5.1

Forces and the Law of Combination

A force is a push or pull. The conceptof a force gives a quantitative

description ofthe interaction between two bodiesorbetweenabody andits
environment. Whenyou push acar, youexerta forceonit. A steelcable

exeris a force onthe beamit is hoisting at a construction site.

When a force involves directcontactbetween two bodies, itis called a
contactforce. Examples of contactforces are the pushes and pulls
exerted by the hand, the force of a rope pulling on a block, and the friction

force thatthe ground exerts on a sliding block.

There are also forces, called long-range forces or field forces, which act
evenwhenthe bodies are separated by empty space. Gravity is a field

force;the sun exeris a gravitational pull on the earth that keeps the earthin
orbit. The force of gravitational attraction thatthe earth exeris on objectsis

called the weight of objects.

Force is a vectorquantity; you can push or pull a body in different
directions. Thus, to describe a force, we need to describe the directionin
which it acts as well as its magnitude. The Sl unit of the magnitude of the

force is newton, N.

Suppose we slide a box along the floor, applying a force to it by pulling it
with a string or pushing it with a stick. In each case we draw a vectorto

representthe force applied.
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The labels indicate the magnitude and direction of the force, and the length
ofthe arrow (drawn to some scale,suchas 1 cm =10 N) also shows the

magnitude.

Whentwo forces F, and F; act at the same time at a point A of a body,
experimentshows thatthe effecton the body’s motion is the same as the
effectof a single force R equalto the vectorsum of the original forces: R =
F,+F..

More generally, the effectof any numberof forces applied ata pointon a
body is the same as the effectof a single force equalto the vectorsum of
the forces. This principle is known as superposition offorces.

The experimental discovery thatforces combine according to vector
addition allows us to replace a force by its componentvectors. For

example, inthe figure below, force F acts on a body at pointO. The
componentvectors of F in the direction of Ox and Oy are F, and F,.

When F,and F, are applied simultaneously, as shown in the figure below,

the effectis exactly the same as the effect of the originalforce F.

Any force can be replaced by its componentvectors, acting atthe same
point. It is convenientto describe a force F in terms of its x- and y-

components F, and F, ratherthan by its componentvectors. Forthe case
showninthe figure above, both F, and F, are positive; for other orientations

ofthe force F, either F, or F, can be negative orzero.

The coordinate axes need notbe horizontal and vertical. Figure below
shows a crate being pulled up a ramp by a force F, represented by the

components F, and F, paralleland perpendicularto the sloping surface of

the ramp.

The vectorsum (resultant) of all the forces acting on a body is called the
netforce acting on the body. If the forces are labeled F,, F;, F5, andso on,

we abbreviate the sumas
R=F-1+F2+ F3+... =2F

where Z F is read as “the vectorsum of the forces” or “the netforce.”" The

componentversion of this equation is the pair of componentequations
R, =YF, R,=2F,

where > F, is the sum ofthe x-components, and so on. Each component
may be positive or negative. Once we have R _and R , we can find the

magnitude and direction of the net force R = £ F acting on the body. The

magnitudeis

R=.[R}+R]

and the angle 6 between Rand the +x-axis can be found from the relation
tan 8 = % . The components R and R, may be positive, negative, or zero, and
the angle 8 may be in any of the fourquadrants.

In three-dimensional problems, forces may also have z-components; then

we have the equations
szzF:T R}'zzF:l' Rizzﬁ

The magnitude of the netforce is then




5.2

Newton’s First Lawa

In the previous module, we have learnthow several forces are combined to
yield a net force, or the resultantforce, that has the same effectas the
combination of the individual forces. In this and the nextmodule, we learn
how forces affect motion. First, we considerthe case when the net force on
a body is zero. If a body is at rest, and if no net force acts on it (that is, no
netpush or pull), we might agree that the body will remain at rest. On the
otherhand, if the body is in motion, we wish to inquire whathappens if

there is a zero netforce acting onit.

