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Einstein’s Theory of Special Relativity, 2




housekeeping

Lectures forever now.

Gotta come to class

question about anything? I’'ll make a movie for you:

Special Relativity:

Hobson_Relativity.pdf is chapter 10 out of Hobson

Also, chapter 2 in Oerter is good.

need next lecture for HW! will move due date a few days later (see next slide)
MasteringPhysics registration expiration now set to March 15. My bad.

Marie Curie movie anyone?
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honors project begins

https://gstbb.pa.msu.edu/storage/Homework Projects/honors_project_2018/

contains the first instructions: the plan & tutorial
Minervalnstructions1_2018.pdf

dates:
complete first part, March 16

analyze data and complete writeup, April 20


https://qstbb.pa.msu.edu/storage/Homework_Projects/honors_project_2018/

You might want to remember this:

a changing B field creates an E field

a changing E field creates a B field

accelerated charges produce
electromagnetic radiation
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Accelerator ingredients: E and B

for two configurations of charges and currents
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then

It got strange
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The Nobel Prize in Physics 1906
J.J. Thomson

Share this:

The Nobel Prize in Physics
1906

Joseph John
Thomson

Prize share: 1/1

The Nobel Prize in Physics 1906 was awarded to J.J. Thomson "in
recognition of the great merits of his theoretical and experimental
investigations on the conduction of electricity by gases".

Photos: Copyright © The Nobel Foundation

he Nobel Prize in Physics 19

tp://www.nobelprize.org/nc
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then

It got strange
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updated:

Italian
Physical
Soclety In
Trento, 2017/




but

It had already been strange
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Albert
Michelson
(1852-1931)

and

N\

The Nobel Prize in Physics 1907
Albert A. Michelson

Share this:

The Nobel Prize in Physics
1907

Albert Abraham
Michelson

Prize share: 1/1

The Nobel Prize in Physics 1907 was awarded to Albert A. Michelson
"for his optical precision instruments and the spectroscopic and
metrological investigations carried out with their aid".

Photos: Copyright © The Nobel Foundation
Share this:

To cite this page

b pastyle: "The Nobel Prize in Physics 1907". Nobelprize.org. Nobel Media AB 2014. Web. 28
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any problem seeing stars
or the sun?

17



the ether

N S any problem seeing stars
or the sun?

everyone knew that light
was vibrations of the
"luminiferous ether"”.
everyone.

Ve # 3 &
N vty o

Earth’s Motion
should cause an
"ether wind"”

light going upstream should take

stationary, Newtonian-like . . .
Y a AlELevent Hime to 90 Alstowmce

Absolute rest frame ‘
thom going Aownstveam -



‘‘Michelson Morley Experiments®’

This technique was perfected by cowboy, Albert

trying to measure the speed of Earth icheison anc eventually his sidekick, Edward

Morley at Case Western Reserve in Cleveland

relative to Ether between 1880 and 1888

measure the fringes in light interfering from the two
paths...then rotate the instrument 90 degrees - and do it again.

The differences between the two configurations is related to
the time difference

. presume the velocity

relative to the ether is v

beam
splitter; P

mirror, 52

mirror, S,

If the beams get back out of phase...one
— traveled through the ether differently
from the other.




neat simulation

hWHp://www.kcvs.ca/site/projects/physics__files/specialRelativity/michelsouMorley/mmE xperiment.swt

The King's

Centre for Visualization in Science

indin new ways to see the world

Who Are We?

Home
Who Are We? The King's Centre for Visualization in Science

Visualizations

Workshops

S The King's Centre for Visualization in Science is a
Links— research centre of The King's University , Edmonton,

KCVS on Other Devices Alberta, Canada committed to improving the public
E7PWre T understanding of science in Canada through the
development of innovative ways to visualize science.
Brian Martin and Peter Mahaffy are co-directors of the
centre, working with an interdisciplinary team of
undergraduate researchers.

