx. (4.7)

The SI units of momentum are the units of the product mv:  kg # m>s. For 
example, the magnitude of the momentum of an object of inertia 1 kg moving at 
a speed of 1 m>s is 1 kg # m>s. Inertia is an intrinsic property of an object (you 
can’t change it without changing the object), but the value of the momentum of 
that object, like its velocity, can change.
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For cart 2 we have v2x,i = +0.34 m>s, v2x,f = -0.17 m>s, and m2 = 0.12 kg, so

 ∆p2x = m2(v2x,f − v2x,i) = (0.12 kg)(-0.17 m>s − 0.34 m>s)

 = -0.061 kg # m>s.

Because the two changes in momentum are equal in magnitude and of opposite 
sign, they add up to zero: ∆p1x + ∆p2x = 0. Consequently the momentum of 
the system comprising the two carts does not change:

 ∆pS K ∆pS1 + ∆pS2 = 0
S

. (4.16)

Repeating the experiment with another pair of carts or changing the initial 
velocities always yields the same result: The momentum of the system com-
prising any two colliding objects is not changed by the collision. The collision 
merely transfers some momentum from one cart to the other—one gains a cer-
tain amount of momentum, and the other loses the same amount.

4.13 (a) How much momentum is transferred in the collisions in Figure 4.23?  
(b) Is this momentum transferred from cart 1 to cart 2, or in the opposite direction?

Experiments show that any interaction between two objects—not just 
 collisions—transfers momentum from one object to the other. The sum of the 
momenta of the interacting objects, however, never changes. No interactions 
or other phenomena have ever been observed where momentum is created 
out of nothing or destroyed. We must therefore conclude that momentum is 
conserved:

Momentum can be transferred from one object to another, but it cannot 
be created or destroyed.

This statement is one of the most fundamental principles of physics and is often 
referred to as the conservation of momentum.

For an isolated system, conservation of momentum means

 ∆pS = 0
S

 (isolated system). (4.17)
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Figure 4.23 (a) Velocity-versus-time graph and (b) momentum-versus-time graph of two carts before and after the two collide on a low-friction track. 
The sum of the momenta is the same before and after the collision. The inertias are m1 = 0.36 kg and m2 = 0.12 kg.
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velocities always yields the same result: The momentum of the system com-
prising any two colliding objects is not changed by the collision. The collision 
merely transfers some momentum from one cart to the other—one gains a cer-
tain amount of momentum, and the other loses the same amount.

4.13 (a) How much momentum is transferred in the collisions in Figure 4.23?  
(b) Is this momentum transferred from cart 1 to cart 2, or in the opposite direction?

Experiments show that any interaction between two objects—not just 
 collisions—transfers momentum from one object to the other. The sum of the 
momenta of the interacting objects, however, never changes. No interactions 
or other phenomena have ever been observed where momentum is created 
out of nothing or destroyed. We must therefore conclude that momentum is 
conserved:

Momentum can be transferred from one object to another, but it cannot 
be created or destroyed.

This statement is one of the most fundamental principles of physics and is often 
referred to as the conservation of momentum.

For an isolated system, conservation of momentum means
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Figure 4.23 (a) Velocity-versus-time graph and (b) momentum-versus-time graph of two carts before and after the two collide on a low-friction track. 
The sum of the momenta is the same before and after the collision. The inertias are m1 = 0.36 kg and m2 = 0.12 kg.

M04_MAZU0930_PRIN_Ch04_pp075-100.indd   95 10/09/13   2:40 PM



1  architecture                   2   content

Q
u

a
n

t
ita

t
iv

e
 t

o
o

l
s

 4.8 ConServatIon of MoMentuM 95

For cart 2 we have v2x,i = +0.34 m>s, v2x,f = -0.17 m>s, and m2 = 0.12 kg, so

 ∆p2x = m2(v2x,f − v2x,i) = (0.12 kg)(-0.17 m>s − 0.34 m>s)

 = -0.061 kg # m>s.

Because the two changes in momentum are equal in magnitude and of opposite 
sign, they add up to zero: ∆p1x + ∆p2x = 0. Consequently the momentum of 
the system comprising the two carts does not change:

 ∆pS K ∆pS1 + ∆pS2 = 0
S

. (4.16)

Repeating the experiment with another pair of carts or changing the initial 
velocities always yields the same result: The momentum of the system com-
prising any two colliding objects is not changed by the collision. The collision 
merely transfers some momentum from one cart to the other—one gains a cer-
tain amount of momentum, and the other loses the same amount.

4.13 (a) How much momentum is transferred in the collisions in Figure 4.23?  
(b) Is this momentum transferred from cart 1 to cart 2, or in the opposite direction?

Experiments show that any interaction between two objects—not just 
 collisions—transfers momentum from one object to the other. The sum of the 
momenta of the interacting objects, however, never changes. No interactions 
or other phenomena have ever been observed where momentum is created 
out of nothing or destroyed. We must therefore conclude that momentum is 
conserved:

Momentum can be transferred from one object to another, but it cannot 
be created or destroyed.

This statement is one of the most fundamental principles of physics and is often 
referred to as the conservation of momentum.

For an isolated system, conservation of momentum means

 ∆pS = 0
S

 (isolated system). (4.17)
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Figure 4.23 (a) Velocity-versus-time graph and (b) momentum-versus-time graph of two carts before and after the two collide on a low-friction track. 
The sum of the momenta is the same before and after the collision. The inertias are m1 = 0.36 kg and m2 = 0.12 kg.
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For cart 2 we have v2x,i = +0.34 m>s, v2x,f = -0.17 m>s, and m2 = 0.12 kg, so

 ∆p2x = m2(v2x,f − v2x,i) = (0.12 kg)(-0.17 m>s − 0.34 m>s)

 = -0.061 kg # m>s.

Because the two changes in momentum are equal in magnitude and of opposite 
sign, they add up to zero: ∆p1x + ∆p2x = 0. Consequently the momentum of 
the system comprising the two carts does not change:

 ∆pS K ∆pS1 + ∆pS2 = 0
S

. (4.16)

Repeating the experiment with another pair of carts or changing the initial 
velocities always yields the same result: The momentum of the system com-
prising any two colliding objects is not changed by the collision. The collision 
merely transfers some momentum from one cart to the other—one gains a cer-
tain amount of momentum, and the other loses the same amount.

4.13 (a) How much momentum is transferred in the collisions in Figure 4.23?  
(b) Is this momentum transferred from cart 1 to cart 2, or in the opposite direction?

Experiments show that any interaction between two objects—not just 
 collisions—transfers momentum from one object to the other. The sum of the 
momenta of the interacting objects, however, never changes. No interactions 
or other phenomena have ever been observed where momentum is created 
out of nothing or destroyed. We must therefore conclude that momentum is 
conserved:

Momentum can be transferred from one object to another, but it cannot 
be created or destroyed.

This statement is one of the most fundamental principles of physics and is often 
referred to as the conservation of momentum.

For an isolated system, conservation of momentum means

 ∆pS = 0
S

 (isolated system). (4.17)
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Figure 4.23 (a) Velocity-versus-time graph and (b) momentum-versus-time graph of two carts before and after the two collide on a low-friction track. 
The sum of the momenta is the same before and after the collision. The inertias are m1 = 0.36 kg and m2 = 0.12 kg.

M04_MAZU0930_PRIN_Ch04_pp075-100.indd   95 10/09/13   2:40 PM



1  architecture                   2   content

Q
u

a
n

t
ita

t
iv

e
 t

o
o

l
s

 4.8 ConServatIon of MoMentuM 99

The momentum law is not confined to two objects. Suppose we put three ob-
jects in motion on a low-friction track such that they all end up colliding with 
one another. Let 1 first collide with 2 and then 2 with 3 (you can pick whatever 
sequence you like). In the first collision, pS1 and pS2 change but their sum remains 
unchanged. In addition, the sum of all three momenta remains unchanged be-
cause nothing has happened to pS3 yet. When 2 and 3 collide, pS2 and pS3 change but 
the sum pS2 + pS3 does not change. So again, the momentum of the system com-
prising all three remains constant. In other words, throughout the two collisions, 
the momentum of the system comprising all three objects, pS, remains unchanged:

 pSi = pS1,i + pS2,i + pS3,i = pS1,f + pS2,f + pS3,f = pSf  (isolated system).  (4.23)

This argument can be extended to any number of objects and any number of 
collisions or interactions.