Suppose you slide adisk along a horizontaltable top, applying a horizontal
force to it with your hand. After you withdraw your hand, the disk slows
down and stops. Now imagine pushing the disk across the smooth surface
of a freshly waxed floor. After you quit pushing, the disk will slide a lot

fartherbefore it stops. In both cases, whatslows the disk down is friction,
an interaction between the lower surface of the disk and the surface on
which it slides; the magnitude of the friction is different. The slippery waxed
floorexerts less friction than the table top, so the disk travels farther. If we
could eliminate friction completely, the disk would neverslow down, and we

need no force at all to keep the disk moving once it had been started.

Experiments show thatwhen no net force acts on a body, the body either
remains atrest or moves with constantvelocity in a straightline. In other

words:

A body acted on by no net force moves with constant velocity (which

may be zero) and zero acceleration.
This is Newton’s first law of motion.

The tendency of a body to keep moving once it is setin motion results from
a property called inertia. The tendency ofabody at restto remain at restis

also due to inertia.

It is importantto note that the nefforce is whatmatters in Newton’s first
law. For example, a book at rest on a horizontal table top has two forces
acting on it: the downward force of the earth’s gravitational attraction (a
field force)and an upward supporting force exerted by the table top (a
contactforce). The upward push of the table surface is just as great as the
downward pull of gravity, so the net force acting on the book (that is, the
vectorsum of the two forces)is zero. In agreementwith Newton'’s first law,

if the bookis at rest on the table top, it remains atrest.

The same principle applies to a block sliding on a horizontal, frictionless
surface: The vectorsum of the upward push of the surface and the
downward pull of gravity is zero. Once the block is in motion, it continuesto

move with constantvelocity becausethe netforce actingonit is zero.

The upward supportingforce of the surface is called a normalforce

becauseitis normal, or perpendicular, to the surface of contact.

We consideranotherexample of a disk resting on a horizontal surface with
negligible friction, such as a slab of wet ice. If the disk is initially at rest and

a single horizontal force F, acts on it, the disk starts to move.

If the disk is in motion to begin with, the force changes its speed, its
direction, or both, depending on the direction of the force. In this case the

netforce is equalto F,, which is notzero. (There are also two vertical
forces: the earth’s gravitational attraction and the upward contactforce

exerted by the surface. Butthese two forces cancel.)

Now suppose we apply a second force F», equalin magnitude to F4 but

opposite in direction.

LI 0
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The two forces are negatives of each other, F; = = F,, and their vectorsum

is zero:
2 F= F-] + F2= F1'|' {-F1}=0

Again, we find that if the body is at rest at the start, it remains atrest: if it is
initially moving, it continues to move in the same direction with constant
speed. Theseresults showthatin Newton’s first law, zero netforce is

equivalentto no forces at all.

When a body is acted on by no forces, or by severalforces such thattheir
vectorsum (resultant)is zero, we say that the body is in equilibrium. In
equilibrium, abody is either at rest or moving in a straight line with constant

velocity. Fora body in equilibrium, the netforce is zero:
LF=0

Forthis to be true, each component of the net force mustbe zero, so
> F=0 > F =0

When these equations are satisfied, the body is in equilibrium.

We are assuming thatthe body can be represented adequately as a point
particle. When the body has finite size, we also have to considerwhere on
the body the forces are applied. This aspectwill be consideredin a later

unit.



5.3

Newton’s Second Law

Suppose adisk is sliding to the right on wetice (so there is negligible
friction). There are no horizontal forces acting on the disk; the downward
force of gravity and the upward contactforce exerted by the ice surface
sumto zero. So, the netforce ZF acting on the disk is zero, the disk has

zero acceleration, and its velocity is constant.

We, now, apply a constanthorizontal force to the sliding disk in the same
direction thatthe disk is moving. Then ZF is constantand in the same
horizontal direction as v. We find that during the time the force is acting, the
velocity of the disk changes ata constantrate; that is, the disk moves with
constantacceleration. The speed of the disk increases, so the acceleration
a is in the same directionas v and ZF.