GRYSTAL - ALBERTA
ENSpS CNeane The work of the centre has been funded by The King's University , NSERC through a
Centres for Research in Youth Science Teaching Learning (CRYSTAL-Alberta) grant and the
USRA program, SSHRC, and through research partnerships in the United States (NSF), and
Australia (ARC).



http://www.kcvs.ca/site/projects/physics_files/specialRelativity/michelsonMorley/mmExperiment.swf




The earth did not appear to be moving through an Ether.
The question: did Einstein know of the MM experiment?
He always said “no.”




back to

March, 1905: The photoelectric effect paper.

E _ t _ couple
111STelll of
May, 1905: Brownian Motion...
http};/www. aip.org/history/einstein/brownian.htm wee kS
June, 1905: The Special Theory of Relativity )
this
week

September, 1905: E = mc2 paper
following his
nose This? ...a pretty good year.

1907, 1911, 1912, 1915, 1917: General Relativity after

General Relativistic Cosmology break

Lots of Einstein on the web. This is good:

http://www.aip.org/history/einstein/index.html

The Einstein House in Bern

http://www.einstein-bern.ch/index.php?lang=en&show=start

21



http://www.aip.org/history/einstein/brownian.htm
http://www.aip.org/history/einstein/index.html

1915 4 lectures with complete GR theory 1920 anti-relativity lectures in Berlin

1916 publishes GR theory 1922 Nobel Prize
1917 1st paper on Cosmology 1931 rejects Cosmological Constant
I l e II I O v e d introduces Cosmological Constant 1933 Hitler elected Chancellor

moves in with Elsa i ) .. )
Einstein renounces German citizenship

1919 divorces Mileva, marries Elsa Moves to Princeton
ar O 1] l l H Jle pse data confirmed by Eddington
- 1913 Professor 1911 Professor

separates from Mileva

’ ".': 271 Sb@{ﬁmm
'B’ E "_‘_\ &‘oobw

4
T o, T

‘Warsaw
VAL Brest ©

1905: patent

clerk at the
Swiss Patent
office

1909 Professor 1912 Professor
1906 Doctorate work with Grossman

1907 University Bern? nope 1913 15tGR paper o5




EINSTEIN
ON RACE
AND
RACISM




His 1905 Relativity paper:

8. Zur Elektrodynamik bewegter KEorper;
von 4. Finstein,

a I C S O DaB die Elektrodynamik Maxwells — wie dieselbe gegen.
O n e X wiirlig aufgefaBt zu werden pflegt — in ibrer Anwendung auf

sewegle Korper za Asymmetrien fubrt, welche den Phiinomenen
icht anzohaften scheiven, ist bekannt.  Man denke z. B. an
¢ elektrodynamische Wecbselwirkung zwischen einem Mag-

° .
ot ien und einem Leiter, Dag beobachtbare Phinomen hiingt
O I ¥ nur ab von der Rclati\'bewegung yon Leiter und Magnet,
PEMANL . W l ” g . :

i, 8treng

ewegt sich nimlich dey Magnet

tulit der Leiter, so entsteht in der Umgebung des Maguneten
lektrisches Feld vop gewissem Energiewerte, welches an
)rten, wo sich Teile des Leiters befinden, einen Strom
or Magnet und bewegt sich der Leiter,

elektrisches

"A storm broke loose In m y XL e G S

setzt — zu elektrischen Strémen von derselben
selben Verlaufe Veranlassung gibt, wie im ersten
ischen Krifte.

[ J
n ’ ’ cHEN PH 5 iele &hulicher Art, sowie die miBlungenen Versueh
gl onp SsBaNORSE gung der Erde relativ zum , Lichtmedium* zu kon
® 1. PLANCE fibren 2u der Vermutung,

vo¥
-.‘A\"‘"‘.‘u

UDE.
P AUL DR ugen gelten, auch dije
L GURENTAYELY i hen Gesctzo gelten, wie
wrr YON¥ FI6 ¥ reits erwiesen ist. Wir
Vermutung (deren Inbalt im folgenden »Prinzip
* genannt werden wird) zur Voraussctzung er-
‘erdem die mit ihm nur scheinbar unvertriigliche

24



Galileo had solved a serious problem

The bus/train/car-beside-you-illusion

you've all had the sensation:

you’'re in a bus/train/car next to a bus/train/car

one of them moves...you instantly wonder if it’'s your bus/
train/car or the other bus/train/car...right?




