I n 2-di mensi ons, we nust use vectors, so that we wite
r(t+At) =r(t) + V(t)At
Wiy can we still wite At ?

Accel eration is defined as a vector in the direction of the change of
the velocity vector and having a magni tude gi ven by

a(t) = Iimﬂ or a(t)= Iimﬂ in 1- dimension
At—0 At At—0 At

It is a generalization of previous equation for velocity.
Physicists (along with everyone else) like to generalize ideas as
|l ong as they can get away with it ... it is easy...and you do not
have to think up anything new.
We then have (as with vel ocity)

V(t + At) = V(t) + a(t)At
Now, suppose | interact with 2 different bodies in "sane" nmanner,
i.e., hang the sane object over a pulley and attach it to the 2
bodies with a string.
We define stuff in each body by seesaw bal anci ng such that the anount
of stuff in 2 bodies is identical if the seesaw bal ances and rati o of
the stuff in two bodies is given by the inverse ratio of the distance
fromthe pivot when the seesaw bal ances. Stuff = mass = ni

W note that(experinent) says

A _ constant - 2UTIN2_ m,

a, Suﬁinl-_ﬁ{

Whenever sinple results |ike that conme out of an experinent,
physi ci sts(Newton and Galileo in this case) say that sonething
pr of ound nust be going on here........
In this case, they turned the equations around and said

ma =ma, --> sonething to do with ny "same" interaction!
So given the acceleration, we can calculate the velocity and then
calculate the position and get the answer we are looking for .... the
process uses calculus ...... that is why Newton invented it.

But how do we find the acceleration fromfirst principles ....
remenber that is what theorists do
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This |l eads us into a discussion of Dynamcs ........
Newt on’s Laws (the crowni ng achi evenent of classical physics)

A body at rest is not noving! There is no difference between a body
at rest and a body noving with constant velocity since we can al ways
change our frane of reference and then the body wi th constant
velocity looks like it is at rest (and the body that was at rest now
| ooks like it has a constant velocity).

A body is interacting with its surroundings in some nanner when we
see a changing velocity or an accel erati on.

Now push(or pull) on object and watch it accelerate. It is clear that
is clear that | can nake the body have a snmaller or |arger

accel eration depending on the strength of ny interaction with it. It
is also clear that ny interaction is directional ... it produces a
directional or vector quantity ... the acceleration.

This |l eads to the concept of a force. Force is a vector quantity that
sonmehow represents and quantifies ny interaction with the body. Since
in the earlier experinment, ny interaction in the two cases was the
"sane", | nust have been exerting the same force.

This I ed Newton to postulate the rel ationship

F=ma
so that in the earlier experiment | was exerting the sane force!
Be careful here! Is there any new physical content to the
i ntroduction of the concept of force or is all the physics contained
in the acceleration? | can neasure the acceleration! Can | neasure
the force or do | just infer it froma neasured accel eration?
Newt on’ s Laws
(1) an isolated body has no accel eration
(1') a body at rest or noving with constant velocity remains at
rest or nmoving with constant velocity unless it interacts
wi t h sonet hi ng
Any real content?
(2) F=ma
Is this sinply a definition of the force?

(3) If body A exerts a force on body B, then body B exerts an
equal and opposite force on body A (here is real content!)
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Ener gy

Most dynam cs problens of the everyday world can be sol ved using
Newton’s |aws. But they are not suitable for generalization beyond
the real m of everyday experience.

In order to find the rules and | aws that are appropriate in other
regimes of interest |ike very high speeds (SR) and very snal |

di stances (QW we nmust find a different way of thinking about the
uni verse. This new way is based on Newmton s |laws so there is no new
physi cal content, but it will be possible to extend to nmeaning of the
new | aws so that new physical content and thus new physical theories
can be fornul at ed.

Energy is one of these new concepts that allows generalization.