We consideranotherexperiment, in which we reverse the direction of the
force on the disk so that £F acts in the direction opposite tov. In this case,
the disk moves more and more slowly to the right. If the leftward force
continuesto act, the disk eventually stops and beginsto move more and
more rapidly to the left. The accelerationa in this experimentis to the left,
in the same direction as ZF. As in the previous case, experimentshows

thatthe acceleration is constantif ZF is constant.

We conclude thatthe presence ofanet force acting on a body causes the
body to accelerate. The direction of the acceleration is the same as that of
the net force. If the magnitude of the net force is constant, thensois the

magnitude of the acceleration.

These conclusions aboutthe net force and acceleration also applyto a
body moving along a curved path. Forexample, the figure below shows a

disk moving in a horizontal circle on an ice surface of negligible friction.

A string attached to the disk exerts a force of constantmagnitude towards
the centerof the circle. This force causes acceleration thatis constantin
magnitude and directed toward the center of the circle. The speed of the
diskis constant, so this is uniform circular motion. At any point in the
motion, the accelerationa and the netforce Z F are in the same direction,

toward the center of the circle.

Figure below shows anotherexperimentto explore the relationship

between the acceleration of a body and the net force acting on that body.

:

We apply a constant horizontal force to a disk on a frictionless horizontal
surface, using a spring balance. This horizontal force is the net force on the
disk. If we change the magnitude of the net force, the acceleration changes
in the same proportion. Doubling the netforce doubles the acceleration,
halving the force halves the acceleration, and so on. Many such
experiments showthatforany given body the magnitude of the
acceleration is directly proportionalto the magnitude of the net force acting

on the body.

Fora given body the ratio of the magnitude | ZF| of the net force to the

magnitude a = |a| of the acceleration is constant, regardless of the
magnitude of the net force. We call this ratio the mass of the body, and

denote itby m. Thatis, m=|ZF|.-"c;r, or

|ZF|=ma

Mass is a quantitative measure ofinertia. The greaterits mass, the more a

body “resists” being accelerated. If you hit a table-tennis balland then a
basket-ball with the same force, the basket-ballhas much smaller

acceleration because ithas much greatermass.

The Sl unit of mass is the kilogram. The kilogram is officially defined to be
the mass of a chunk of platinum-iridium alloy kept in a vault near Paris. We

can use this standard kilogram to define the newton:

One newton is the amountof net force that gives an acceleration of one
meterper second squaredto a body with a mass of one kilogram. It is

related to the units of mass, length, and time:
1 newton = (1 kilogram) (1 meter per second squared)

1N=1kg.m/s?
Experimentshows thatif a combination of forces F4, F5, F5, ... is applied to
a body, the body will have the same acceleration (magnitude and direction)
as when only a single force is applied, if that single force is equalto the
vectorsumF, + F> + F; + .... In other words, the principle of superposition

holds true when the net force is not zero and the body is accelerating.

Equation |Z F| =ma relates the magnitude of the net force on a body to the

magnitude of the acceleration that it produces. We have also seen thatthe
direction of the net force is the same as the direction of the acceleration,
whetherthe body’s path is straight or curved. Newton wrapped up all these
relationships and experimental results in a single concise statementthatis
called Newton’s second law of motion:

If a net externalforce acts on a body, the body accelerates. The
direction of accelerationis the same as the direction of the net force.
The netforce vectoris equalto the mass ofthe body times the

acceleration ofthe body.

In symbols,

ZF:ma

Newton’s secondlaw is a fundamental law of nature, the basic relation

between force and motion.

The above equationis a vectorequation. Usually, we will use it in
componentform, with separate equationforeach component of force and

the corresponding acceleration:
> F,=ma, Zﬂ.:mqr > F, =ma,

This set of componentequationsis equivalentto the single vectorequation.
Each component of total force equals the mass times the corresponding

component of acceleration.

