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Day 13, 26.02.2019

Einstein’s Special Theory of Relativity, 3



30 days until opening day

Dirty Dancing week



housekeepling

Gotta come to class
guestion about anything?
I"ll make a movie for you:

Please remember — especially true starting now:
need to take hand-written notes

No computers or phones are allowed.

Midterm...closes tonight

Madame Curie movie - we have a quorum in favor

I've posted another FB poll targeting the 2 weeks after break
: : Maderze
right now: looks like Monday, March 18 Czweg_
;Z”/ZZ s'ldn[u"[w'lm?rn é‘x\ :
Next readings: IR
Cosmic Perspective (aka "CP") in MasteringAstronomy
likewise HW 6
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KEEP

CALM

AND
LET’S
REVIEW







Special Relativity



frames of reference



the airport

“Galilean Transformation”

T =T A+ ut

“Away Frame”’:
' the frame being watched

.

“Home Frame”:
watching a moving frame

| moving at velocity u I
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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




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

taking Galileo seriously, and then adding Maxwell

2. The speed of light is the same for all
inertial observers.
taking Maxwell seriously

\\
M.E. . N. & Gs Laws
\
FEE | 2YPT
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think about how weird

the second postulate Is.

C IS a constant...always.







da collseqguellce

of the second postulate:
If two events are simultaneous in one frame

they are not for a co-moving inertial frame
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There 1s no such thing as the concept of
simultaneous events
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synchronize clocks

Imagine a series of rulers and clocks

to sywchivonize clocks,..a simultomeity opevation

set a clock simultaneous with the arrival of a test beam
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she believes

that she’s the center of the universe

Where the Ether is and where Maxwell’s equations were thought to work

all motion: referred to her clocks and rulers

you can't! et

the vack finger catrches up
tracks front finger vuns away

4
r N

Frack mawm sees:

You'A hawe to synclhvonize clocks!

[ 3

W

An absolute space systewm is useless!




26 yo Einstein:

not only

can you not detect inertial motion with any experiment
you can't synchronize clocks between inertial systems

So:
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new criterion for

physical reality:

If it can't be measured it can’'t be real

The ether can’t be measured, so it cannot be real...
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2. ‘*Causality’ requires careﬂz

'x‘i \ &
Two observers disagree about when events happen
the same time? at different times?

Suppose the hospital order is: first I'm born, then | cry

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




there are consequences to the Second
Postulate

we made a light clock

and followed the mathematics story




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

time
dilation Tl |
8 v1-(2)
the second of S
3 strange . |
things about S /
space and /
time 2 it
9%.0 0.2 0.4 P 0.6 0.8 1.0
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You have a clock and | have a clock and they are
identical. | observe yours is in aninertial frame
of reference moving past my frame of reference.

| also observe that

Yours appears to be slower or faster than mine?

How fast is your frame moving relative to mine?




this works for any clocks

actual clocks
atomic transitions
elementary particle lifetimes

biological clocks
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remember what’s constant...

distance interval

The speed of light, c. ...a speed. ¢ = : :
time interval

If clocks are messed with At depends on the frame...

omd the velocity of light is coustawmt,...

Doesn’t it stand to reason that lengths are also messed with...

AL depends on the frame...?

...shorter as viewed

from the home frame: L LA —
H —

a length in the away
frame will seem...

y
\>1

20



Moving lengths appear
shovter to a velatively

stationavy obsevver

length i W
contract 10 [ R R

| r - - f
the third of 3 6 |
strange things U B=wle | | ]
about space P s /
and time




the ailrport

“Away Frame”’:
the frame being watched

T — ———

“Home Frame”:
watching a moving frame

l moving at velocity u '

28




what’s he see?

29
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How fast must a

?
as measured by you-




collecting these two consequences

of the two simple postulates

Moving clocks appear to

“Time Di|ati0ﬂ": tH _ "ytA vian s\owev A\S Seewn \Dy A
ve\o\i—i\/e\y stationawvy

opsevvev

"Length Contraction”: g Moving lengths appear

shhovter to o ve\o\H\le\y

stationawvy obsevver
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Let your fingers do this...and show me: 1.

at the top of your board, write the equation for y

what value does v approach as u << ¢?