W first define Kkinetic energy or energy due to notion as

K =Lmv
2

Now we do an experinment. W take any object raise it up to sone
hei ght h above the ground and then release it. W find the foll ow ng
rel ati onshi ps:

Voromg = 20D g= 9.8m/s

v(t) = gt

1
t)=h-=gt?

y(t) 59

V() + 2gy(t) = constant
This last result is the key. As we said earlier, nmuch of theoretical
physics is a search for invariants. W saw a couple in SR Wen

studying dynam cs, invariants are quantities that are constant in
time. The | ast experinental relation can be witten

%m\/2 (t) + mgy(t) = constant
K+V=E
where we have defined two new energies

V=mgy = potential energy
E=K+V = total energy

The | ast experinental result then allows us to postul ate

The total energy is a constant of the notion
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The kinetic energy K and the potential energy V are not constant
during the notion. In fact, they are constantly changing into one
another,i.e., there is an exchange between K and V during the
not i on.

The law that energy is a constant is an exanple of a conservation |aw
for sone invariant quantity. W derive conservation |aws from sinple
experinments and then generalize their validity to a nuch w der range
of phenonena.

Monentum is another one of the new concepts. It is a vector
guantity.

It turns out that velocity is not the inportant dynam c vari able. How
can we see this?

Suppose we have a hill with two dunp trucks at the top. One of the
dunp trucks is filled with sand and the other is enpty.

We know from experinent that the velocity is the sanme for different
trucks when they reach the bottomof the hill or they have the sane
acceleration ... the acceleration seens to be independent of the
anount of stuff in the trucks (a property of the gravitationa

i nteraction).

Now we ask this question?

Wi ch of these two trucks would you want to attenpt to stop at the
bottom of the hill?

Clearly the answer is the truck with the least stuff or the smaller
nass.

So we define a new dynami cal quantity
p = mv = linear momentum
Newt on’ s second | aw t hen becones
E = lim 2P _ jjm A™V)

At—0 At At—0 At

whi ch for a constant mass system becones

ﬁ=lnn£&2=nﬂhnégxz=rna
At—0 At At—=0 At
as before.

Therefore we now restate Newton's | aws as:

(1) The linear nomentumis conserved for an isolated body Ap=0
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(2) F= lim 2P
At—0 At

(3) The total nonentum of an isolated systemis a constant

p, + p, = constant

Ap, +Ap, =0
AR _ _Ap,
At At
lle = _lf21

So for an isolated systemwe have a conservation law for |inear
nmoment um  which we can generalize to a nuch wi der range of phenonena.

So, here is the way scientists of that day thought....

The cl assical universe followed well-defined | aws. Everything was,
and is, predictable. If we only find the force, know the

masses, positions,and velocities of all the objects under
consideration at one single tine, then all is predictable fromthen
on!

The universe is a gigantic Newoni an cl ockwork. Cause and effect
rule. Nothing is by chance. Everything is ultimtely accountabl e.

Perfect determinism The |aws of physics are to be obeyed, because it
is inmpossible to disobey them The is no roomfor free wll,

sal vation and dammation, or |love and hate. Even the nost trifling

t hought has been determ ned | ong ago. You m ght have inagi ned that
you are a free-thinking person, but even that imagination is nothing
but the universal clockwork turning in sonme yet-to-be-di scovered way.
So now you are probably thinking...glad they found out those ideas
were wong and got rid of them Just renmenber it is always dangerous
to make quick judgenents |like that, especially when you are not sure
what will come along to replace it.

And then there was light.......... and Special Relativity
Qur derivation of SR has shown that:

(1) We lose position and tine as separate quantities, which is an
i ndi cation that everyday experience nay not carry over into these
new real ns.

Way didn’t physicists notice before? It generally is sinply a matter
of the accuracy and precision available to experinentalists, i.e.,
prior to this century, experinental neasurenents of the speed of
light could not say that it was not infinite. If it were infinite,
then SR woul d reduce to GR and Newt oni an physics would still be
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val i d.
(3) We nust choose our observables with sonme care.....

(4) We nust use conservation |aws to give us the physical quantities
that represent really what we can know about systens.