That we can apply conservation of momentum to predict the final momen-
tum of carts colliding on a low-friction track may seem like nothing special 
because you are indeed unlikely to encounter this situation outside the physics 
classroom. Conservation of momentum has much broader applications, how-
ever, because it governs everything that happens in the universe. Conservation of 
momentum applies to atoms and elementary particles at the subatomic scale, to 
stars and galaxies at the cosmic scale, and to everything in between. Next time 
you fly in an airplane consider this: you are moving forward because of conser-
vation of momentum. The aircraft engines “throw air backward” so the airplane 
and the passengers move forward. Conservation of momentum is used to solve 
many science and engineering problems: from calculating the forces of impact 
during vehicle collisions, to the trajectories of satellites, to the load-carrying 
 capabilities of artificial limbs.

4.17 A railroad car moves at velocity vi on a track toward three other railroad cars 
at rest on the track. All the cars are identical, and each stationary car is some distance 
from the others. The moving car hits the first stationary car and locks onto it. Then the 
two hit the second stationary car, lock onto that one, and so on. When all four cars have 
locked onto one another, what is the velocity vf  of the four-car train?
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Figure 4.25 (a) Velocity-versus-time graph and (b) momentum-versus-time graph for the carts of Figure 4.24. Notice that the sum of the momenta is 
again the same before and after the collision. The inertia of cart 1 is 0.36 kg, and that of cart 2 is 0.12 kg.
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For cart 2 we have v2x,i = +0.34 m>s, v2x,f = -0.17 m>s, and m2 = 0.12 kg, so

 ∆p2x = m2(v2x,f − v2x,i) = (0.12 kg)(-0.17 m>s − 0.34 m>s)

 = -0.061 kg # m>s.

Because the two changes in momentum are equal in magnitude and of opposite 
sign, they add up to zero: ∆p1x + ∆p2x = 0. Consequently the momentum of 
the system comprising the two carts does not change:

 ∆pS K ∆pS1 + ∆pS2 = 0
S

. (4.16)

Repeating the experiment with another pair of carts or changing the initial 
velocities always yields the same result: The momentum of the system com-
prising any two colliding objects is not changed by the collision. The collision 
merely transfers some momentum from one cart to the other—one gains a cer-
tain amount of momentum, and the other loses the same amount.

4.13 (a) How much momentum is transferred in the collisions in Figure 4.23?  
(b) Is this momentum transferred from cart 1 to cart 2, or in the opposite direction?

Experiments show that any interaction between two objects—not just 
 collisions—transfers momentum from one object to the other. The sum of the 
momenta of the interacting objects, however, never changes. No interactions 
or other phenomena have ever been observed where momentum is created 
out of nothing or destroyed. We must therefore conclude that momentum is 
conserved:

Momentum can be transferred from one object to another, but it cannot 
be created or destroyed.

This statement is one of the most fundamental principles of physics and is often 
referred to as the conservation of momentum.

For an isolated system, conservation of momentum means

 ∆pS = 0
S

 (isolated system). (4.17)
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Figure 4.23 (a) Velocity-versus-time graph and (b) momentum-versus-time graph of two carts before and after the two collide on a low-friction track. 
The sum of the momenta is the same before and after the collision. The inertias are m1 = 0.36 kg and m2 = 0.12 kg.
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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Note that the sequence of the subscripts for relative speeds 
does not matter: v12 K �v2x − v1x� = �v1x − v2x� = v21 
(the speed of cart 2 relative to cart 1 is equal to the speed 
of cart 1 relative to cart 2).

A collision in which the relative speed before the colli-
sion is the same as the relative speed after the collision is 
called an elastic collision. Collisions between hard objects 
are generally elastic collisions. For instance, a superball 
bouncing off a hard floor bounces up with nearly the same 
speed with which it came down. Thus the relative speed of 
floor and ball does not change, and the collision is elastic.

5.1 Two cars are moving along a highway with neither 
one accelerating. Is their relative speed equal to the difference 
between their speeds? Why or why not?

Any collision for which the relative speed after the collision 
is lower than that before the collision is called an inelastic 
collision. If you drop a tennis ball to the floor, it rebounds 
with a lower speed than it had when it hit the floor. The rela-
tive speed is reduced, and the collision is inelastic.

A special type of inelastic collision is one in which the 
two objects move together after the collision so that their 
relative speed is reduced to zero. We call this special case 
a totally inelastic collision. Imagine dropping a ball of 
dough to the floor. Splat! The dough sticks to the floor, and 
the relative speed of dough and floor is reduced to zero. 
The collision in Figure 4.25 is another example of an inelas-
tic collision.

As you might imagine, whether a collision is elastic, 
inelastic, or totally inelastic depends on the properties of 
the objects involved. However, if we know what happens 
to the relative speed in a collision, we can use that knowl-
edge together with conservation of momentum to deter-
mine the final velocities.

Now that we know about conservation of momen-
tum, can we determine the final velocities of two 
colliding objects if the only things we know are the 

initial velocities and the fact that the momentum is con-
served? The answer is no if our only tool is the momentum 
law. In the collisions represented in Figures 4.23 and 4.25, 
for instance, momentum is unchanged in both cases, and 
yet the two outcomes are definitely not the same. So knowing 
only that momentum remains constant isn’t enough. We need 
additional information in order to predict future positions 
and velocities. In the process of looking for this additional 
information, we shall develop another conservation law—the 
law of conservation of energy.

5.1 Classification of collisions
If you look at the velocity-versus-time graphs in Chapter 4, you 
will notice that the velocity difference in the two carts, vS2 − vS1, 
in most cases has the same magnitude before and after the 
collision. Figure 5.1 shows two graphs of collisions we con-
sidered in Chapter 4 and highlights the velocity differ-
ence before and after the collision. This difference is the 
relative velocity of the carts: vS12 K vS2 − vS1 is the velocity 
of cart 2 relative to cart 1 and vS21 K  vS1 − vS2 is the veloc-
ity of cart 1 relative to cart 2. The subscript in the relative 
velocity symbol is always shown with the object we are 
studying printed last: v12 is the velocity of cart 2 and v21 is 
the velocity of cart 1. (We cannot use ∆  here because we 
reserve that symbol to denote the change in a single quan-
tity; now we are dealing with the difference between the 
same quantity for two different objects.)

The magnitude of the relative velocity is called the  
relative speed. Thus v12 K �vS2 − vS1�  is the speed of cart 2 
(last subscript in v12) relative to cart 1. For motion along the 
x axis, the relative speed is the absolute value of the difference 
in the x components of the velocities: v12 K �v2x − v1x� .  

Figure 5.1 Velocity-versus-time graphs of (a) two identical carts colliding on a low-friction track, with one of the carts  
initially at rest, and (b) a standard cart colliding with a cart of unknown inertia that is initially at rest. Notice that for both  
collisions the relative speeds of the two carts are the same before and after the collision.
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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5.5 elastic collisions
As we saw in Section 5.1, we can classify collisions according to what happens to 
the relative velocity of the two colliding objects. The relative velocity of cart 2 
relative to cart 1 is defined as

 vS12 K vS2 − vS1 . (5.1)

The relative velocity of cart 1 relative to cart 2 is the negative of this vector:

 vS21 K vS1 − vS2 = -vS12 . (5.2)

If the magnitude of this relative velocity (the objects’ relative speed  
v12 K �vS2 − vS1� ) is the same before and after the collision, the collision is elastic:

 v12i = v12f  (elastic collision). (5.3)

For two objects moving along the x axis, we can write this as

 v2x,i − v1x,i = -(v2x,f − v1x,f) (elastic collision), (5.4)

where I have added a minus sign on the right because if object 2 initially moves 
faster than object 1, object 1 must move faster after the collision (Figure 5.15). 
In other words, in an elastic collision, if v2x,i 7 v1x,i , we must have v2x,f 6 v1x,f . 
The relative velocity in an elastic collision always changes sign after the collision: 
v12x,i = -v12x,f .

Because we can consider a system made up of two colliding objects to be iso-
lated during the collision, conservation of momentum requires that the momen-
tum of the colliding objects remains unchanged in the collision:

 m1v1x,i + m2v2x,i = m1v1x,f + m2v2x,f  (isolated system). (5.5)

Equations 5.4 and 5.5 allow us to determine the final velocities of the objects, 
given their initial velocities.

Figure 5.15 A collision between two objects 
moving in the same direction at different speeds.
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example 5.5 elastic collision

Two carts, one of inertia m1 = 0.25 kg and the other of inertia  
m2 = 0.40 kg , travel along a straight horizontal track with  
velocities v1x,i = +0.20 m>s and v2x,i = -0.050 m>s . What are 
the carts’ velocities after they collide elastically?
❶ GEttinG StartEd I begin by organizing the information in 
a sketch to help visualize the situation (Figure 5.16). I need to 
determine the velocities after the collision from the information 
given, knowing that the collision is elastic.