Aristotle
would not
have been
amused

they disagreed

about what
would be the
case

between two
different frames
of reference

"Galilean
Relativity"

G and A:

standing on
deck, boat still



Aristotle
would not
have been
amused

they disagreed

about what
would be the
case

between two
different frames
of reference

"Galilean
Relativity”

G and A:

standing on
deck, boat still
Same on shore

N
o
$ o
‘

G:
standing
on shore,
boat
moving

A:

standing @
on shore, ¥
boat s 4
moving




"Shut yourself up with some friend in the main cabin
below decks on some large ship, and have with there
some flies, butterflies, and other small flying
animals. Have a large bowl of water with some fish in
it; hang up a bottle that empties drop by drop into a

- wide vessel beneath it. With the ship standing
GallleO still, observe carefully how the little
animals fly with equal speed to all sides
of the cabin. The fish swim indifferently
in all directions; the drops fall into
the vessel beneath; and, in throwing
something to your friend, you need throw
it no more strongly in one direction than
another, the distances being equal;
Jumping with your feet together, you pass

equal spaces in every direction. When you
have observed these things carefully (though there is
no doubt that when the ship is standing still

everything must happen in this way), have the ship
proceed with any speed you like, so long
as the motion is uniform and not fluctuating

this way and that. YOU Will discover not the least

change in all the effects named, nor could

vou tell from any of them whether the ship
was moving or standing still.”®

S ———— ——
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"Shut yourself up with some friend in the main cabin
below decks on some large ship, and have with there
some flies, butterflies, and other small flying
animals. Have a large bowl of water with some fish in
it; hang up a bottle that empties drop by drop into a

- wide vessel beneath it. With the ship standing
GallleO still, observe carefully how the little
animals fly with equal speed to all sides
of the cabin. The fish swim indifferently
in all directions; the drops fall into
the vessel beneath; and, in throwing
1632 something to your friend, you need throw
it no more strongly in one direction than
: another, the distances being equal;

He says that the physics jumping with your feet together, you pass

/ equal spaces in every direction. When you
doesn t knOW the have observed these things carefully (though there is

difference between mOVing no doubt that when the ship is standing still
everything must happen in this way), have the ship
at constant speed and not proceed with any speed you like, so long

as the motion is uniform and not fluctuating
this way and that. YOU Will discover not the least

change in all the effects named, nor could

vou tell from any of them whether the ship
was moving or standing still.”®

moving at all

S ———— ——
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let’s think

hard about

SPACE and TIME

Iing coordinate systems

r@.to&&vetv moving




e of reference: Cool Guy and 01ld Guy.

They each have a coordinate system attached

They each have a clock attached

Each is at rest in his own frame of reference —

his unigue Rest Frame

If the relative speed of Cool Guy is constant with
respect to Old Guy...

29



e of reference: Cool Guy and 01ld Guy.

They each have a coordinate system attached

They each have a clock attached

Each is at rest in his own frame of reference —

his unigue Rest Frame

If the relative speed of Cool Guy is constant with
respect to Old Guy...

They are each in an Inertial Frame of Reference

What does Cool Guy see?
(when he’s not looking in a mirror)

Old guy moving backwards.
29



jargon alert:

Inertial Frame of Reference

refers to: a Frame of Reference moving at a
constant, linear velocity

entomology: from Newton’s First Law idea

example: a spaceship at constant speed




for measurement of motion, all you have are

clocks and rulers.

that might move relative to one another
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for measurement of motion, all you have are

clocks and rulers.

that might move relative to one another
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the airport

“Away Frame”’:
the frame being watched

T ——

“Home Frame”:
watching a moving frame

moving at velocity u

When the origins cross...  — e

definethatas t= 0 | 33
M gEPM




t he ai rp O rt ‘ sidewalk velocity relative to concourse: u= 2 m/s

after 2 s, how far has the sidewalk moved relative to the concourse?