(5) We can fully extend cl assical physics validity to all speeds.
(6) We nust rethink our world view (happens all the tinme in physics)
Everyday experience cannot be our guide
Fine for world of everyday objects

W must be prepared to give up preconceived i deas because they
are based on our experiences

We must trust measurenents to tell us what is going on but we
nmust define themcarefully

But cl assical physics still hangs on, albeit nodified.......

Everything works so well ...............

What does that statenent really nmeans to a physicist..........
We only know what we nmeasure ................. phi | osophy?

In this world notion is a continuous blend of changing positions. The
obj ect noves in a flow from one point to another.

Science is a reasonable, orderly process of observing nature and
descri bing the observed “objectively”.

There is a conviction that whatever one observed as being out there
was really out there. The idea of objectivity being absent from
science i s abhorrent to any rational physicist.

One firmy believes in the passive(non-disruptive) observer. Hunmans
are creatures of the eye. They believe what they see.

So summari zing, classically

[ 1] Things noved in a continuous nanner.

[ 2] Things nove for reasons. The reasons are earlier causes and al
notion was determ ned and predictabl e.

[3] All notion could be anal yzed or broken down into its conponent
parts. Each part played a role in the giant machine called the
uni verse. The conplexity of this machine could be understood in
terms of the sinple novenent of its various conponent parts.

[ 4] The observer observed and never disturbed. Al experinental
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errors could be anal yzed and under st ood.
Al'l of these ideas will turn out to be falsel!!ll
Now back to SR
What happens to nonmentum and energy when we enter the real mof SR?
At this level we nust rely on experinents to point the proper way to
proceed. In Physics 7/8 sonme of you will derive these results from
first principles using the interval and |linear al gebra.

The followi ng result has been confirmed by experinent.

The force felt by a charged particle in electric and magnetic fields
is given by the Lorentz force |aw

Vxl::’a)

where Vv is the particle velocity.

FoglE+s

Consi der the experinental setup bel ow
>
B into paper

- R
E

In the box region the electric and nmagnetic fields are adjusted so

that F=0 for a particle noving along the dotted line with a definite
vel ocity. The electric force always points dowward and the nagnetic
force is always perpendicular to the velocity direction(upward in the
box for a particle noving along the dotted |ine). This neans that
particles with a particular velocity, nanely,

Vv

\Y} E
-E+-B)=0——-=—
o +c ) c B

pass undefl ected though the box. The box is called a velocity
selector. Qutside the box there is no electric field, so the particle
noves on a circular path (Force always perpendicular to the
velocity). In plane polar coordinates with a radius of
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So that neasuring the radius corresponds to neasuring the
relativistic momentum Thus, in the sane experinent we can nmeasure
both the vel ocity and nonmentum i ndependently and t hus determ ne the
rel ati onshi p between them

A plot of the experinental results |ooks Iike

A

-
-

myv  (Newton)

-
-
-
~ -
— -

This corresponds to the result

p=ymVv Wwhere y =

1
1-p
i nstead of the Newtonian assunption that

p=myV

where m, = the so-called rest mass. It is the only valid mass for a

particle since we neasure nmass when a body is at rest. Any

measur enent of mass when a particle is noving is really a nmeasurenent
of its momentum and thus it would be incorrect for us to assune that
any different nmass val ue can be used for a noving object. Thus, there
is no such thing as the "relativistic nmass".

Now what about relativistic energy? Wiat is the relativistically
correct formof the energy of a particle?

One way to generalize the concept of energy is to use the New oni an
definition of kinetic energy in conjunction with the relativistically
correct definition of nonmentum The derivation that foll ows uses

cal culus. Do not worry if you cannot follow all of the steps (you
will be able to follow them when the derivation is repeated in
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Physics 7). For this course only the results are inportant. W
proceed as foll ows:

The formal definition of kinetic energy is given as

AK = K - K, = work done by force = f dp -dr

W found that p=my(v)Vv where y00=(1—ﬁ) : ﬁz——. Therefore we have
K=K, = f (Myy (VV) -Vt = m, fv d(y (v)V)

o

Since the kinetic energy is zero when the velocity is zero we finally
have

K = m, fV-d(y (V)

Now si nce

we can wite
K = m, (V) - 7 cv) =y [Av?) - 2 [ ()

v2/c?