The statementof Newton’s second law refers to externalforces. External

forces are forces exerted onthe body by other bodies in its environment.

The vectorequation, orits equivalentthe three componentequations, are
valid only when the mass m is constant. Examples of systems, whose
masses change, are a leaking tank, a rocket ship, or a moving railroad car
being loaded with coal. Such systems will be handled by using a different

concept.

Newton’'s secondlaw is valid only in inertial frames of reference, justlike
the firstlaw. Thus it is not valid in the reference frame of an accelerating

vehicle. We will assume thatthe earth is an adequate approximationto an
inertial frame, although because of its rotation and orbital motion it is not

precisely inertial.



5.4
Mass and Weight

The weightofa body is the force of the earth’s gravitational attraction for
the body. Mass characterizes the inertial properties of a body. The greater
the mass, the greaterthe force needed to cause a given acceleration; this

is reflected in Newton’s second law, > F =ma. Weight, on the otherhand, is

a force exerted on a body by the pull of the earth. Everyday experience
shows us thatbodies having large mass also have large weight. A large
stone is hard to throw because ofits large mass, and hard to lift off the
ground because of its large weight. On the moon the stone would be justas

hard to throw horizontally, butit would be easierto lift.

A freely falling body has an acceleration equalto g, and a force mustact to
produce this acceleration. If a 1-kg body falls with an acceleration 0of 9.8

m/s?, the required force has magnitude
F=ma=(1kg)(9.8m/s?)=98ks m/s?=9.8N

The force thatmakes the body accelerate downward is the gravitational pull
of the earth, that is, the weight of the body. Any body nearthe surface of
the earth that has a mass of 1 kg musthave a weightof 9.8 N to give it the
acceleration we observe whenitis in free fall. More generally, a body with

mass m must have weightwith magnitude w given by

w=mg

The weightofthe body is a force, a vectorquantity, and we can write the

previous equation as a vectorequation:
W =mg

The weightofthe body is a force, a vectorquantity, and we can write the

previous equation as a vectorequation:
W =mg
We rememberthat g is the magnitude of g, the acceleration due to gravity,

s0 ¢ is always a positive number, by definition. Thus w, given by the

equation w=mg ,is the magnitude of the weight and is also always positive.

It is importantto understand thatthe weightof a body acts on the body all
the time, whetherit is in free fall or not. When a 10-kg flowerpothangs
suspended froma chain, it is in equilibrium, and its accelerationis zero. But
its weight, given by w =mg, is still pulling down on it. In this case the chain
pulls up on the pot, applying an upward force. The vectorsum of the forces

is zero, and the potis in equilibrium.

Example

A coinis dropped from restfrom the top of a tower. If the coin falls freely,
so that the effects of the air are negligible, how does the netforce on the

coinvary as it falls?

Solution

In free fall, the accelerationa of the coinis constantand equalto g. Hence

by Newton'’s secondlaw the netforce > F =ma is also constantand equal

to mg, which is the weightw of the coin.

The velocity of the coinchanges asitfalls, but the netforce actingon it
remains constant. The “common sense’ ideathatgreaterspeedimplies

greaterforce is not correct.

The net force on a freely falling coin is constantevenif you initially toss it
upward. The force that your hand exerts on the coin is a contactforce, and
it disappears the instantthat the coin loses contactwith yourhand. From

then on, the only force acting on the coin is its weightw.

Variation of g with Location

The value of g varies from pointto pointon the earth’s surface, from about
9.78t0 9.82 m/s?, because the earth is not perfectly sphericaland because
of effects due to its rotation and orbital motion. At a pointwhere g =980m/s*
, the weightof a standard kilogramis w=9280N. At a differentpoint, where

2=978mis’, the weightis w=978 N butthe massis still 1 kg.