traveler is at xa = 2 m, what’s traveler’s position relative to the concourse after 2 s?

ut T A

u

“Away Frame”’:
the frame being watched

T ——

“Home Frame”:
watching a moving frame

‘ moving at velocity u

34
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sidewalk velocity relative to concourse: u. = 2 m{s

| P
after 2 s, how far has the sidewalk moved relative to the concourse? 4Am

I ————————— 4‘

traveler is at xa = 2 m, what’s traveler’s position relative to the concourse after 2 s?

j}—'—‘Z w/s

34




sidewalk velocity relative to concourse: u. = 2 m{s

after 2 s, how far has the sidewalk moved relative to the concourse? 4Am

B ——
l

traveler is at xa = 2 m, what’s traveler’s position relative to the concourse after 2 s?
*—1

6m

) XA :-‘»2“/\

W =2 mMEB x2s=4wm

34




‘‘coordinate transformation?’

take the coordinates in one Frame and

write them in a different Frame

here, Home and Away




the airport

“Galilean Transformation”

T =T A+ ut

“Away Frame”’:
the frame being watched

e

“Home Frame”:
watching a moving frame

‘ moving at velocity u

40




Remember, what Galileo sailid was:

the physics doesn’t care

about constant-velocity motion




view from the concourse:

“Away Frame”’:
the frame being watched

T —

T ———

“Home Frame”:
watching a moving frame

l moving at velocity u

43




the physics should be the same

Do any mechanical experiment, and the results are the same,
regardless of from which Frame the measurements are done

“Away Frame”’:
the frame being watched

T

)

.y

“Home Frame”:
watching a moving frame

| moving at velocity u

44




the physics should be the same

Do any mechanical experiment, and the results are the same,
regardless of from which Frame the measurements are done

“Away Frame”’:

. the frame being watched

&

“Home Frame”:
watching a moving frame

| moving at velocity u

44




the physics should be the same

Do any mechanical experiment, and the results are the same,
regardless of from which Frame the measurements are done

N ~,
- y
- -
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r
] : AR
2% o
s Foa
{ LA

“Away Frame”’:

. the frame being watched

s

“Home Frame”:
watching a moving frame

moving at velocity u

——-

44
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what does 1t mean to say that the ‘‘physics

1s the same”’

everywhere there’s an xg, substitutexg =ut + x4 and tg — ta

FH:mé (A:EH) —>




what does 1t mean to say that the ‘‘physics

1s the same”’

everywhere there’s an xg, substitutexg =ut + x4 and tg — ta

In many ways “Relativity” theory is mis-named.
It’s not about what changes...but what stays the same.

Here, it’s the form of the equations that stay the same...labels don’t matter







Einstein always asked

47



Einstein always

No wave any more!

47



since 1t’s a traveling palr of waves

If there's no “changing"...is there light?




in fact

a light beam from the clock could not keep up




one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #1
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #1
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple questlon, e E— g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a Current’?

Situation #1
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction
this right hand is an

a simple questlon, e E— g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a Current’?

Situation #1
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #2
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one right hand tells you the B direction

“Lorentz Force”
how to bend beams

of particles a different right hand operation tells you the force direction

this right hand is an

a simple question e g

1. take fingers and flow

— — Q through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #2
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one right hand tells you the B direction

“Lorentz Force”

how to bend beams
of particles

a different right hand operation tells you the force direction

e ) . this right hand is an
a simple uestion
Called the “cross product 1. take fingers and flow

— — J through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #2

B R € @ no velocity, no force
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These situations differ only in the reference frame...




one right hand tells you the B direction

“Lorentz Force”

how to bend beams
of particles

a different right hand operation tells you the force direction

e ) . this right hand is an
a simple uestion
Called the “cross product 1. take fingers and flow

— — J through the v
—
F=Qv x B
2. continue on and flow
just care about the direction I through the B

3. for +Q your thumb points
in the direction of the F

how about a charge next to a current?

Situation #2

B R € @ no velocity, no force

10 © © 6 0 06 0 O

1
10 ©6 0000000 +—

These situations differ only in the reference frame...

