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Day 16, 13.03.2018 

Einstein’s Theory of  

Special Relativity, 3
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housekeeping

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 this and next lecture for HW!  So HW7 due Sunday, rather than Friday 

MasteringAstronomy registration expiration now set to March 15.
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YOUR MOVIE 



lecture lecture!
midterm

HW7

HW8

HW7 due

spring break

lecture lecture

HW8 due



honors project begins

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

contains the first instructions: the plan & tutorial 

MinervaInstructions1_2018.pdf 

dates: 

complete first part, March 16 

analyze data and complete writeup, April 20
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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



weirdnesses of 1890s
1. X-rays 

2. radioactivity 

3. discovery of the electron 

4. no motion wrt ether
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“frames of reference”
co-moving systems 

relative motion between them 

uniform speeds: “inertial frames of reference”
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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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HOME					frame

AWAY					frame



events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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Home and Away
can agree on an event’s  x and t 

may disagree on an interval’s (x2 – x1) and/or (t2 – t1)
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the airport

17

u

xA

				=	0	

When	the	origins	cross...	
define	that	as	t = 0

“Home	Frame”:	
watching	a	moving	frame

“Away	Frame”:	
the	frame	being	watched

moving	at	velocity	u

xH



“coordinate transformation”

take the coordinates in one Frame and 

write them in a different Frame 

here, Home and Away
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the airport, after t

19

xA

“Home	Frame”:	
watching	a	moving	frame

“Away	Frame”:	
the	frame	being	watched

moving	at	velocity	u

xA

xH

ut

xH

xH = xA + ut
“Galilean	Transforma;on”

u



Galileo & Newton:

no mechanical experiment can reveal 

constant-velocity motion 

BUT: Maxwell’s theory suggested that light 

leads to inconsistencies between inertial frames
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the two models of the world differ

in	their	treatment	of	rela;vely-moving	frames	of	reference!
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N.L.M.E.

Seems	to	depend	on	Frame: Don’t	appear	to	depend	on	Frame:



remember what Maxwell found?
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This offended the young Einstein.

He took the Maxwell prediction seriously: 

light moves at a constant speed 

and proposed that c is special 

he elevated c to be an invariant parameter
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2 
Postulates:

“inertial frame”: 

constant 
velocity

24

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

N.	&	G.’s	LawsM.E.

Principle	of	RelaBvity

?



and then

he played the two postulates out 

to see what would result 

“A storm broke loose in my mind.”

25



the 2nd postulate
makes things strange

26



because
the speed of light is constant in all inertial frames: 

c = 3 x 108 m/s = 300 million m/s = 1,080 million km/h 

c = 671 million mph

27

c



what’s “now”?

28



this seems reasonable:

a trap.

29

case 1: v(catcher)=0 v(pitcher)=0v(ball)=100

what’s v(ball) that catcher experiences: v(caught)=100

case 2: v(catcher)=0 v(pitcher)=50v(ball)=100

what’s v(ball) that catcher experiences: v(caught)=150

5025

case 3: v(catcher)=25 v(pitcher)=50v(ball)=100

what’s v(ball) that catcher experiences: v(caught)=175

100



this seems strange:

light’s different.

30

case 1: v(catcher)=0 v(pitcher)=0v(light)=c

what’s v(light) that catcher experiences: v(caught)=c

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

what’s v(light) that catcher experiences: v(caught)=c

5025

case 3: v(catcher)=25 v(pitcher)=50v(light)=c

what’s v(light) that catcher experiences: v(caught)=c

c



his concern:

synchronizing clocks

31



on a 
train

she	arranges	for	
light	detectors	
to	be	
equidistant	from	
light	source

32

train lady sees:

simultaneous hits



still: simultaneous hits 
her motion doesn’t matter to her



beside 
the 
tracks

he	arranges	for	
light	detectors	
to	be	
equidistant	from	
light	source

34

track man sees:

simultaneous hits



but
what does he see on the train 

if the light source goes by him?
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beside 
the 
tracks

36

track man sees:



beside 
the 
tracks
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track man sees:

they both agree: 
light turns on t=0



beside 
the 
tracks

38

track man sees:



beside 
the 
tracks
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track man sees:

back finger catches up 
front finger runs away



a consequence
of the second postulate: 

if two events are simultaneous in one frame 

they are not for a co-moving inertial frame

40



There is no such thing as the concept of 
simultaneous events

41

Simultaneity 
since forever - 1905 

RIP 



this bothered Einstein
how would you synchronize two clocks?

