CYI——

e— = - - - A
".g—‘-g-.-—-' m‘;’*‘“ . - = -./<—'-’
NS, e : -
=: —szlfza“,
x = \v\’;.’ _Q“ - .__.. o e aie
22
PN
O

: l&%‘ NV N
Lo S &!@@4}
—— : o 5 S vy

-
NS
oS ~
= N

/4 . . 74 A T
T \ : _— srnc A Y {e ". <
S '\‘”\4 ‘\"\ e ““3 ! ™~ ‘ m
o “ Y 7 ‘© 4 » @t g :
£ . », "~ . v

Modern Physics (Phys. IV): 2704

Professor Jasper Halekas
Van Allen 70
MWF 12:30-1:20 Lecture




Announcements

First homework assigned — due next Friday
Go to "Assignments” tab on main web page

Remember we will start using Turning Point
this coming Monday



Smug Physicists

While it is never safe to affirm that the
future of Physical Science has no
marvels in store even more astonishing
than those of the past, it seems
probable that most of the grand
underlying principles have been firmly
established and that further advances
are to be sought chiefly in the rigorous
application of these principles to all the
phenomena which come under our
notice.

Albert Michelson - 1907




Signs of Trouble: Heat Capacity

Classical Prediction .
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The Root of the Issue: Equipartition

Equipartition theorem says each degree of
freedom for a particle has an average of 1/2kT
of energy
l.e. <E>=<a/2mv 2 + 1/2mvy2 +1/2lw, 2 + 1/2Iooy2> =
4*1/2 kT = 2kT would be the average energy for a
particle free to move or rotate in 2-d

Implication for heat capacity
C = AE/nAT = constant (does not match data!)



Signs of Trouble: Blackbody

Radiation

Blackbody Radiation

|
% The "Ultraviclet
- Catastrophe"

Radiation
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Signs of Trouble: Blackbody

Radiation

Blackbody Radiation
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The Root of the Issue: Equipartition

Equipartition says each mode of
oscillation (standing wave) has 1/2kT

of energy on average

But... there are a huge number of
standing waves at high frequency
(small wavelength)

=>"The ultraviolet catastrophe”




Signs of Trouble: Photoeletric Effect

Classical Prediction: Electrons should only be ejected if light is above some
threshold intensity, and the energy of electrons ejected should depend on

the intensity of light.

Photoelectric effect
Lenard, 1902

L

/!

Visible / Ultraviolet
/ Electrons emitted
4 depending on the surface materia
4

EThreshoId = hf Where: E = energy of photon
h = Planck's constant
f = frequency

Experimental Result: Electrons only ejected for light above some threshold
frequency. The energy of electrons ejected depends on frequency of light,
and is independent of the intensity of the light.



The Root of the Issue: Lightis a
Wave (Isn't 1t?)

And it came to pass that...

do, , .
) dl(. +I-'I0l

and there was ﬁight.’




Signs of Trouble: Cosmic Rays

30000 m
Secondary

cosmic rays

Vl'l r
20000 m -

10000 m

Cosmic rays strike the top of
the atmosphere and produce
a shower of secondary particles

Many muons reach sea level

But, according to laboratory
experiments, muons have a
lifetime of ~2.2 ps, only enough
time to travel <1 km even at
their maximum speed



The Root of the Problem: Time

Invariance

Everyone should agree on how long
something takes (shouldn’t they?)!




Signs of Trouble: Speed of Light

Michelson-Morley Experiment (1887)

Speed of ight moving into LAY
the Earth head-on=c + v
Burt the measurement

1s the same in both cases!

Speed of light moving into

Y

the Earth perpendicularly = ¢



The Root of the Issue: Velocity

Addition

EXPRESS TRAIN
GOING NORTH P

>

EXPRESS TRAIN
GOING NORTH

LOCAL TRAIN
GOING SOUTH
AT 35 MPH

e
EXPRESS RELATIVE
TO LOCAL TRAIN
IS5 95 MPH
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Michelson-Morley Experiment
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Michelson-Morley Experiment




Michelson-Morley Results

No time-difference detectable

Possible Implications:
Earth not moving

Inconsistent with known orbit around Sun!

No such thing as ether v
But then what is the medium that is "waving”?

Galilean transformationis incorrect v
But this must imply that time and/or space are not invariant...



“Relativistic Speeds”

1
c= = 299,792,458 M/s ~ 3x 108 m/s
vV Ho€o

Imagine accelerating a charged particle through a
oo V electrostatic potential (you'll do this in lab
next week):

1/2mv? = qV (non-relativistic expression)

Proton velocity = 4.38 x 105 m/s ~ c/g969
Electron velocity = 1.33 x 207 m/s ~ ¢/23



Inertial Reference Frames

“Inertial reference frame” = A frame in which
Newton’s laws hold
An object at rest stays at rest and an object in

motion stays in motion with a constant velocity
unless acted on by an unbalanced force



Inertial Reference Frames

constant velocity acting is zero. I'm in an inertial frame!
because the total force
acting on it is zero.

I'm in an inertial frame! M
) U »

‘\
The ball is moving at The ball is at rest because the total force

* Any inertial reference frame moving at constant velocity with
respect to another is also an inertial reference frame



Non-lnertial Reference Frames

Fnet = Fcentripetal
‘: Ffict = Fcentrifugal \_\ U <o 2 ‘\/F_’jff’t B O
/_',aT-"‘"— et / //d)/_'_‘ ‘ 4 .
y 4 e y 2
Merry-go-round’s rotating frame of reference Inertial frame of reference

* Special relativity only applies to inertial reference frames
* General relativity is needed for non-inertial reference frames