(

£ 1
A

w =ik fAmte but

Ye Hm <o "'z/g- svpev-hiny !

SO (- WY vew close +o 1

SO ¥~ 1
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Let your fingers do this...and show me, 2.
NOW write the equation for xgand tg

what value it look like if u << ¢?

7‘“ - X(KA 'l'V\k)
Xu = L:xXp +nt v ‘4734444|
£, = ¥(¢,+ 4 x

W A+ P A>

W « swalt "yd, roﬁlv’ swall

£, L%, +0)

|
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|

~~
N
|

i
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where he started:

Maxwell’s Equations
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remember?

®)

QO ©

0¢0—90-0 0 0 0 © ©o0 06006000

Weird alert #1:
Two different physical
oubtcomes...

for situakions which differ
only by the frame of
reference

Weird alert #2:

Two identical F‘hfjswat
outcomes...

from entirely different physical

causes §0r situations which




back to the airport

HOME H would see: E+B'



so the original problems are solved by:

the Lorentz transformations in xand t
actually mix electric and magnetic fields

SO

A magnetic field in one frame
is a mixture of magnetic and electric fields in another frame

An electric field in one frame
is a mixture of electric and magnetic fields in another frame




E and B are two
manifestations of one thing:
the Electromagnetic Field



remember:

more simple questions

how about a charge next to a current?

O O I O O

0¢e0—90-0 06 0 06 06 — © ©6 0606 06 06 0 0
©00000000O0 —— © 0000 0 o0

These situations differ only in the reference frame...

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



remember?

vut theve shoulA
siuation #2 howve peewn a fovce!

B ® Q © no velocity, no force

10 © © 0 0 0 0 O
10 000 000 0 0O e ——



and the co1l?

yvup. right observation all along.

Electric field or magnetic field, depending on the relative
frames

ves them in the wire — which is a current

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

EE—
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remember?
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Weird alert #1:
Two different p

reference

causes

Weird alerk #2:

Two idenkical
outco
from

\

fherent physical
wakions which







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

Principle of Relativity

- ~+ @ 2. The speed of light is the same for all
inertial observers.

900A al) o\\owg‘. oA +o c\r\o\wge‘.
. ~ C . * *
=y i
M.E. N& Glstaws

Tkl Wk
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1s Relativity

the case?

45



relatives

this is an electron, e: @

this Is a cousin of an electron...the “muon,” (. & #)

they are exactly alike except that
m(u) = 209 x m(e)

and in about 1.5 microseconds:
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6 g muon'’s lives are short and sweet







~20 particles/cm/s

stand-up cosmic

50,000m —

40,000m ——

30,000m——

20,000m

10,000m ——

Om ——




Mount Washington Observatory
New Hampshire

P el

PE

=

-

count at the top

2000 ft

count at the bottom

D. H. Frisch and J. H. Smith, "Measurement of the
Relativistic Time Dilation Using p-Mesons,"
American Journal of Physics, 31 (5): 342—355, 1963).




stand-up cosmic

50,000m —
40.000mM —4—

+ { Suppose 100 muons pass Mt

i Washington during some time
30,000m—+ N
I Interval
/' how many survive to the ground?

20,000m u y J

1 — ‘1) 1941 experiment
10,000m —— ”H

(AR
1T Mt Washipgton
2000
Om —— :




home and away

count at the top

2000 ft

100

BUt relatiVity SayS: count at the bottom
HEEE —
S \ Special Relativity
for the muon moving with T\
18 = 0.99 \\ <+—— closev to 70 ovsevveA
§60 \\
as observed by the £ NewWe
mountain, its clock ° \
appears to slowed to \
20 N
N
| \ =
v X 1.6 microseconds N H
g round 1stance through the atmosphere, m
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how can

1t deca

y and not

53
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This has been measured

an atomic clock was carefully carried
around the world in 1972 and carefully
calibrated and compared with ground-
based clocks

There are a number of corrections: accelerations,
decelerations, the rotation of the orbit, the fact
that the earth is not inertial - but relativity was
absolutely correct

Predicted Effect Flying East Flying West
GTR (Gravitation) + 144 +14 ns +179 £ 18 ns
STR (Velocity) -184 +18 ns +96 + 18 ns
Total -40 £ 23 ns + 275 £21ns
measured: -59 +10 ns +273 £7 ns

T —

redone twice more in airplanes
and rockets/satellites

many times:

J. Hafele and R. Keating
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1. All laws of physics — mechanical and
electromagnetic — are identical in co-

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

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

: : inertial observers.
“Inertial frame": taking Maxwell seriously
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combine speeds'!