42

“go”
“stop”“stop”

“go”
“not yet”“stop”

“go”
“stop”“stop”

without “simultaneity”…you can’t



two problems with this:
1. Since there is no way to determine that something is 
simultaneous in one frame and also in another 

one can never synchronize clocks between co-moving 
frames of reference 

so one can never confirm or disconfirm the reality of a 

special frame of reference* 

2. The notion that a cause always precedes an effect 
seems threatened.

43

*critical…. queue soapbox:



to the logic of science: disconfirmation 

not “proof” 

not “belief” 

Unsure about someone’s “scientific” assertion?  

Ask what it would take to change their mind.
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So.
No inertial frame is special. 

All are equivalent. 

Why? 

because disconfirmation of a state of absolute rest is 
impossible

45



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…

46

26 yo Einstein:  

“The introduction of a “luminiferous ether” will 
prove to be superfluous inasmuch as the view here to 
be developed will not require an “absolutely 
stationary space” provided with special properties…”



2. “Causality” requires care

Two observers disagree about when events happen 

the same time? at different times? 

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

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

47

is	CAUSALITY		
a	casualty!?	



there are consequences to this

let’s make a light clock 

and follow the mathematics

48



49

A A A

L

H

a	light	clock!



sketch the calculation of the light clock

50

time 
dilation



time 
dilation

the second of 
3 strange 
things about 
space and 
time

51

tH =
tAq

1�
�

v

c

�2

tH = �tA

Moving clocks appear to run 
slower as seen by a relatively 

stationary observer



“relativistic gamma”

52

� =
1p

1� (uc )
2

� = u/c

electron 
in old TV

return stroke in 
bolt of 

lightening

protons at LHC

speed of light 
in an optical 

fiber



“relativistic gamma”

53

� =
1q

1�
�

v
c

�2

� =
1q

1�
�

v
c

�2

� = u/c

0.0001: speed 
of Earth 
around Sun

0.0000067: 
X15 rocket



events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations
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events and intervals
events happen once at 1 space and 1 time location 

