4. Newton’s Laws

A) Overview

The last unit marked the completion of our staflikinematics, the description of
motions in terms of displacements, velocities azwekerations. We will now begin our
study of dynamics, an account of what causes timegions.

The framework we will use was first introducedlbgac Newton in 1687 in his
major work,Principia Mathematica We will use what are commonly called Newton’s
three laws of motion to develop this framework.e Will begin with Newton’s Second
Law which relates two new physics concefasse andmass that are needed to
determine the motion of an object in any given jtgissituation. We will then recast
Newton’s Second Law in terms of another importdntgics concept, momentum.

We will then introduce Newton’s First Law whicht&slishes the concept of
inertial reference frames. We will conclude byaadfucing Newton’s Third Law, which
states that all forces come in pairs: that for ga&tion, there is an equal and opposite
reaction.

B) Two Concepts

Up to this point our focus has bednematicsthe description of motion. We
now want to shift our focus tynamicsthe causes of motion. In order to discuss the
causes of motion, Newton introduced two new corgtt were not needed in our study
of kinematics.

These two new concepts are caledssandforce. Although these words are in
common use in the English language, in physicsetlweords have very specific
meanings. We will need to be very careful wheruae these words to make sure that
we are referring to their physics meanings, whighrauch more restricted than their
ordinary language meanings.

We will start with massMass is the property of an object that determinas h
hard it is to change its velocityObjects that are difficult to accelerate hargeamass,
while objects that are easy to accelerate havel snaais.

The second concept is forderce is the thing that is responsible for an obgec
change in velocitylt's common to think of forces in terms of puslaes pulls, but we
will find that we must extend our notion of forceylond that of the exertion made by
people to move objects. We will need to thinkaftes simply in terms of producing a
change in an object’s velocity.

The most important thing to notice in these débns is thabothmass and force
refer to changing an object’s velocity, that isitsaacceleration Acceleration is the
kinematic concept thadinks these two dynamic concepts. This link is formedizn
Newton’s Second Law which we will now introduce.



C) Newton’s Second Law

Newton'’s insight, which is captured in his Sectagl, is that when a force acts
on an object it causes that object to acceleratteeirsame direction that the force acts,
and that the magnitude of this acceleration is griopnal to the magnitude of the force.
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Note that the constant of proportionality in thigiation is 1/mass. It is the mass of an
object that determines the acceleration for a gaygplied force. The bigger the mass,

the smaller the acceleration for a given force.

We have introduced the form of Newton’s Second daa = F/m rather than the
more familiar (and equivalenk) = ma, in order to stress that it is the force that eaube
acceleration, and not vice versa. Often studeats ¥o invoke anrhd’ force in their
problem solutions. By writing = F/m, we are encouraging you to think of the forces as
being primary and the acceleration as the reswdppfying the forces to the mass.

Finally, we want to stress that this equationveetorequation. The importance
of the vector nature of this equation can be demnatesl by two observations. First, the
direction of the acceleration is the same as thextion of the force. Second, we exploit
the vector nature of forces to determine what happéien more than one force acts on
an object. Namely, if more than one force actamiobject, the object’s acceleration is
determined by applying Newton’s Second law usirgtthtal force acting on the object
which is defined to be the vector sum of all theividual forces acting on the object.
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D) Units

We've just introduced the two new concepts we neeatkscribe dynamics
(namely, force and mass) and the fundamental laaw(bin’s Second law) that links
them. We now need to address the issue of units.

So far, we have used two basic units, one foresfmeters) and one for time
(seconds) to describe kinematics. To accommotiatermo new concepts needed to
describe dynamics, we will need to introduce a new. We choose this new unit, the
kilogram, to be theSI unit for mass. Using Newton’s second law, wethaetheSI unit
for force is kg-m/& It is common to then define the Newton, a ofifiorce, to be equal
to 1 kg-m/é.