But, the physical effect — force or no force — is different!




hold the phone.
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These situations differ only in the reference frame...

But, the physical effect — force or no force — is different!
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here’s another one (( //// B o)

my favorite coll-magnet




The changing magnetic field creates an electric field in wire

That produces a force on electrons
which moves them in the wire — which is a current

current

B e —

here’s another one

my favorite coll-magnet

an important
thought problem
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Magnetic field is constant — no electric fields



The changing magnetic field creates an electric field in wire

That produces a force on electrons
which moves them in the wire — which is a current

current

B e —

here’s another one

my favorite coll-magnet

an important
thought problem

Magnetic field is constant — no electric fields
The electrons in the wire have a velocity

passing by a magnetic field...



The changing magnetic field creates an electric field in wire

That produces a force on electrons
which moves them in the wire — which is a current

current

B e —

here’s another one

my favorite coll-magnet

an important
thought problem

Magnetic field is constant — no electric fields
The electrons in the wire have a velocity

passing by a magnetic field...

That produces a force on them — which is a current



The changing magnetic fie an electric field in wire

which moves the electroi ... .t

3

an important
thought problem

Magnetic field is constant — no electric fields

The electrons in the wire have a velocity

That produces a force on them —a current,



seem to fail between

relatively moving inertial frames
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this 1s crazy! the two models of
the world differ

in their treatment of relatively-moving frames of reference!

Seems to depend on Frame: Don’t appear to depend on Frame:
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remember what Maxwell found?

Maxwells aha! moment

remove the explicit sources, () & [

Look how the equations are
symmetric:E < B

— —
stuff x B = rate of change of F

stuff x E = rate of change of B E
: . . . 8
differential equations E =3 x 10 m/s
C! the speed of light!
Which Maxwell knew.

—
stuff x £ =0

_’
stuff x B =0

— —
stuff x B = rate of change of E

stuff x E = rate of change of B

8
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This offended the young Einsteiln.

He took the Maxwell prediction seriously:

light moves at a constant speed

and proposed that c Is special

he elevated ¢ to be an




1. All laws of physics — mechanical and
electromagnetic — are identical in co-

moving inertial frames.
? taking Galileo seriously, and then adding Maxwell

Principle of Relativity

Postulates: 2. The speed of light is the same for all

. | inertial observers.
"Inertial frame": taking Maxwell seriously

constant
velocity
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Einstein writes

very simply

His 1905 Relativity
paper:

"On the Electrodynamics
of Moving Bodies"

not your standard physics
journal introduction

Let us take a system of co-ordinates in which the
equations of Newtonian mechanics hold good. In order to
render our presentation more precise and to distinguish
this system of co-ordinates verbally from others which
will be introduced hereafter, we call it the “stationary
system. ”

If a material point is at rest relatively to this system
of co-ordinates, its position can be defined relatively
thereto by the employment of rigid standards of
measurement and the methods of Euclidean geometry, and
can be expressed in Cartesian co-ordinates.

If we wish to describe the motion of a material point,
we give the values of its co-ordinates as functions of
the time. Now we must bear carefully in mind that a
mathematical description of this kind has no physical
meaning unless we are qguite clear as to what we
understand by “time.” We have to take into account that
all our Jjudgments in which time plays a part are always
Judgments of simultaneous events. If, for instance, I
say, “That train arrives here at 7 o'clock,” I mean
something like this: “The pointing of the small hand of
my watch to 7 and the arrival of the train are
simultaneous events.”

It might appear possible to overcome all the
difficulties attending the definition of “time” by
substituting “the position of the small hand of my
watch” for “time.” And in fact such a definition is
satisfactory when we are concerned with defining a time
exclusively for the place where the watch is located;
but it is no longer satisfactory when we have to connect
in time series of events occurring at different places,
or—-what comes to the same thing-to evaluate the times of
events occurring at places remote from the watch.