❷ dEviSE plan To determine the two unknowns v1x,f  and 
v2x,f , I need two equations. Because the collision is elastic, I can 
use Eqs. 5.4 and 5.5.
❸ ExEcutE plan I begin by solving Eq. 5.4 for v2x,f :

v2x,f = v1x,i − v2x,i + v1x,f

so that I can eliminate v2x,f  from Eq. 5.5:

m1v1x,i + m2v2x,i = m1v1x,f + m2(v1x,i − v2x,i + v1x,f).

Solving this expression for v1x,f  yields

 v1x,f =
m1 − m2

m1 + m2
 v1x,i +

2m2

m1 + m2
 v2x,i. (1)

Figure 5.16 
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Repeating this procedure, I can eliminate v1x,f  and solve for v2x,f :

 v2x,f =
2m1

m1 + m2
 v1x,i −

m1 − m2

m1 + m2
 v2x,i . (2)

Substituting the given values into Eqs. 1 and 2 yields v1x,f =
-0.11 m>s  and v2x,f = +0.14 m>s .  ✔

❹ EvaluatE rESult The final velocities yield the final rela-
tive speed v12f = �(+0.14 m>s) − (-0.11 m>s)� = 0.25 m>s . 
This value is the same as the initial relative speed v12i =
�(-0.05 m>s) − (+0.20 m>s)� = 0.25 m>s , as required for an 
elastic collision.

Let me now show how Eqs. 5.4 and 5.5 lead to an expression that shows that 
the kinetic energy of two colliding objects doesn’t change in an elastic collision. 
Rearranging the terms in Eq. 5.5, I get

 m1(v1x,i − v1x,f) = m2(v2x,f − v2x,i) , (5.6)

while Eq. 5.4 yields

 v1x,i + v1x,f = v2x,i + v2x,f . (5.7)

Now I multiply the left side of Eq. 5.6 by the left side of Eq. 5.7 and likewise for 
the right sides to get

 m1(v1x,i − v1x,f)(v1x,i + v1x,f) = m2(v2x,f − v2x,i)(v2x,i + v2x,f) , (5.8)

which multiplies out to

 m1v
2
1x,i − m1v

2
1x,f = m2v

2
2x,f − m2v

2
2x,i . (5.9)

For motion along the x axis, the square of the x component of a velocity is the 
same as the square of the speed, vx

2 = v2 , and so I can drop all the subscripts x. If 
I put all the vi terms on the left and all the vf  terms on the right, I get

 m1v
2
1i + m2v

2
2i = m1v

2
1f + m2v

2
2f . (5.10)

I now divide both sides by 2 to get

 1
2 m1v

2
1i +

1
2 m2v

2
2i =

1
2 m1v

2
1f +

1
2 m2v

2
2f . (5.11)

As you saw in Section 5.2, the quantity 1
2 mv2 is the kinetic energy, which we 

denote by K:*

 K K 1
2 mv2 . (5.12)

With this definition, Eq. 5.11 simplifies to

 K1i + K2i = K1f + K2f  (elastic collision), (5.13)

where K1i =
1
2 m1v1i

2  is the initial kinetic energy of object 1, and so on. In words, 
in an elastic collision the sum of the initial kinetic energies is the same as the 
sum of the final kinetic energies.

*The factor 12 in Eq. 5.12 is there for convenience. We could have defined kinetic energy as simply 
mv2, but the definition given in Eq. 5.12 simplifies matters later on.
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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them simply by pulling them apart (Figure 5.4a). After the 
clapping, your hands are warmer than before, and you can-
not cool your hands by “unclapping” them. All these inelas-
tic collisions are irreversible processes, which means that 
the changes that occur in the state of the colliding objects 
cannot spontaneously undo themselves.

In contrast, viewing a movie of a superball bouncing 
off the floor or two carts colliding on a low-friction track 
(without sticking together), you’d be hard pressed to tell 
whether the movie is playing forward or in reverse. This 
is because elastic collisions are a reversible process, which 
means there are no permanent changes in the state of the 
colliding objects. The objects look the same before and 
after the collision (Figure 5.4b).

I have summarized these facts in table 5.2. Notice how a 
change in the relative speed (and therefore a change in the sum 
of the kinetic energies) goes hand in hand with a change in the 
state: The sum of the kinetic energies of two colliding objects 
doesn’t change unless their states change. Let us look at this 
connection with an eye to formulating a new conservation law.

Suppose we could associate some quantity having the 
same units as kinetic energy (kg # m2>s2) with the state of an 
object—let’s call this quantity the object’s internal energy 
(denoted by Eint). Suppose further that we could arrange 
things in such a way that in an inelastic collision the increase 
in the sum of the internal energies of the colliding objects is 
equal to the decrease in their kinetic energies. This would 
mean that in an inelastic collision one form of energy is 
converted to another form (kinetic to internal) but the sum 
of the kinetic and internal energies—collectively called the 
energy of the system—doesn’t change.

energies after the collision is the same as the sum before the 
collision because the change in the kinetic energy of cart 1 
is the negative of that of cart 2. For the totally inelastic colli-
sion (Figure 5.3b), the changes in the kinetic energies do not 
cancel, and so the system’s kinetic energy after the collision is 
not equal to the system’s kinetic energy before the collision.

 5.4 A moving cart collides with an identical cart initially 
at rest on a low-friction track, and the two lock together. What 
fraction of the initial kinetic energy of the system remains in 
this totally inelastic collision?

5.3 internal energy
In both inelastic and totally inelastic collisions, the relative 
speed changes and therefore the kinetic energy of the sys-
tem changes. For example, the decrease in the kinetic energy 
of cart 2 in Figure 5.2b, represented by the downward 
pointing arrow labeled ∆K2 in Figure 5.3b, is larger than 
the increase in the kinetic energy K1 of cart 1, resulting in 
a decrease in the kinetic energy of the stuck-together carts. 
Where does this kinetic energy go? Does it simply vanish, 
or does it go elsewhere?

We can find the answer to this question by looking more 
closely at inelastic collisions between objects and noticing 
that changes occur in the state of one or both objects. What 
I mean by state is the condition of the object as specified 
by some complete set of physical parameters: shape, tem-
perature, whatever—every possible physical variable that de-
fines the object. In inelastic collisions, objects deform (their 
shape changes) and heat up (their temperature changes): A 
ball of dough changes shape as it hits the ground, two cars 
deform as they collide, hands vigorously clapped together 
heat up and make sound.

The transformation of a system from an initial state to a 
final state is called a process. Processes cause change (see 
Section 1.4), and so in physics we aim to understand pro-
cesses. Collisions that change either the motion or the state 
of objects are an example of a process. Other examples are 
the melting of an ice cube, the burning of fuel, the flow of 
a liquid, and an explosive separation. Initially we focus on 
collisions because they are easily visualized and we can study 
what happens in collisions using carts on tracks. As we gain 
experience, we shall replace collisions with other processes.

In inelastic collisions, the state of the objects after the  
collision is different from the state before the collision. 
If I were to make a movie of the ball of dough hitting the 
ground and then play the movie in reverse, you’d have 
no trouble telling that the movie was being played in the 
wrong direction. This is because this inelastic collision in-
volves changes that cannot undo themselves—the dough 
is flat and at rest after the collision and round and moving 
before (and never the other way around). The same is true 
for a collision between two cars: The cars are damaged after 
the collision and not before, and it is not possible to repair 

table 5.2 Elastic and inelastic collisions

Collision type Relative speed State

elastic unchanged unchanged
inelastic changed changed
totally inelastic changed (becomes changed 
  zero)

Figure 5.4 Before or after? (a) Inelastic collisions are an irreversible 
process. There is no question that the picture was taken after the accident 
because the state of the two cars has changed. (b) Elastic collisions are a re-
versible process. Can you tell whether this picture was taken before or after 
the ball collided with the racquet?

(a) (b)
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change the configuration state of the boulder-Earth system. 
As the boulder is hoisted upward, the form of potential 
energy called gravitational potential energy is stored in 
the Earth-boulder system. To see that the stored energy is 
potential energy, imagine cutting the rope that holds the 
boulder in place: The boulder accelerates as it tumbles back 
to Earth because of the gravitational interaction between it 
and Earth. As the boulder gains speed, its kinetic energy 
increases. Because energy is conserved and because the 
ball-Earth system is closed, the gain in kinetic energy has 
to be compensated by a loss of potential energy associated 
with the changed configuration state.

Moving to the atomic level, whenever you squeeze a ball 
or a spring, you change the configuration state of the atoms 
that make up the ball or spring. Reversible deformations cor-
respond to changes in elastic potential energy. In Figure 7.7, 
for instance, the kinetic energy of the cart is temporarily 
converted to elastic potential energy in the spring.

Potential energy is the form of internal energy asso-
ciated with reversible changes in the configuration 
state of an object or system. Potential energy can be 
converted entirely to kinetic energy.

exercise 7.2 Launch

A ball is pressed down on a spring and then released from rest. 
The spring launches the ball upward. Identify the energy con-
versions that occur between the instant the ball is released and 
the instant it reaches the highest point of its trajectory.