The weightofthe body varies from one location to another; the mass does
not. If we take a standard kilogramto the surface of the moon, where the
acceleration of free fallis 1.62 m/s?, its weightis 1.62 N, butits mass is still
1 kg. An 80.0-kg astronauthas a weighton earth of (80.0 kg) (9.80 m/s?) =
784 N, but on the moon the astronaut's weightwould be only (80.0 kg)
(1.62m/s?)=130N.

Example

A 196x10* N cartraveling in the +x-direction makes a faststop; the x-
componentofthe netforce actingonit is -1.50x10°N. Whatis its

acceleration?
Solution

The mass mofthecaris

g 980m's’ 9.80m/'s’

] * N ) / i
w _ 196x10" N zl_gﬁkg ms =2000kg

F, -15 *N -15 *kg-m's? .
m:Z . _—150x10°N _-150x10"kg -mis® _ _ .
Yoom 2000 kg 2000 kg

Example
Suppose an astronautlandedona planetwhere ¢=196ms*. Comparedto

earth, would it be easier, harder, or just as easy for him to walk around?
Would it be easier, harder, or just as easy for him to catch a ball thatis

moving horizontally at 12 m/s?

Solution: It would take twice the effortfor the astronautto walk around
because his weighton the planetwould be twice as much as on the earth.
Butit would be just as easy to catchthe ball. The ball's mass remains the
same, so the horizontalforce the astronautwould have to exertto bring it to
a stop (i.e., to give it the same acceleration)would be the same as on
earth.

Example

Supermanthrows a 2400-N boulderat an adversary. What horizontal force
must Superman apply to the boulderto give it a horizontal acceleration of
12.0 m/s??

Solution: The mass ofthe boulderis

. K
¥ 20 440k
g 980

Then
F=ma=2449x120=2940N

Example

At the surface of Jupiter's moon lo, the acceleration due to gravity is

g=181ms". A watermelonweighs 44.0 N at the surface of the earth.

(a)Whatis its mass on the earth’s surface?

(b)Whatare its mass and weighton the surface of lo?

Solution: The mass of the watermelon is constant, independent of its

location.
w440
a =—=_—_ =449k
(a) (Y g
(b) On lo, Jupiers moon, m = 4.49 kg the same on

earth. Theweighton lo is

w=mg=449x181=8.13N



5.5
Newton’s Third Law

A force acting on a body is always the result of its interaction with another
body, soforces always come in pairs. You can't pull on a doorknob without
the doorknob pulling back on you. When you kick a football, the forward
force thatyour footexerts on the ball launches it into its trajectory, but you
also feelthe force the ball exerts back on yourfoot. If you kick a boulder,

the pain you feelis due to the force that the boulderexerts on yourfoot.

In each of these cases, the force that you exerton the otheris in the
opposite direction to the force that body exerts on you. Experiments show
thatwhenevertwo bodies interact, the two forces thatthey exert on each

otherare always equalin magnitude and opposite in direction. This factis

called Newton’s third law of motion.

In the figure below, F,_ . is the force applied by body A (first subscript) on
body B (second subscript), and F,_, is the force applied by body B (first
subscript) on body A (second subscript).

The mathematical statement of Newton’s third law is

F = - FE:u‘.A

AdonB

Expressedinwords:

If body A exerts a force on body B (an “action”), thenthe body B exeris a
force onbody A (a “reaction”). These two forces have the same magnitude

butare opposite in direction. These two forces acton differentbodies.

The two opposite forces “action” and “reaction” are referred to as an
action-reaction pair. There is no cause-and-effect relationship; we can

considereitherforce as the “action” and the other as the “reaction.”

We stress that the two forces described in Newton’s third law act on

differentbodies. The net force acting on the footballis the vectorsum of the

weight of the footballand the force F,_, exerted by the kicker. You would
notinclude the force F,_, becausethis force acts on the kicker, not on the

football.