M I E




and then

he played the two postulates out

to see what would result

"A storm broke loose In my mind."




his concern:

simultaneity

because that's how two observers would synchronize their watches




put on

your
seatbelt
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thinking The train observer would declare:
the beams arrived simultaneously

simple

Both light detectors are at rest
in the train frame.

philosophical
ISSues

INERIEERICINE
In which a light
beam is emitted
In the center and
detected in that
frame equal
distances away

Left and Right hands register receipt of the light beam at the same time.

60




simple

1s hard

Notice that the Second Postulate disallows the addition of
the train’s motion to the light speed.

LH finger RH finger
approaching moving away
the beam from the beam

What does a H observer see?

Light hits LH finger
before RH.

T eee—
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simple

1s hard

the 1st of three
odd things
about space
and time

The ground observer would declare:
the beams did not arrive
simultaneously

Notice that the Second Postulate disallows the addition of
the train’s motion to the light speed.

LH finger RH finger
approaching moving away
the beam from the beam

What does a H observer see?

Light hits LH finger
before RH.

|
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There 1s no such thing as the concept of
simultaneous events

between co-moving frames of reference

P SRPP PO SeRr———




two problems with this:



two problems with this:

1. Since there iIs no way to determine that something is
simultaneous in one frame and also in another

69



SO.

No inertial frame is special.

All are equivalent.

71



SO.

No inertial frame is special.
All are equivalent.

Why?

71



(4
2. ‘““Causality’’ requires care}(‘zfvﬁ

L ~ .
'y -
[‘/ V !

\
\

would a moving observer observe that first | cry, then I'm born?




2. ‘‘Causality”

IS CAUSALITY
a casualty!?




the 2nd postulate

makes things strange

/3



because (

the speed of light is constant in all inertial frames:

74



thlis seems reasonable:

a trap.

case |1 v(icatchev)=0 vioal)=100 v(pitchev)=0

what's viball) that catcher expeviences:  v(caunght)=100

case 2:  V(catrchev)=0 vioal)=100 v(pitcher)=S0

what's viball) that catcher expeviences:  v(caunght)=150

case3:  v(catrchevr)=2S vibal)=100 v(pitchev)=S0

what's viball) that catcher experiences:  v(caunght)=175
/6



this seems strange:

light's different.

case |1 v(catchev)=0 vlight)=c  v(pitchev)=0

what's vlight) that catcher expeviences:  v(caunght)=c

case 2:  V(catchev)=0 v(light)=c  v(pitcher)=50

what's vlight) that catcher expeviences:  v(caunght)=c

case3:  v(catchevr)=2S v(light)=c  v(pitcher)=50

what's v(light) that catcher expeviences:  v(caught)=c
77



light 1s constant speed everywhere
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light 1s constant speed everywhere

76 W

/ \
T ooy

BUIXXBNI™

I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I
~1 2 "3

|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I
4 "5 6 71 8§ "9 "1

Ty ey

I|\|I|I|I|||I|I ||I|||I|I|I|I|I ||I|I|I|I|I|I|I I|I|I|\|I|\|I|I ||||I|I|I|I|I|I I|I|I|I|I|I|I|I I|||I|I|I|I|$ I|I|||l|||||£ I|I|I|I|I|I|I|I I|I|I|I|I|I|I‘||I I(|)I|I|I|I|I|

1 20 3 4 5 6

Il I|I|I|I|I|I|I|I I|I|I|III|I|I|I I|I|I|I|I|I|I|I I|I|I|I|I|I|I|I ||I|I|I|I|I|I|I I|I|I|I'I|I|I|I I|I|I|I
9 13 14 1

U'W;Uh ;H w‘ ‘\ ‘ ‘
) 5 16 177 ‘g

L"HJMJ” JJ{ H




light 1s constant speed everywhere
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light 1s constant speed everywhere
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and the other way as well.
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and the other way as well.
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and the other way as well.
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there are consequences to this

let’s make a light clock

and follow the mathematics
















a light clock!


















Moving clocks appeav to vum
slowev as seen by a velatively
stationavy opsevver

time
dilation

the second of
3 strange

things about
space and
time
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B =u/c
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‘‘relativistic gamma’’
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‘‘relativistic gamma’’
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