= My ——moc deUﬁ M +mDC(1—)

= mocz(yﬁz - ;) -myc? =mci(y -1)

The first thing we should do is check that this nakes sense. What is
the low velocity limt of this expression?

Usi ng
- 1 1Vv?
—(1-p)"" 1 Zpr =1+ =L
r=(-5°) P =15
we have
2 1v¢ 1 2
K =mc*(y 1) = mc® SE "M

as expect ed.

If we rearrange this result we have
ym,c® = K + mc® = Energy(motion) + Energy(rest) = Total Energy = E

It is only the total energy that is conserved!
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Ve thus obtain Einstein's fanous relation E, =mgc’.

What is the connection to nonentun? Sone al gebra gives the foll ow ng
results for relativistic objects:

b and (%)_ﬁ=ﬁ&=meu

Sone questions ari se:
How come we do not notice the rest energy in everyday experience?
Sonme nunbers:

typical kinetic energy = 0.5(1)(1)* =1 Joule

typical rest energy = (1)(3x10°)* =10 Joules
We typically ignore the significantly larger quantity!! The reason
for this is that in everyday situations the rest energy does not
change; all the same nmass is remains in the systemat all tines.

Thus, the rest energy is not a source of possible energy to do other
t hi ngs.

However, in mcroscopic systens |like atons and nuclei, etc, the rest

mass changes in many interactions and thus this energy becones

avai l abl e for other purposes. Two exanples are nuclear fission and

f usi on.

Are there any new predictions we can nmake fromthese results?

The two rel ations above make the followi ng interesting prediction:
v=Cc— f=1—=E=pc

or the only objects that can travel at the speed of |ight nust have a
rest mass equal to zero! However, even though they have a zero rest

mass, they still possess energy and nonentum defying the cl assi cal
equat i ons!
Such a particle has been observed .... it is the photon or the

particle of |ight.

The derivation that follows uses calculus. Do not worry if you cannot
follow all of the steps (you will be able to foll ow them when the
derivation is repeated in Physics 7). For this course only the
results are inportant. W proceed as foll ows:

In general, when the velocity is changing both its magnitude and
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directi on we have

( )
g op_dmyv) . dj v
dt dt dt\/ V2
1-->
c
Rectilinear Mdtion
( \ ( ) L gV
d % dv 1 oV T gt
F=moa > | = E > myVv 5\ 312
1 1-— 1-
T c? ( cz)
em 1 e
m)dt )2 Myy ot
-2
Newton’s law is nodified by the factor y® which has a dramatic
effect as v—=c . Now suppose that we have a constant force F =

constant. W can then integrate the equation as foll ows:

Fm=%WWNWeH=mJﬁWNV
0

Now
d Y
g M) =7 +V
,\-12 Vv
dy d 1V c? 3 V
E=E _? = . V2 3z =V ?
-5
d 2 1V
E(W)‘V )/3—2=)/3(F+g)=)/3
Ther ef or €,
y Vv
Ft=m, fd(w) = mw = my——;
0 |
N
Vo
2
[m)
2
F2t2=m§ V2—>V2=L2—>v=%= F “ ct :
1-V (Ft) dt. mc | F\ .,
2 1+ 1+t
m,C \ (”BC)

A plot of v versus t is shown bel ow.
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(Newton)

v=—— 1

d T~ relativity

o
Y

t
It is clear that no matter how |l ong a constant force is applied we
Continuing the integration

still have v<c.
t 2 Ft/myc
dx = F o dt—>x=£f t dt=£/—c\ X f du
mc F\2 My | F\2 m\ F/) = J e
1+() t? 1+() t?
\ m,C \ m,C
2 Ft/mg 2( 2 \
x = T fd(\f‘1+u2)=% 1+(L) 2 -1
F 5 F m,C
A plot of x versus t is shown bel ow
A
X g
’ 2
mqgC
L. X=ct- 0
I,, F
relativity

Y
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