In the figure above, the action and reaction forces are contfactforces that

are presentonly when the two bodies are touching. Newton's third law also
appliesto long-range forces thatdo notrequire physical contact, such as

the force of gravitational attraction. A table-tennis ball exerts an upward
gravitationalforce on the earth that's equal in magnitude to the downward
gravitationalforce the earth exerts on the ball. When you drop the ball, both
the ball and the earth accelerate toward each other. The netforce on each
body has the same magnitude, butthe earth’s accelerationis

microscopically smallbecause its mass is so great.

Example

Afteryourcar breaks down, you start to pushit to the nearestrepair shop.

While the caris starting to move, how does the force you exert on the car
compare to the force the carexerts on you? How do these forces compare

when you are pushing the car along at a constantspeed?

Solution

In both cases, the force you exerton the car is equalin magnitude and
opposite indirection to the force the car exeris on you. It's true that you
have to push harderto getthe car goingthanto keep it going. But no
matter how hard you push on the car, the carpushes justas hard back on
you. Newton’s third law gives the same result whetherthe two bodies are at

rest, moving with constantvelocity, or accelerating.

Example

An apple sits on a table in equilibrium. What forces acton it? Whatis the
reaction force to each of the forces acting on the apple? What are the

action-reaction pairs?
Figure below shows the apple on the table.

Yol

£

The figure below shows the forces acting onthe apple. The appleis A, the
table T, and the earth E.

In the diagram, F,__, is the weightof the apple;thatis, the downward

gravitationalforce exerted by the earth E (first subscript) onthe apple A

(second subscript). Similarly, F,_, is the upward force exerted by the table

T (first subscript) on the apple A (second subscript).

As the earth pulls down on the apple, the apple exerts an equally strong

upward pull F,_. on the earth as shown below.

-

F,.. and F._, are an action-reaction pair, representing the mutual

interaction of the apple and the earth, so

F.-'L:u".E. - _FE:H'..-'L

Also, as the table pushes up on the apple with force F,__, , the
corresponding reactionis the downward force F,_, exerted by the apple on

the table.

So,we have

Fioar = “Froaa

The two forces actingonthe apple, F,_, and F._,, are notan action-

reaction pair, despite being equal and opposite. They do notrepresentthe
mutual interaction of two bodies; they are two differentforces acting on the
same body. The two forces in an action-reaction pairneveracton the

same body.



5.6
Coordinates and Reference Frames and Inertial

Reference Frames

Any phenomenon is fully described by stating whathappened atdiverse
points of space at sucessive instants of time. Measurements of positions

and times require the use of coordinate grids and reference frames.

A macroscopoic body, such asaball, is made of atoms. Since the size of
an atom is extremely small, we canregard an atom as almosta point like
mass formostpractical purposes. In several problems, even a macroscopic
body, like a rocket, can be treated as a point like mass if we are interested

in its mass and its position at each instant of time.

A pointlike mass of no discernible size or internal structure is called an
ideal particle. Atany giveninstant of time, the ideal particle occupies a
single pointof space. The particle has a mass. Position, time, and mass

give a complete description of the behaviorand the attributes of anideal
particle.

The ideal particle is a model. In physics, a modelis a simplified version of

a physical system.

We assume thatevery macroscopic body consists of particles. We can
describe the behaviorand the attributes of such a body by describing the

particles within the body.

Thus, measurements of position, time, and mass are of fundamental
significance in physics. We learn the units for these measurementsin this

unit.

To achieve a precise, quantitative description of the position of a particle,
we take some convenient point of space as origin and then specify the
position of the particle relative to this origin. For this purpose, we place a
grid of lines around the origin and give the location of the particle within this
grid. A rectangular grid is mostcommon, and we specify the position of the
particle by means of coordinates read off from the grid. The coordinates are

called rectangularcoordinates.