Solution As the spring expands, elastic potential energy stored 
in the spring is converted to kinetic energy of the ball. As the ball 
travels upward, it slows down and the kinetic energy is converted 
to gravitational potential energy of the ball-Earth system. ✔

7.5 In Figure 7.7, the initial speed of the cart is vi .  
Assuming no potential energy is initially stored in the spring, 
how much potential energy is stored in the spring at the instant 
depicted in the middle drawing and at the instant depicted in 
the bottom drawing? Give your answers in terms of m, vi , and v.

7.3 energy dissipation
The part of the converted kinetic energy that does not re-
appear after an inelastic collision is said to be dissipated 
(in other words, irreversibly converted). To understand 
what happens to energy that is dissipated, try the following 
simple experiment with a crisp sheet of paper lying flat on 
a horizontal surface. Without making any folds, bend one 
end of the sheet over the other, as illustrated in Figure 7.8a. 
If you remove your hand, the sheet straightens itself out. If 
you crumple up the sheet, however, as in Figure 7.8b, and 
then remove your hand, the crumpled sheet may expand 
a little, but it doesn’t regain its original shape. There is an 
important difference between the two changes in shape. In 
Figure 7.8a the deformation takes place in a coherent man-
ner, which means that at the atomic level, there is a pattern 
in the displacements of the atoms: They move orderly in 
rows, with each successive row experiencing a small dis-
placement in the same direction as adjacent rows. As you 
bend the sheet in this fashion, you store potential energy 
in it. When you release the sheet, this potential energy ap-
pears as kinetic energy. In Figure 7.8b, the change in shape 

Figure 7.7 Energy conversion during the compression of a spring by a 
moving cart.

vS
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vS
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change the configuration state of the boulder-Earth system. 
As the boulder is hoisted upward, the form of potential 
energy called gravitational potential energy is stored in 
the Earth-boulder system. To see that the stored energy is 
potential energy, imagine cutting the rope that holds the 
boulder in place: The boulder accelerates as it tumbles back 
to Earth because of the gravitational interaction between it 
and Earth. As the boulder gains speed, its kinetic energy 
increases. Because energy is conserved and because the 
ball-Earth system is closed, the gain in kinetic energy has 
to be compensated by a loss of potential energy associated 
with the changed configuration state.

Moving to the atomic level, whenever you squeeze a ball 
or a spring, you change the configuration state of the atoms 
that make up the ball or spring. Reversible deformations cor-
respond to changes in elastic potential energy. In Figure 7.7, 
for instance, the kinetic energy of the cart is temporarily 
converted to elastic potential energy in the spring.

Potential energy is the form of internal energy asso-
ciated with reversible changes in the configuration 
state of an object or system. Potential energy can be 
converted entirely to kinetic energy.

exercise 7.2 Launch

A ball is pressed down on a spring and then released from rest. 
The spring launches the ball upward. Identify the energy con-
versions that occur between the instant the ball is released and 
the instant it reaches the highest point of its trajectory.

Solution As the spring expands, elastic potential energy stored 
in the spring is converted to kinetic energy of the ball. As the ball 
travels upward, it slows down and the kinetic energy is converted 
to gravitational potential energy of the ball-Earth system. ✔

7.5 In Figure 7.7, the initial speed of the cart is vi .  
Assuming no potential energy is initially stored in the spring, 
how much potential energy is stored in the spring at the instant 
depicted in the middle drawing and at the instant depicted in 
the bottom drawing? Give your answers in terms of m, vi , and v.

7.3 energy dissipation
The part of the converted kinetic energy that does not re-
appear after an inelastic collision is said to be dissipated 
(in other words, irreversibly converted). To understand 
what happens to energy that is dissipated, try the following 
simple experiment with a crisp sheet of paper lying flat on 
a horizontal surface. Without making any folds, bend one 
end of the sheet over the other, as illustrated in Figure 7.8a. 
If you remove your hand, the sheet straightens itself out. If 
you crumple up the sheet, however, as in Figure 7.8b, and 
then remove your hand, the crumpled sheet may expand 
a little, but it doesn’t regain its original shape. There is an 
important difference between the two changes in shape. In 
Figure 7.8a the deformation takes place in a coherent man-
ner, which means that at the atomic level, there is a pattern 
in the displacements of the atoms: They move orderly in 
rows, with each successive row experiencing a small dis-
placement in the same direction as adjacent rows. As you 
bend the sheet in this fashion, you store potential energy 
in it. When you release the sheet, this potential energy ap-
pears as kinetic energy. In Figure 7.8b, the change in shape 

Figure 7.7 Energy conversion during the compression of a spring by a 
moving cart.
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(a) Coherent deformation: reversible

(b) Incoherent deformation: irreversible
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change the configuration state of the boulder-Earth system. 
As the boulder is hoisted upward, the form of potential 
energy called gravitational potential energy is stored in 
the Earth-boulder system. To see that the stored energy is 
potential energy, imagine cutting the rope that holds the 
boulder in place: The boulder accelerates as it tumbles back 
to Earth because of the gravitational interaction between it 
and Earth. As the boulder gains speed, its kinetic energy 
increases. Because energy is conserved and because the 
ball-Earth system is closed, the gain in kinetic energy has 
to be compensated by a loss of potential energy associated 
with the changed configuration state.

Moving to the atomic level, whenever you squeeze a ball 
or a spring, you change the configuration state of the atoms 
that make up the ball or spring. Reversible deformations cor-
respond to changes in elastic potential energy. In Figure 7.7, 
for instance, the kinetic energy of the cart is temporarily 
converted to elastic potential energy in the spring.

Potential energy is the form of internal energy asso-
ciated with reversible changes in the configuration 
state of an object or system. Potential energy can be 
converted entirely to kinetic energy.

exercise 7.2 Launch

A ball is pressed down on a spring and then released from rest. 
The spring launches the ball upward. Identify the energy con-
versions that occur between the instant the ball is released and 
the instant it reaches the highest point of its trajectory.

Solution As the spring expands, elastic potential energy stored 
in the spring is converted to kinetic energy of the ball. As the ball 
travels upward, it slows down and the kinetic energy is converted 
to gravitational potential energy of the ball-Earth system. ✔

7.5 In Figure 7.7, the initial speed of the cart is vi .  
Assuming no potential energy is initially stored in the spring, 
how much potential energy is stored in the spring at the instant 
depicted in the middle drawing and at the instant depicted in 
the bottom drawing? Give your answers in terms of m, vi , and v.

7.3 energy dissipation
The part of the converted kinetic energy that does not re-
appear after an inelastic collision is said to be dissipated 
(in other words, irreversibly converted). To understand 
what happens to energy that is dissipated, try the following 
simple experiment with a crisp sheet of paper lying flat on 
a horizontal surface. Without making any folds, bend one 
end of the sheet over the other, as illustrated in Figure 7.8a. 
If you remove your hand, the sheet straightens itself out. If 
you crumple up the sheet, however, as in Figure 7.8b, and 
then remove your hand, the crumpled sheet may expand 
a little, but it doesn’t regain its original shape. There is an 
important difference between the two changes in shape. In 
Figure 7.8a the deformation takes place in a coherent man-
ner, which means that at the atomic level, there is a pattern 
in the displacements of the atoms: They move orderly in 
rows, with each successive row experiencing a small dis-
placement in the same direction as adjacent rows. As you 
bend the sheet in this fashion, you store potential energy 
in it. When you release the sheet, this potential energy ap-
pears as kinetic energy. In Figure 7.8b, the change in shape 

Figure 7.7 Energy conversion during the compression of a spring by a 
moving cart.
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change the configuration state of the boulder-Earth system. 
As the boulder is hoisted upward, the form of potential 
energy called gravitational potential energy is stored in 
the Earth-boulder system. To see that the stored energy is 
potential energy, imagine cutting the rope that holds the 
boulder in place: The boulder accelerates as it tumbles back 
to Earth because of the gravitational interaction between it 
and Earth. As the boulder gains speed, its kinetic energy 
increases. Because energy is conserved and because the 
ball-Earth system is closed, the gain in kinetic energy has 
to be compensated by a loss of potential energy associated 
with the changed configuration state.

Moving to the atomic level, whenever you squeeze a ball 
or a spring, you change the configuration state of the atoms 
that make up the ball or spring. Reversible deformations cor-
respond to changes in elastic potential energy. In Figure 7.7, 
for instance, the kinetic energy of the cart is temporarily 
converted to elastic potential energy in the spring.