Galileo, nope.

Einstein, yup.
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the airpOrt ? sidewalk velocity: 2 m/s l

redux

traveler’s velocity relative to the sidewalk: 3 m/s

u traveler’s velocity relative to the concourse:?

“Away Frame”: l 5m/s I
the frame being watched

Vg =U-+ VA

i %
c" 7.-J'v'
‘o ke \

Says:

“Home Frame”:
watching a moving frame

59




the airport,

using va quantities?
| ———

this is altered by the
Postulates of Relativity

1

redux

60




the airport, going fast

some time interval
*

VA T U A
UVH = o~
u | 14 Cu2 VA
start here: end up here:
XAf




write 1t down.
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relativistic velocity transformation

/UA _I_ U the airport, going fast
/l] J— some time interval
H= 7, o me mer
- 2 VA 4 A
— B
Look at this formula carefully... start here: ol
xX\A)f

X(Ae

Suppose u/ c is very small...like normal life.

| >
Al B ‘4
VH u—+va
=~

wovk iF out

Suppose it’s not a traveler, but light.

VH — U+ VA and the old-time,

non-relativistic .
airport sidewalk va= ¢ wov\c i+ our
formula emerges C+ U c+u
Vg = — = cC=2=cC
1+ 5c¢  (c+u)

The Second Postulate is preserved! g3



nothing

can accelerate to a speed faster than that of light

P

SPEED
LIMIT

670,616,629
mph

64



be careful

There are 3 velocities going on here.

VA + U
1+ Zva

Vg —

u is the frame velocity
...same, A relative to H or H relative to A
(sidewalk)

va is the velocity (traveler)
of something measured relative to the
A frame

vh is the velocity (traveler)
of something measured relative to the
H frame

U H Home frame speed wrt concounvse

0.-... PR R 2 = » 1 3 3 a PR R
8.0 02 04 06 08 10

A Away frame speed wvt sidewalk




another particle

the "pion," & @

not like the muon or electron

mass m(n) = 1.4 X m(u)

unstable

60



a pion decays into a muon
the pion travels at u = 0.5¢ in the lab (H)

the muon travels right at va = 0.5¢ in the
pion’s rest frame

What is the speed of the muon in the lab?

How far does it travel in the lab before
decaying?

What is the speed if muon travels left at
va =—0.5cin the pion’s rest frame?

What if the muon travels left at va =— 0.75c
In the pion’s rest frame?

N— u — 0.5¢




y
14
5
O
Wws 0.5¢c })
- ———— 8
! UA 4 w Up <
{C) @) 2 A= 0OSc 1 ) .
il B s vl 2 3 ative Velocitie
. - /UH = ~ 10 —r x —r—
LA V '
/ g\' ] pd : 6 u
Va + & £ 0.8 e s s Y — —
Ul-\ = | 7] Uu_c ©.8c Q / / | C
[+ .%Z‘UA 5 y
\~ - g""""'—‘ t 06 / , — ﬁ=0
/( ) «—@ 3 Up= — 018 c g _ — B=02
L L GF/ I 04
i — B=05
, = |
~ 0.2 o ey F=09
Uy = 0.4 ¢ : & 2,
0. PR R PR R 2/ / PR R 1
8.0 02 04706 08 10
e — | e ————— . Away frame speed wvt sidewalk
68
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Energy



push on somethlng

Einstein said:

constant force to create a

constant acceleration of 4

19
Galileo/Newton said

speed Increases:

Speed, fraction of ¢

v = gt

Newton said:

w

\]

SPEED
LIMIT

670,616,629
mph

1500

2000

70



traveler transformation, 1g acceleration

speed not linear 5 T T
veows |

In no frame can she
be observed to go ,,‘2\/@"3‘ e
above C

Newton

Speed, fraction of ¢

Einstein| || | | |

0 500 | 1000 1500 | 2000
Time, days

71



never get there

1.0
0.8:
o | |
"2 06l speed after 10,000 days = 0.999373 ¢
o “ |
‘-l-:\ _
=204 :
(D)
Q-‘ L
@ WO T & | AR
Einsteln
0.2 —
0.0 AL T U T T T
0 2000 4000 6000 8000 10000