A coordinate in the direction ...and away from

of the axis armow 15 posilive. It IS ICEatve

Figure above shows a rectangular grid. The mutually perpendicularlines
through the origin O are called the x and y axes. The coordinates of the
grid point P, where the particle is located, simply tell us how far we must
move parallel to the corresponding axis in order to go from the origin O to
the point P. For example, the point P shown in figure (a) has coordinates
x = 3 units and y = 5 units. If we move from the origin in a direction

opposite to that indicated by the arrow on the axis, then the coordinate is
negative; thus, the point P shown in figure (b) has a negative x coordinate,

¥ = —3 units.

The two-dimensional grid shown in the previous figure is adequate when
we want to describe the two-dimensional (east—west and north—south)
motion of an automobile traveling on flat ground or the motion of a ship on
the (nearly) flat surface of the water of a harbor. However, if we want to
describe the three-dimensional (east—west, north—south, and up—down)
motion of an aircraft flying through the air or a submarine diving through the

ocean, then we need a three-dimensional grid, with x, y, and z axes.

If we wantto describe the motion of an automobile along a straightroad,
then we need only a one<dimensional grid; that is, we need only the x axis,

which we imagine placed along the road.

When we determine the position of a particle by means of a coordinate grid
erected around some origin, we perform a relative measurement—the
coordinates of the pointat which the particle is located depend on the
choice of origin and on the choice of coordinate grid. The choice of origin of

coordinates and the choice of coordinate grid are matters of convenience.

Forinstance, a harbormaster mightuse a coordinate grid with the origin at
the harbor; but a municipalengineermight prefera displaced coordinate
grid with its origin at the centerof town (figure (a) below) or a rotated
coordinate grid oriented along the streets ofthe town (figure (b)). The
navigator of a ship might find it convenientto place the origin at the
midpointof his ship and to use a coordinate grid erected around this origin;
the grid then moves with the ship (figure (c)). If the navigatorplots the track

of a second ship onthis grid, he cantell at a glance whatthe distance of
closestapproachwill be, and whetherthe othershipis on a collison course

(whetherit will cross the origin).

Forthe description of the motion of a particle, we must specify both its
position and the time at which it has this position. To determine the time,
we use a set of synchronized clocks which we imagine arranged atregular
intervals along the coordinate grid. When a particle passes through a grid
point P, the coordinate gives us the position of the particle in space, and
the time registered by the nearby clock gives us the time t. Such a
coordinate grid with an array of synchronized clocks is called a reference
frame.

Like the choice of origin and the choice of coordinate grid, the choice of
reference frame is a matter of convenience. Forinstance, figure (a) below
shows a reference frame erected around the harbor, and figure (b) shows a
reference frame erected around the ship. Reference frames are usually
named afterthe body or point around which they are erected. Thus, we
speak of the reference frame ofthe harbor, the reference frame of the ship,

the reference frame of the laboratory, the reference frame ofthe Earth, etc.

-I.:"I' T'.-I.;.--'t--..al.\.. Irammee
muwes with the ship.
The conceptof frame of reference, introduced in the relative velocity

module, is central to Newton's laws of motion.

Suppose thatyou are in an airplane that is accelerating down the runway
during takeoff. If you stand in the aisle on roller skates, you would start
moving backward relative to the plane as the pilot opens throttle. If instead
the airplane was landing, you would start moving forward down the aisle as
the airplane slowed to a stop. In either case, it looks as though Newton’s
firstlaw is not obeyed; there is no net force acting on you, yet yourvelocity

changes. This needs anexplanation.

The pointis that the airplane is acceleratingwith respectto the earth andis

nota suitable frame of reference forNewton's first law. This law is valid in

some frames of reference, and is not valid in others. A frame of reference
in which Newton's firstlaw is valid is called an inertial frame of reference.

The earth is at leastapproximately an inertial frame of reference, butthe
airplane is not. (The earth is nota completely inertial frame, owing to the
acceleration associated with its rotation and its motion around the sun.
These effects are quite small, however.) Because Newton's firstlaw is used

to define an inertial frame of reference, itis sometimes called the law of

inertia.