Potential energy is the form of internal energy asso-
ciated with reversible changes in the configuration 
state of an object or system. Potential energy can be 
converted entirely to kinetic energy.

exercise 7.2 Launch

A ball is pressed down on a spring and then released from rest. 
The spring launches the ball upward. Identify the energy con-
versions that occur between the instant the ball is released and 
the instant it reaches the highest point of its trajectory.

Solution As the spring expands, elastic potential energy stored 
in the spring is converted to kinetic energy of the ball. As the ball 
travels upward, it slows down and the kinetic energy is converted 
to gravitational potential energy of the ball-Earth system. ✔

7.5 In Figure 7.7, the initial speed of the cart is vi .  
Assuming no potential energy is initially stored in the spring, 
how much potential energy is stored in the spring at the instant 
depicted in the middle drawing and at the instant depicted in 
the bottom drawing? Give your answers in terms of m, vi , and v.

7.3 energy dissipation
The part of the converted kinetic energy that does not re-
appear after an inelastic collision is said to be dissipated 
(in other words, irreversibly converted). To understand 
what happens to energy that is dissipated, try the following 
simple experiment with a crisp sheet of paper lying flat on 
a horizontal surface. Without making any folds, bend one 
end of the sheet over the other, as illustrated in Figure 7.8a. 
If you remove your hand, the sheet straightens itself out. If 
you crumple up the sheet, however, as in Figure 7.8b, and 
then remove your hand, the crumpled sheet may expand 
a little, but it doesn’t regain its original shape. There is an 
important difference between the two changes in shape. In 
Figure 7.8a the deformation takes place in a coherent man-
ner, which means that at the atomic level, there is a pattern 
in the displacements of the atoms: They move orderly in 
rows, with each successive row experiencing a small dis-
placement in the same direction as adjacent rows. As you 
bend the sheet in this fashion, you store potential energy 
in it. When you release the sheet, this potential energy ap-
pears as kinetic energy. In Figure 7.8b, the change in shape 

Figure 7.7 Energy conversion during the compression of a spring by a 
moving cart.
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is incoherent because the atoms are displaced in random 
directions. The sheet can’t straighten itself out because the 
randomly displaced atoms are in one another’s way. Some 
of the smaller, less random deformations can restore them-
selves when you let go, but in general the energy used to do 
the crumpling has been irreversibly converted, producing a 
permanent deformation.

In addition to being dissipated to incoherent deforma-
tions, energy can be dissipated to incoherent motion, as 
shown in Figure 7.9. In Figure 7.9a a cart with a metal bar 
on top collides with a post that is anchored to the track. The 
collision is elastic, and so the cart’s final kinetic energy is 
equal to the initial kinetic energy. In Figure 7.9b the metal 
bar has been replaced by a frame from which a large num-
ber of little balls are suspended. When this cart hits the 
post, the cart comes to a dead stop but the balls—initially 
at rest relative to the cart—chaotically jiggle back and forth 
in random directions. What has happened is that the initial 
kinetic energy of the cart has been converted to kinetic en-
ergy associated with the incoherent motion of the balls. We 
still have exactly the same amount of kinetic energy, but it 
has all become “internal.” The initially coherent kinetic en-
ergy of the moving cart has been dissipated to the incoher-
ent kinetic energy of the balls.

The experiment illustrated in Figure 7.9b is a large-scale 
model of what happens at the atomic scale in inelastic colli-
sions. When a tennis ball bounces off a hard surface, part of 
the ball’s kinetic energy is converted to incoherent energy 
of the atoms that make up the ball. (Imagine the atoms in 
the ball jiggling incoherently like the balls in Figure 7.9b.) 
Consequently the ball’s kinetic energy after the bounce is 

less than that before the bounce, and so the rebound height 
is below the original height.

We can now give a complete classification of energy 
(Figure 7.10). All energy can be divided into two fundamen-
tal classes: energy associated with motion and energy associ-
ated with the configuration of interacting objects. Each class 
of energy comes in two forms: coherent and incoherent.

When all the atoms in an object move in a coherent 
fashion in the same direction—which means the entire ob-
ject moves in that direction—the energy of motion is called 

Figure 7.9 Reversible and irreversible collisions. In the totally inelastic 
collision in (b), the cart’s coherent kinetic energy is converted completely 
to random energy of motion in the suspended balls.
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is incoherent because the atoms are displaced in random 
directions. The sheet can’t straighten itself out because the 
randomly displaced atoms are in one another’s way. Some 
of the smaller, less random deformations can restore them-
selves when you let go, but in general the energy used to do 
the crumpling has been irreversibly converted, producing a 
permanent deformation.

In addition to being dissipated to incoherent deforma-
tions, energy can be dissipated to incoherent motion, as 
shown in Figure 7.9. In Figure 7.9a a cart with a metal bar 
on top collides with a post that is anchored to the track. The 
collision is elastic, and so the cart’s final kinetic energy is 
equal to the initial kinetic energy. In Figure 7.9b the metal 
bar has been replaced by a frame from which a large num-
ber of little balls are suspended. When this cart hits the 
post, the cart comes to a dead stop but the balls—initially 
at rest relative to the cart—chaotically jiggle back and forth 
in random directions. What has happened is that the initial 
kinetic energy of the cart has been converted to kinetic en-
ergy associated with the incoherent motion of the balls. We 
still have exactly the same amount of kinetic energy, but it 
has all become “internal.” The initially coherent kinetic en-
ergy of the moving cart has been dissipated to the incoher-
ent kinetic energy of the balls.

The experiment illustrated in Figure 7.9b is a large-scale 
model of what happens at the atomic scale in inelastic colli-
sions. When a tennis ball bounces off a hard surface, part of 
the ball’s kinetic energy is converted to incoherent energy 
of the atoms that make up the ball. (Imagine the atoms in 
the ball jiggling incoherently like the balls in Figure 7.9b.) 
Consequently the ball’s kinetic energy after the bounce is 

less than that before the bounce, and so the rebound height 
is below the original height.

We can now give a complete classification of energy 
(Figure 7.10). All energy can be divided into two fundamen-
tal classes: energy associated with motion and energy associ-
ated with the configuration of interacting objects. Each class 
of energy comes in two forms: coherent and incoherent.

When all the atoms in an object move in a coherent 
fashion in the same direction—which means the entire ob-
ject moves in that direction—the energy of motion is called 

Figure 7.9 Reversible and irreversible collisions. In the totally inelastic 
collision in (b), the cart’s coherent kinetic energy is converted completely 
to random energy of motion in the suspended balls.
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is incoherent because the atoms are displaced in random 
directions. The sheet can’t straighten itself out because the 
randomly displaced atoms are in one another’s way. Some 
of the smaller, less random deformations can restore them-
selves when you let go, but in general the energy used to do 
the crumpling has been irreversibly converted, producing a 
permanent deformation.

In addition to being dissipated to incoherent deforma-
tions, energy can be dissipated to incoherent motion, as 
shown in Figure 7.9. In Figure 7.9a a cart with a metal bar 
on top collides with a post that is anchored to the track. The 
collision is elastic, and so the cart’s final kinetic energy is 
equal to the initial kinetic energy. In Figure 7.9b the metal 
bar has been replaced by a frame from which a large num-
ber of little balls are suspended. When this cart hits the 
post, the cart comes to a dead stop but the balls—initially 
at rest relative to the cart—chaotically jiggle back and forth 
in random directions. What has happened is that the initial 
kinetic energy of the cart has been converted to kinetic en-
ergy associated with the incoherent motion of the balls. We 
still have exactly the same amount of kinetic energy, but it 
has all become “internal.” The initially coherent kinetic en-
ergy of the moving cart has been dissipated to the incoher-
ent kinetic energy of the balls.

The experiment illustrated in Figure 7.9b is a large-scale 
model of what happens at the atomic scale in inelastic colli-
sions. When a tennis ball bounces off a hard surface, part of 
the ball’s kinetic energy is converted to incoherent energy 
of the atoms that make up the ball. (Imagine the atoms in 
the ball jiggling incoherently like the balls in Figure 7.9b.) 
Consequently the ball’s kinetic energy after the bounce is 

less than that before the bounce, and so the rebound height 
is below the original height.

We can now give a complete classification of energy 
(Figure 7.10). All energy can be divided into two fundamen-
tal classes: energy associated with motion and energy associ-
ated with the configuration of interacting objects. Each class 
of energy comes in two forms: coherent and incoherent.

When all the atoms in an object move in a coherent 
fashion in the same direction—which means the entire ob-
ject moves in that direction—the energy of motion is called 

Figure 7.9 Reversible and irreversible collisions. In the totally inelastic 
collision in (b), the cart’s coherent kinetic energy is converted completely 
to random energy of motion in the suspended balls.
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is incoherent because the atoms are displaced in random 
directions. The sheet can’t straighten itself out because the 
randomly displaced atoms are in one another’s way. Some 
of the smaller, less random deformations can restore them-
selves when you let go, but in general the energy used to do 
the crumpling has been irreversibly converted, producing a 
permanent deformation.