The truly amazing thing here is that during thosise in mechanics, we will
introduce many new concepts, but we will need tmauceno more fundamental units
Indeed, we need just two kinematics units (metedssieconds) and one dynamic unit
(mass) to completely specify all of the conceptsmitkintroduce in mechanics. Next
term, when we study electricity & magnetism, wel wéed to introduce only one more
unit, the Coulomb, the unit for electric charge.



E) Momentum

Before moving on to do an example that illustréNesvton’s second law, we first
want to make a natural connection between forcdsaanther physics quantity of
fundamental importancenomentum

Recalling that the acceleration is defined toHzetime derivative of the velocity,
we can rewrite Newton’s Second law in terms of therivative. Now, as long as the
mass is a constant, we can bring it inside thevdivie to obtain the expression shown.

The expression inside the parentheses (the pradtice object’'s mass and its velocity)
is defined to be thmmomentunof the object, usually denoted by the symidlVith this
definition, we see that Newton’sdaw is equivalent to the statement that the tiate r
of change of an object's momentum is equal to ke force acting on the object. In
fact, when Newton first introduced this law in Rigncipia in 1687, he used this
formulation in terms of the change in momentum.e @dvantage of this formulation is
that it can be used for processes in which the ke system is changing in time.

There are two simple, yet very interesting coriolus we can draw from this
formulation of Newton’s second law in terms of ttienge in momentum.

First, if there are no forces acting on an objeet its momentum cannot change.
Indeed, since Newton's law is a vector equatias,dtatement must be individually true
for all components of the momentum.

Second, to change an object’'s momentum, we nedthve a non-zero force
acting on the object for a finite period of time.

We will revisit both of these concepts later irstbourse when we discuss
collisions.

F) Example: Spaceship

We will now return to the usual formulation of Nt&n's law to do a simple
example that illustrates some of its main featu@snsider a spaceship having a
constant mass far out in space. Suppose the engines on the sipacare turned on at
t = 0 and are then turned off 50 seconds latertlatdduring the time the engines are
on they exert a forcé on the spaceship. Figure 4.1 shows the plotseof th
displacement, velocity and acceleration of the ephip as a function of time.

While the engines are on, the spaceship will leagenstant acceleration equal to
F/m. The acceleration is just equalftm between 0 and 50 seconds, and zero thereatfter.
While the spaceship has a constant non-zero aatielerthe velocity increases linearly
with time as shown. During this time the displacameacreases quadratically as shown.
In fact, these plots are just the plots of motibnanstant acceleration that you are
familiar with from kinematics. The only new thihgre is that w&nowthat the
acceleration is constant, because the force (asd)nage constant.
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Figure 4.1
Plots of the acceleration, velocity, and displacehod a spaceship of massthat experiences a constant
net forceF for a fixed time (50 seconds).
After the engines shut off &50s, the acceleration goes to zero. Thereforanthtéon
fort > 50 s is one of constant velocity. Consequettly displacement, far> 50s, just

increases linearly.

G) Newton'’s First Law

Newton’s Second Law is, in some sense, the “wgrkiquation” of this course.
You will use it time and time again to solve prohke In his famous book, the Principia,
Newton introduced two other laws, though, that veaito discuss at this time.

Newton’s First Law states that “an object subjeato external forces is at rest or
moves with constant velocity if viewed from an itrreference frame” There are two
features here that we want to address. Firstesiecknow that if an object is at rest or
moving with constant velocity, its acceleratiorzé&o. From Newton’s Second Law, we
already know that if an object’s acceleration igozéhe total force acting on it must be
zero also. So what's new here? Well, what's nexe ieethe second point | want to
make. Namely, the concept of an inertial referdrame is explicitly introduced in this
law.

In particular, Newton’s first law actually serviesdefine an inertial reference
frame as a reference frame in which Newton’s laald good. We know Newton’s laws
do not appear to hold in all reference frames. éxample, we have noted that objects
appear to behave strangely in accelerating fraagethough forces were acting on them,
even though we could not identify the agent thatipced these forces. If you turn a
tight corner in your car, the cell phone on youstdaard may slide from one side to the
other, clearly accelerating, even though there'tasy sudden new forces acting on it
that we could identify to be the cause of this bredion.