Time, days

/2



BTW

nearly every science fiction story ever

Closest stav to Eavth: Proximan Centaunri: 4.23 light yeavs

STEPHEN BARAER

National Bestselling Author of Flood and A1

Alpha Centauri

Southern Cross

A
“One of the most
inventive writers that'

science fiction has ever

" » produced.”—SF Site

BRSS Proxima Centauri

/3




let’s go :ﬁ’

of ¢

accelerate at 1g for 2 light years

Speed, fraction
o

cruise for 0.2 light years

decelerate at -1g for 2 light years

Time, days

Proximan Centaunvt

4.2 light yeavs )

acceleration time, relative to Earth 2.8 years
top speed, relative to Earth 0.9453 c
acceleration time, relative to ship 1.7295 years
whole trip time, relative to Earth 5.8695 years
whole trip time, relative to ship 3.5428 years




let’s go there

40 light years away...star is "Trappist-1" which i1s a dwarf

How about traveling there? Again, assume 1g acceleration

Tvoppist-|
40 light yeavs

acceleration time, relative to Earth 9.9 years
top speed, relative to Earth 0.9953 c
acceleration time, relative to ship 2.97 years
whole trip time, relative to Earth 41.9 years

whole trip time, relative to ship 8 years




traveler transformation, 1g acceleration

3 vears |

speed not linear
in no frame can she e b e
be observed to go

above C

/Newton

Speed, fraction of ¢

"Einstein. .| | |

0 500 1000 1500 2000
Time, days

/0



mcreasing vate
ot speed

doesn’t this look like a Aecveasing’
reluctance to being |
accelerated?

' 2000 4000 6000 8000 10000
e ) Time, days

What quantity is a measure of the reluctance to being
accelerated?

Inertia.

If this reluctance increases...inertia seems to increase



and..what’s the measure of a
body’s 1nertia?

MAassS

/8



classical dynamical quantities

momentu m,

Kinetic Energy, New, relativistic quantities reduce to
these when u/c is very small

and force

W_J

These have to change!







relativity and energy

through the back door...

there's a "real"” derivation, but too much mathematics
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quick aside

approximating functions

82



somewhere 1n your life: the Binomial Series

Binomial Series...useful to approximate functions.

@x2+x3+x4+x5

+a:6+x7—|—a:8+:z?9+a:10—|—0(:1:11)

Suppose that x << 1, then the function
could be approximated by a couple of
terms...

1

fl@)=1——=1+2
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what equation comes to mind?

when you're on the spot?

1 R 3p* 55 3538 63310 231312 429 it
~ 1+ —+ + + + + + +O[B]l5

,y o \/1 o /62 2 8 16 128 256 1024 2048
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how
well?

look at 8
terms In

the

expansion

Expansion of Relativistic Gamma

Expansion of Relativistic Gamma

uw=0.1c=8x 10" m/s

4 T
I \/ 1— 0 2
fourth |
> 2r third
second |
First couple of terms are fine for 3 < 0.5
1-_ first
O 1 2 " 2 1 " 2 " 1 1
0.0 0.2 04 1.0
3% 5% 3538 63310 231312 42934
+ - - - + + 0[] 15
8 16 128 256 1024 2048
- |sec@nd

Out[12)= B 1.0 B

{first

04

05

Season 9, Episode 12

The Sales Call Sublimation,
January 7/, 2016




so |let's use this and look for familiar things

1 + —
D
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sing along

for fsmall:
now copy the

approximate forms, N (%) e

butinsert f = u/c

now, write along with me:

37



P sing along
for fsmall:
7//} now copy the 1
a2 approximate forms, N~ 1+ <_> 32
. IBB L L . B 9
— — butinsert = u/c
1 W
’y p— > K/L/ [ -+ <"‘i Z’L
Vi-F

Expand of Relativistic Gamma

_ B’\' W: esco\Pe velocity = | 1,000 w/s

-ﬁt 5 —
11 000 1.1 x 104

P=3310° = 3x10°
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