In addition to being dissipated to incoherent deforma-
tions, energy can be dissipated to incoherent motion, as 
shown in Figure 7.9. In Figure 7.9a a cart with a metal bar 
on top collides with a post that is anchored to the track. The 
collision is elastic, and so the cart’s final kinetic energy is 
equal to the initial kinetic energy. In Figure 7.9b the metal 
bar has been replaced by a frame from which a large num-
ber of little balls are suspended. When this cart hits the 
post, the cart comes to a dead stop but the balls—initially 
at rest relative to the cart—chaotically jiggle back and forth 
in random directions. What has happened is that the initial 
kinetic energy of the cart has been converted to kinetic en-
ergy associated with the incoherent motion of the balls. We 
still have exactly the same amount of kinetic energy, but it 
has all become “internal.” The initially coherent kinetic en-
ergy of the moving cart has been dissipated to the incoher-
ent kinetic energy of the balls.

The experiment illustrated in Figure 7.9b is a large-scale 
model of what happens at the atomic scale in inelastic colli-
sions. When a tennis ball bounces off a hard surface, part of 
the ball’s kinetic energy is converted to incoherent energy 
of the atoms that make up the ball. (Imagine the atoms in 
the ball jiggling incoherently like the balls in Figure 7.9b.) 
Consequently the ball’s kinetic energy after the bounce is 

less than that before the bounce, and so the rebound height 
is below the original height.

We can now give a complete classification of energy 
(Figure 7.10). All energy can be divided into two fundamen-
tal classes: energy associated with motion and energy associ-
ated with the configuration of interacting objects. Each class 
of energy comes in two forms: coherent and incoherent.

When all the atoms in an object move in a coherent 
fashion in the same direction—which means the entire ob-
ject moves in that direction—the energy of motion is called 

Figure 7.9 Reversible and irreversible collisions. In the totally inelastic 
collision in (b), the cart’s coherent kinetic energy is converted completely 
to random energy of motion in the suspended balls.
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reaction products (Figure 7.14). In the combustion of fuel 
in an engine, some of the kinetic energy of the combustion 
products can be converted to mechanical energy, but a large 
portion of it is converted to thermal energy (a car engine 
gets so hot that part of the mechanical energy generated by 
the engine must be used to turn a fan to cool the engine). 
Friction in the engine converts even more energy to ther-
mal energy. Most of this thermal energy ends up either in 
the atmosphere or in the ground and cannot be easily re-
covered. We shall examine the generation of mechanical 
energy by engines in more detail in Chapter 21. For now, 
remember that the generation of mechanical energy from 
source energy is always accompanied by the generation of 
thermal energy, as illustrated in Figure 7.13c.

Figure 7.13d shows the conversion of source energy to 
thermal energy. An example of this process is the burning of 
gas or oil to heat our homes. The conversion of source energy 
to either mechanical or thermal energy is irreversible. The 
combustion of a methane-oxygen gas mixture, for example, 
causes permanent changes in the physical state of the gas 
mixture; it becomes a mixture of water and carbon dioxide. 
The reverse—obtaining methane from a mixture of water 
and carbon dioxide—is inconceivable even if energy is added 
to the system. Because of this irreversibility, the conversion of 
source energy to mechanical energy for transportation, heat-
ing, and so on—what we call energy consumption—decreases 
the available amount of source energy stored on Earth.

Because of dissipation, all forms of energy eventually are 
converted to thermal energy. As we shall see in Chapter 21, 
our ability to recover mechanical energy from thermal energy 
is very limited, however, making thermal energy not as useful 
as other forms of energy. Although some energy sources are 
renewable (solar, wind, water, biomass), they are not likely to 
meet our future demands for energy. Consequently the supply 
of source energy is limited, and a number of sources, such 
as oil and gas, are likely to run out during the 21st century.

7.8 Whenever you leave your room, you diligently turn 
off the lights to “conserve energy.” Your friend tells you that en-
ergy is conserved regardless of whether or not your lights are 
off. Which of you is right?

As we have seen, interactions that convert source en-
ergy to either mechanical or thermal energy and interac-
tions that convert mechanical energy to thermal energy are 
irreversible. Irreversible interactions change the thermal 
energy in a system and are called dissipative interactions; 
reversible interactions do not change the thermal energy in 
a system and are called nondissipative interactions.

To determine whether or not an interaction is dissipative, 
all you need to do is ask yourself whether the interaction is 
reversible:

Interactions that cause reversible changes are non-
dissipative; those that cause irreversible changes are 
dissipative.

Consider a puck sliding to a stop on a rough surface. If you 
were to make a movie of this action and then play the movie 
in reverse, you would immediately notice that something is 
not correct: A puck lying on a rough surface doesn’t sponta-
neously start moving. So the interaction between the rough 
surface and the puck is irreversible and therefore dissipative.

Figure 7.13 Energy conversion processes.
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Figure 7.14 In the combustion of methane, each molecule of methane 
(CH4) reacts with two oxygen molecules (O2) . The reaction rearranges the 
constituent atoms to form two water molecules (H2O) and one molecule 
of carbon dioxide (CO2) . In the reaction, chemical energy originally in the 
reactant molecules is converted to kinetic energy of the products.
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More generally, for any interaction involving a rise in temperature, or a per-
manent deformation in one or more of the interacting objects, or the conversion 
of source energy—in short, for any dissipative interaction—we have

∆K + ∆U + ∆Es + ∆Eth = 0 (closed system, dissipative interaction). (7.28)

In general ∆Es 6 0 because source energy is converted to another form of energy 
and ∆Eth 7 0 because dissipation increases the amount of thermal energy.

exercise 7.7 skateboard

Standing a few meters from a skateboard, a boarder begins running and then jumps 
onto the board. Make bar diagrams like the ones in Figure 7.32 to illustrate the energy 
conversions (a) while he accelerates and (b) while he jumps onto the board. Are the 
interactions dissipative or nondissipative?

solution (a) I choose a closed system consisting of the boarder, the skateboard, and 
Earth. The boarder’s initial kinetic energy is zero. As he accelerates during his run, he 
gains kinetic energy while the kinetic energy of Earth and the board remain zero. As he 
accelerates, he converts source energy (chemical energy extracted from food) to kinetic 
energy (he speeds up) and thermal energy (he gets warmer). This conversion is irre-
versible and therefore dissipative. There are no reversible changes in potential energy, 
and therefore I draw the energy bars shown in Figure 7.33.

	 ✔

7.17 How much energy is dissipated in the collision of Checkpoint 7.11?

Figure 7.33 

Figure 7.34 

	 ✔

(b) The jump onto the skateboard is a totally inelastic collision. Initially the boarder 
moves while the skateboard is at rest; after he lands on the board, both move at the same 
velocity. During this “collision,” there is no conversion of source energy and no change of 
potential energy. As in any other totally inelastic collision, however, part of the initial 
kinetic energy is dissipated to thermal energy between the boarder’s feet and the board 
and between the wheels and the ground. My bar diagram is shown in Figure 7.34.
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potential energy. As in any other totally inelastic collision, however, part of the initial 
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moves while the skateboard is at rest; after he lands on the board, both move at the same 
velocity. During this “collision,” there is no conversion of source energy and no change of 
potential energy. As in any other totally inelastic collision, however, part of the initial 
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8.7 equation of Motion
In the first part of this chapter, we determined that the vector sum of the forces 
exerted on an object is equal to the time rate of change in the object’s momentum. 
If an object’s momentum changes by an amount ∆pSobject in a time interval ∆t , the 
average time rate of change in the object’s momentum is

 
∆pSobject

∆t
. (8.1)

The instantaneous time rate of change in momentum is obtained by letting the 
time interval approach zero:

 lim
∆tS0

 
∆pSobject

∆t
=

d  pSobject

dt
K gF

S

object , (8.2)

where gF
S

object represents the vector sum of all the forces exerted on the object:*

 gF
S

object = F
S

1 object + F
S

2 object + F
S

3 object +g , (8.3)

where F
S

1 object is the force exerted by object 1 on the object under consideration, 
and so on. Because we are concerned with only one object, we can omit the sub-
script on the left side of Eq. 8.3, and so Eq. 8.2 becomes

 gF
S
K

d  pS

dt
 (8.4)

The vector sum of the forces points in the same direction as the change in  
momentum of the object.