For our current purposes, we can identify ineftaies as non-accelerating
frames. We want to relax this identification g biough, as we have already seen that
the earth’s acceleration as it spins on its axitszero, but it is sufficiently small that
we may, for practical purposes, consider the dartie an inertial reference frame.

We will close this discussion by noting that NewsoFirst Law implies that once
we have found one inertial reference frame, thgnadiner reference frame moving with
a constant velocity with respect to the first amalso an inertial reference frame.
Therefore, accepting the Earth as an inertial ezfee frame implies that any frame
moving at constant velocity with respect to thetk#s also an inertial reference frame.

H) Newton’s Third Law

Newton’s Third Law states that “for every actitverte is an equal and opposite
reaction.” This sentence can be misleading, Bunianing is succinctly and completely
captured in the vector equation shown.

Fag =—Fpa
Namely, that the force that object A exerts on dbigis equal to minus the force that
object B exerts on object A.

The important point to realize here is the Fait san
Newton’s Third Law implies that all forces comi =~—__
in pairs! There is no such thing as an isolated
force. If | exert a force on the wall by pushing
on it, the wall exerts a force on me by pushing
back with a force of exactly the same magnitud
but in the exact opposite direction. Figure 4.2
shows the forces that are exerted in this situati
Our notation for force labels uses subscripts to
demote what is causing the force and what the
force is pushing againgtyanwan therefore refers
to the force exertedy the maron the wall, and
Frioorman refers to the force exertéy the floor
onthe man. With this notation, it is clear which =
forces are the third-law “pairs”. For evefyg Etoor stan
there must be an equal and oppoB#g.

Figure 4.2

Now consider the case of a man pushing Newton’s Thirld Law pairs of forces
on a box initially at rest on a smooth horizontal acting when a man stands on the
surface, causing it to accelerate to the leftas  floor and pushes against the wall.
shown in Figure 4.3. The man pushes on the box
with a forceF;, and the box pushes back on the man with an eqdabpposite force
Fom. When we add together all of the horizontal fortteyy seem to cancel. But if that
were true, the box would not accelerate, but wenkitavilll What's going on here?
Well, the answer to our problem is simple: In orttieunderstand the motion of thex
we only need to consider the forces actimghebox— onlyF, needs to be considered
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Figure 4.3
A man exerts a hrozontal forée,, on a box, causing it to

accelerate. The fordg,,, acts on thenan not the boxtherefore, it
plays no role in the determination of the accelerabf the box.

when calculating the total force on the box, Rgt. This little exercise may seem more
like bookkeeping than physics, but it is extremelportant to get this picture correct at
the outset. All forces come in pairs, but thesed@airs are exerted dlifferent objects

To determine the motion of an object, we only neeconsider the forces acting on that
object.

In the next unit we will develop the technique i@&e body diagrams that will formalize
this notion and lay the groundwork for all problepiving using Newton’s Second Law.



Main Points

* Force, Mass & Newton’s Second Law

* Muss is the properly of an object that defermines how hard it is to change ifs
velocily.
* Force fs the tiing that is responsibie for an object’s change in velocit

Newion’s Second Law provides the Hnk | T
bepveen fhese two new concepis Pt
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¢ Inertial Reference Frames and Newton’s First Law

Newion’s First Law:
“An object subfect fo no external forces is af vest or moves with
consstant velocily if viewed from an fnerfial refevence frame.”
serves to define “inerfial reference frames™

¢« Newton’s Third Law

Newion’s Third Leaw: 2
“For every actfon fheve is an equal and Falt tan F'm ; “Q
opposite reaction” T -

Al forces come in pais:
FAB = ""FBA F.:Hmr.f"fﬂﬂ.l'
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