Substituting pS K mvS in the term on the right in Eq. 8.4 gives

 
d  pS

dt
K

d(mvS)
dt

= m 
d  vS

dt
, (8.5)

where I have used the fact that the inertia m of the object is constant. Because 
dv
S>dt is the acceleration aS of the object, substituting Eq. 8.5 into Eq. 8.4 yields

 gF
S
= maS (8.6)

or  aS =
gF

S

m . (8.7)

In terms of components, Eqs. 8.6 and 8.7 become

 gFx = max and ax =
gFx

m . (8.8)

Equation 8.7 is called the equation of motion for the object. For a given vector 
sum of forces, this equation allows us to find the acceleration and therefore to deter-
mine the motion of the object. Conversely, if we know the acceleration of an object, 
Eq. 8.6 allows us to determine the vector sum of the forces exerted on that object.

Because the SI unit of momentum is kg # m>s and the SI unit of time is sec-
onds, the SI unit of force is kg # m>s2. This derived SI unit is given the special 
name newton (N) in honor of the English scientist Isaac Newton:

 1 N K 1 kg # m>s2 . (8.9)

*We drop the “by” subscript because the sum represents the forces exerted by all objects on the object 
under consideration.
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simplification. Instead of drawing one set of bars for each 
of the initial and final individual energies, we draw just one 
set of bars representing the change in each category of 
energy, and we add a fifth bar, denoted by W, representing 
the work done by external forces on the system. We call 
these diagrams energy diagrams. Energy diagrams are a 
graphic representation of conservation of energy: They 
show that the energy of a system can change only due to the 
transfer of energy into or out of the system.

Just as with free-body diagrams, the first step in drawing an 
energy diagram is to define the system. In addition we should 
show any external force whose point of application undergoes 
a nonzero displacement; these are the forces that do work on 
the system. Consider, for example, the situation shown in 
Figure 9.5a: a person pushing a pair of carts connected by a 
spring. The pushing accelerates the carts and compresses the 
spring. Let us choose a system comprising the pair of carts 
and the spring; Figure 9.5a shows its initial and final states. 

Solution (a) Positive. To compress a spring, I must move my 
hand in the same direction as I push. ✔

(b) Negative. The force exerted by Earth points downward; the 
point of application moves upward. ✔

(c) Zero, because the point of application is on the ground, 
which doesn’t move. ✔

(d) Negative. The force exerted by the elevator floor points up-
ward; the point of application moves downward. ✔

9.5 Suppose that instead of the two moving blocks in  
Figure 9.3a, just one block is used to compress the spring while 
the other end of the spring is held against a wall. (a) Is the system 
comprising the block and the spring closed? (b) When the system 
is defined as being only the spring, is the work done by the block 
on the spring positive, negative, or zero? How can you tell? (c) Is 
the work done by the wall on the spring positive, negative, or zero?

9.3 energy diagrams
In analyzing situations involving work, we extend the bar 
diagrams introduced in Chapter 5 to include work done 
on the system. Consider, for example, the situation in 
Figure 9.4a. The energy of the system represented by this 
diagram increases from 10 J to 15 J. In order for this 5-J 
increase to occur, an amount of work equal to 5 J must be 
done by external forces on the system. The length of the 
vertical bar representing the final energy is equal to the sum 
of the lengths of the bars representing the initial energy and 
the work done by the external forces on the system.

Figure 9.4b represents a system whose energy decreases. 
In order for the energy to decrease, the work done by exter-
nal forces on the system must be negative, and so the bar 
representing this work extends below the baseline.

Because any of the four kinds of energy discussed in 
Chapter 7 (kinetic energy, potential energy, source energy, and 
thermal energy) can change in situations involving work, 
our bar diagrams need to include more detail in order to 
show in what form the energy transferred to a system 
appears when some external force does work on it. The 
additional bars make these diagrams more cumbersome to 
draw, however, and therefore we introduce the following 

+ = + =

= =

(a) (b)

�nal
energy

initial
energy work

10 J
5 J

15 J

�nal
energy

initial
energy work

10 J

4 J

−6 J

Positive work done on system 
increases system’s energy.

Negative work done on system 
decreases system’s energy.

Figure 9.4 Bar diagrams showing the work done on a system. Positive 
work adds to the system’s energy; negative work subtracts from it.

Figure 9.5 (a) Changes in a system’s energy can be shown (b) by initial 
and final bar diagrams or, more compactly, (c) by a single energy diagram, 
which shows the changes in energy in each category and a column showing 
work done on the system.

vSF pc
S

vSF pc
S

�nal energyinitial energy

change in energy

(b)

(a)

(c)

∆K ∆U W∆Es ∆Eth

K U Es Eth K U Es Eth

∆K ∆U

Changes in system’s energy c cequal work done on system.

Earth Earth

External work by person changes system’s kinetic and potential energy.

We can represent the changes in energy by initial and �nal bar diagrams c

cor by a single energy diagram.

c c
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these diagrams energy diagrams. Energy diagrams are a 
graphic representation of conservation of energy: They 
show that the energy of a system can change only due to the 
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energy diagram is to define the system. In addition we should 
show any external force whose point of application undergoes 
a nonzero displacement; these are the forces that do work on 
the system. Consider, for example, the situation shown in 
Figure 9.5a: a person pushing a pair of carts connected by a 
spring. The pushing accelerates the carts and compresses the 
spring. Let us choose a system comprising the pair of carts 
and the spring; Figure 9.5a shows its initial and final states. 

Solution (a) Positive. To compress a spring, I must move my 
hand in the same direction as I push. ✔

(b) Negative. The force exerted by Earth points downward; the 
point of application moves upward. ✔

(c) Zero, because the point of application is on the ground, 
which doesn’t move. ✔
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9.5 Suppose that instead of the two moving blocks in  
Figure 9.3a, just one block is used to compress the spring while 
the other end of the spring is held against a wall. (a) Is the system 
comprising the block and the spring closed? (b) When the system 
is defined as being only the spring, is the work done by the block 
on the spring positive, negative, or zero? How can you tell? (c) Is 
the work done by the wall on the spring positive, negative, or zero?

9.3 energy diagrams
In analyzing situations involving work, we extend the bar 
diagrams introduced in Chapter 5 to include work done 
on the system. Consider, for example, the situation in 
Figure 9.4a. The energy of the system represented by this 
diagram increases from 10 J to 15 J. In order for this 5-J 
increase to occur, an amount of work equal to 5 J must be 
done by external forces on the system. The length of the 
vertical bar representing the final energy is equal to the sum 
of the lengths of the bars representing the initial energy and 
the work done by the external forces on the system.

Figure 9.4b represents a system whose energy decreases. 
In order for the energy to decrease, the work done by exter-
nal forces on the system must be negative, and so the bar 
representing this work extends below the baseline.

Because any of the four kinds of energy discussed in 
Chapter 7 (kinetic energy, potential energy, source energy, and 
thermal energy) can change in situations involving work, 
our bar diagrams need to include more detail in order to 
show in what form the energy transferred to a system 
appears when some external force does work on it. The 
additional bars make these diagrams more cumbersome to 
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Figure 9.7 

Next I determine whether there are any changes in energy. 
Kinetic energy: The cart begins at rest and ends with nonzero 
speed, which means a gain in kinetic energy (Figure 9.7). 
Potential energy: Neither the configuration of the cart nor that 
of the person changes in a reversible way, so the potential energy 
does not change. (The configuration of the spring does change 
in a reversible way, but the spring is not part of the system.) 
Source energy: The person has to exert effort to give the cart a 
shove, so source energy is consumed. The source energy of the 
system therefore decreases. Thermal energy: No friction is in-
volved, but the conversion of source energy is always accompa-
nied by the generation of thermal energy, so the thermal energy 
increases. (The person’s muscles heat up.)

Figure 9.8 

In Figure 9.6 the force exerted by the spring on the cart 
points to the left and the force displacement points to the right. 
This means that the work done by the spring on the cart is nega-
tive, and the W bar of my energy diagram must extend below the 
baseline. I adjust the lengths of the bars so that the length of the 
W bar is equal to the sum of the lengths of the other bars, yielding 
the energy diagram shown in Figure 9.7. ✔

9.6 Draw an energy diagram for the cart in Figure 9.2b.

exercise 9.4 Compressing a spring

A block initially at rest is released on an inclined surface. The 
block slides down, compressing a spring at the bottom of the in-
cline; there is friction between the surface and the block. Con-
sider the time interval from a little after the release, when the 
block is moving at some initial speed v, until it comes to rest 
against the spring. Draw an energy diagram for the system that 
comprises the block, surface, and Earth.

Solution I begin by listing the objects that make up the system: 
block, surface, and Earth. Then I sketch the initial and final 
states of the system (Figure 9.8). The spring exerts external 
forces on the system. The bottom end of the spring exerts a 

force on the surface edge, but this force has a force displace-
ment of zero. The top end of the spring exerts a force F

S c
sb on the 

block. Because this force undergoes a nonzero force displace-
ment, I include it in my diagram and show a dot at its point of 
application.

Next I determine whether there are any energy changes. 
Kinetic energy: The block’s kinetic energy goes to zero, and 
the kinetic energies of the surface and Earth do not change. 
Thus the kinetic energy of the system decreases, and ∆K  is 
negative. Potential energy: As the block moves downward, 
the gravitational potential energy of the block-Earth sys-
tem decreases, and so ∆U  is negative. (Because the spring 
gets compressed, its elastic potential energy changes, but the 
spring is not part of the system.) Source energy: none (no fuel, 
food, or other source of energy is converted in this problem). 
Thermal energy: As the block slides, energy is dissipated by 
the friction between the surface and the block, so ∆Eth is 
positive.

To determine the work done on the system, I look at the 
external forces exerted on it. The point of application of the ex-
ternal force F

S c
sb exerted by the spring on the block undergoes a 

force displacement opposite the direction of the force, so that 
force does negative work on the system. Thus the work done 
on the system by the external forces is negative, and the W bar 
extends below the baseline (Figure 9.9). I adjust the lengths of 
the bars so that the length of the W bar is equal to the sum of 
the lengths of the other three bars, yielding the energy diagram 
shown in Figure 9.9. ✔

Figure 9.9 

9.7 Draw an energy diagram for the situation presented 
in Exercise 9.4, but choose the system that comprises block, 
spring, surface, and Earth.

9.4 Choice of system
For a given situation, different choices of system yield 
different energy diagrams, as you just saw if you did  
Checkpoint 9.7. To examine this point further, consider 
the situation shown in Figure 9.10. Using a long rope, a 
person lowers a basket from a balcony, smoothly putting 
the basket down on the ground. The basket initially moves 
downward at speed vi , but friction between the person’s 
hands and the rope slows the basket so that it ends up at 
rest on the ground. For simplicity we assume no source 
energy is consumed; the person just lets the rope slide, 
exerting no physical effort.
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Figure 9.7 

Next I determine whether there are any changes in energy. 
Kinetic energy: The cart begins at rest and ends with nonzero 
speed, which means a gain in kinetic energy (Figure 9.7). 
Potential energy: Neither the configuration of the cart nor that 
of the person changes in a reversible way, so the potential energy 
does not change. (The configuration of the spring does change 
in a reversible way, but the spring is not part of the system.) 
Source energy: The person has to exert effort to give the cart a 
shove, so source energy is consumed. The source energy of the 
system therefore decreases. Thermal energy: No friction is in-
volved, but the conversion of source energy is always accompa-
nied by the generation of thermal energy, so the thermal energy 
increases. (The person’s muscles heat up.)

Figure 9.8 

In Figure 9.6 the force exerted by the spring on the cart 
points to the left and the force displacement points to the right. 
This means that the work done by the spring on the cart is nega-
tive, and the W bar of my energy diagram must extend below the 
baseline. I adjust the lengths of the bars so that the length of the 
W bar is equal to the sum of the lengths of the other bars, yielding 
the energy diagram shown in Figure 9.7. ✔

9.6 Draw an energy diagram for the cart in Figure 9.2b.

exercise 9.4 Compressing a spring

A block initially at rest is released on an inclined surface. The 
block slides down, compressing a spring at the bottom of the in-
cline; there is friction between the surface and the block. Con-
sider the time interval from a little after the release, when the 
block is moving at some initial speed v, until it comes to rest 
against the spring. Draw an energy diagram for the system that 
comprises the block, surface, and Earth.

Solution I begin by listing the objects that make up the system: 
block, surface, and Earth. Then I sketch the initial and final 
states of the system (Figure 9.8). The spring exerts external 
forces on the system. The bottom end of the spring exerts a 

force on the surface edge, but this force has a force displace-
ment of zero. The top end of the spring exerts a force F

S c
sb on the 

block. Because this force undergoes a nonzero force displace-
ment, I include it in my diagram and show a dot at its point of 
application.

Next I determine whether there are any energy changes. 
Kinetic energy: The block’s kinetic energy goes to zero, and 
the kinetic energies of the surface and Earth do not change. 
Thus the kinetic energy of the system decreases, and ∆K  is 
negative. Potential energy: As the block moves downward, 
the gravitational potential energy of the block-Earth sys-
tem decreases, and so ∆U  is negative. (Because the spring 
gets compressed, its elastic potential energy changes, but the 
spring is not part of the system.) Source energy: none (no fuel, 
food, or other source of energy is converted in this problem). 
Thermal energy: As the block slides, energy is dissipated by 
the friction between the surface and the block, so ∆Eth is 
positive.

To determine the work done on the system, I look at the 
external forces exerted on it. The point of application of the ex-
ternal force F

S c
sb exerted by the spring on the block undergoes a 

force displacement opposite the direction of the force, so that 
force does negative work on the system. Thus the work done 
on the system by the external forces is negative, and the W bar 
extends below the baseline (Figure 9.9). I adjust the lengths of 
the bars so that the length of the W bar is equal to the sum of 
the lengths of the other three bars, yielding the energy diagram 
shown in Figure 9.9. ✔

Figure 9.9 

9.7 Draw an energy diagram for the situation presented 
in Exercise 9.4, but choose the system that comprises block, 
spring, surface, and Earth.

9.4 Choice of system
For a given situation, different choices of system yield 
different energy diagrams, as you just saw if you did  
Checkpoint 9.7. To examine this point further, consider 
the situation shown in Figure 9.10. Using a long rope, a 
person lowers a basket from a balcony, smoothly putting 
the basket down on the ground. The basket initially moves 
downward at speed vi , but friction between the person’s 
hands and the rope slows the basket so that it ends up at 
rest on the ground. For simplicity we assume no source 
energy is consumed; the person just lets the rope slide, 
exerting no physical effort.
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the friction between the surface and the block, so ∆Eth is 
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external forces exerted on it. The point of application of the ex-
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on the system by the external forces is negative, and the W bar 
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easily custom tailored

 TO THE INSTRUCTOR VII

Table 1 Scheduling matrix

   Chapters that can be omitted  
Topic Chapters Can be inserted a�er chapter… without a�ecting continuity

Mechanics 1–14  6, 13–14
Waves 15–17 12 16–17
Fluids 18 9 
�ermal Physics 19–21 10 21
Electricity & Magnetism 22–30 12 (but 17 is needed for 29–30) 29–30
Circuits 31–32 26 (but 30 is needed for 32)   32
Optics 33–34 17 34
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CHAPTER 

1 
Foundations 

Strategy 

This book is developed with the goal of engaging students in developing a conceptual framework for 

the topics presented in introductory physics and to develop in students the reasoning and problem-

solving skills that will help them in and beyond the study of physics. Throughout this book, the 

focus is on change, the transition from one state to another. Conservation principles naturally 

become the focus as they arise from those properties that are observed to remain unchanged. The 

mathematics requirements are initially minimized to allow students to develop a better grasp of the 

physics without getting sidetracked by mathematics. For that reason, the first nine chapters only deal 

with physics in one dimension. Once students have a solid grasp of physics in one dimension, they 

can better begin to explore two- and three-dimensional problems. This also gives students an 

opportunity to develop the required math skills in a concurrent mathematics course. Taking 

mathematics concurrent to physics, rather than as a prerequisite, can increase students’ 

understanding of the mathematical concepts. Further, some concepts are often so transparent to an 

instructor that they are not taught explicitly, creating difficulty for students who do not have the 

same background. These foundational ideas, such as symmetry, and tools, such as representations, 

are spelled out so that students can explicitly engage in their use. Language is used and developed 

very carefully to avoid introducing confusion. Although they may sometimes seem formal or wordy, 

these choices have been carefully made to avoid common misconceptions by students. 

Overview 

The presentation of physics begins by defining it and its scope of the study of “all there is in the 

universe.” The usefulness of the skills developed in studying physics to other aspects of life also is 

mentioned to motivate students to study physics. The chapter launches with a discussion of the 

scientific method and explains how it is different from the linear model often taught in grade school. 

Hypothesis, law, and theory are carefully explained. The role of models and representations (the 

process of representing a physical process by certain characteristics, thus simplifying the process to 

understand it) is introduced. Symmetry as a basic requirement for any law in the universe is 1  architecture                   2   content
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• Strategy

• Overview

• Topics that are not covered

• Terminology

• Notation and visual representations

• Cautionary notes

• Common student difficulties and concerns

• Sample recommendations from Practice Vol
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largest conceptual gain in any course past 6 yrs!
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as good as when I do my best teaching!
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this book can “teach”

the course by itself…
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University of Arkansas

course revision based on

preliminary version of manuscript: 
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course revision based on

preliminary version of manuscript: 

normalized FCI gain DOUBLED
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physics can be fun!
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For a copy of these slides:

mazur.harvard.edu

Textbook info/copies:

pearsonhighered.com/mazur1e

Follow me!            eric_mazur