intervals happen once at 2 space and/or 2 time locations

58
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<latexit sha1_base64="A4glGjGpZue6MWAvQHnMHwLUF6U=">AAACC3icbVDLSgNBEOz1bXxFPXoZDEK8hI0RTG7xcfCoYFTIhjA76SSDsw9netUQ8gFe/BUvHlS8+gPe/BsnGwVfBQNFVTU9XX6spCHXfXfGxicmp6ZnZjNz8wuLS9nllVMTJVpgTUQq0uc+N6hkiDWSpPA81sgDX+GZf7E/9M+uUBsZhSfUi7ER8E4o21JwslIzm/MOUBFnlPcIb6gvQ7Z7zXuDTebhZSKvGDV3bcotuCnYX1L8JLlqHlIcNbNvXisSSYAhCcWNqRfdmBp9rkkKhYOMlxiMubjgHaxbGvIATaOfHjNgG1ZpsXak7QuJper3iT4PjOkFvk0GnLrmtzcU//PqCbXLDXtgnBCGYrSonShGERs2w1pSoyDVs4QLLe1fmehyzQXZ/jJpCZVyubRVYn/JVwm1rUKlUDzezlX3RmXADKzBOuShCDtQhUM4ghoIuIV7eIQn5855cJ6dl1F0zPmcWYUfcF4/ALOmm0w=</latexit><latexit sha1_base64="A4glGjGpZue6MWAvQHnMHwLUF6U=">AAACC3icbVDLSgNBEOz1bXxFPXoZDEK8hI0RTG7xcfCoYFTIhjA76SSDsw9netUQ8gFe/BUvHlS8+gPe/BsnGwVfBQNFVTU9XX6spCHXfXfGxicmp6ZnZjNz8wuLS9nllVMTJVpgTUQq0uc+N6hkiDWSpPA81sgDX+GZf7E/9M+uUBsZhSfUi7ER8E4o21JwslIzm/MOUBFnlPcIb6gvQ7Z7zXuDTebhZSKvGDV3bcotuCnYX1L8JLlqHlIcNbNvXisSSYAhCcWNqRfdmBp9rkkKhYOMlxiMubjgHaxbGvIATaOfHjNgG1ZpsXak7QuJper3iT4PjOkFvk0GnLrmtzcU//PqCbXLDXtgnBCGYrSonShGERs2w1pSoyDVs4QLLe1fmehyzQXZ/jJpCZVyubRVYn/JVwm1rUKlUDzezlX3RmXADKzBOuShCDtQhUM4ghoIuIV7eIQn5855cJ6dl1F0zPmcWYUfcF4/ALOmm0w=</latexit><latexit sha1_base64="A4glGjGpZue6MWAvQHnMHwLUF6U=">AAACC3icbVDLSgNBEOz1bXxFPXoZDEK8hI0RTG7xcfCoYFTIhjA76SSDsw9netUQ8gFe/BUvHlS8+gPe/BsnGwVfBQNFVTU9XX6spCHXfXfGxicmp6ZnZjNz8wuLS9nllVMTJVpgTUQq0uc+N6hkiDWSpPA81sgDX+GZf7E/9M+uUBsZhSfUi7ER8E4o21JwslIzm/MOUBFnlPcIb6gvQ7Z7zXuDTebhZSKvGDV3bcotuCnYX1L8JLlqHlIcNbNvXisSSYAhCcWNqRfdmBp9rkkKhYOMlxiMubjgHaxbGvIATaOfHjNgG1ZpsXak7QuJper3iT4PjOkFvk0GnLrmtzcU//PqCbXLDXtgnBCGYrSonShGERs2w1pSoyDVs4QLLe1fmehyzQXZ/jJpCZVyubRVYn/JVwm1rUKlUDzezlX3RmXADKzBOuShCDtQhUM4ghoIuIV7eIQn5855cJ6dl1F0zPmcWYUfcF4/ALOmm0w=</latexit><latexit sha1_base64="A4glGjGpZue6MWAvQHnMHwLUF6U=">AAACC3icbVDLSgNBEOz1bXxFPXoZDEK8hI0RTG7xcfCoYFTIhjA76SSDsw9netUQ8gFe/BUvHlS8+gPe/BsnGwVfBQNFVTU9XX6spCHXfXfGxicmp6ZnZjNz8wuLS9nllVMTJVpgTUQq0uc+N6hkiDWSpPA81sgDX+GZf7E/9M+uUBsZhSfUi7ER8E4o21JwslIzm/MOUBFnlPcIb6gvQ7Z7zXuDTebhZSKvGDV3bcotuCnYX1L8JLlqHlIcNbNvXisSSYAhCcWNqRfdmBp9rkkKhYOMlxiMubjgHaxbGvIATaOfHjNgG1ZpsXak7QuJper3iT4PjOkFvk0GnLrmtzcU//PqCbXLDXtgnBCGYrSonShGERs2w1pSoyDVs4QLLe1fmehyzQXZ/jJpCZVyubRVYn/JVwm1rUKlUDzezlX3RmXADKzBOuShCDtQhUM4ghoIuIV7eIQn5855cJ6dl1F0zPmcWYUfcF4/ALOmm0w=</latexit><latexit sha1_base64="A4glGjGpZue6MWAvQHnMHwLUF6U=">AAACC3icbVDLSgNBEOz1bXxFPXoZDEK8hI0RTG7xcfCoYFTIhjA76SSDsw9netUQ8gFe/BUvHlS8+gPe/BsnGwVfBQNFVTU9XX6spCHXfXfGxicmp6ZnZjNz8wuLS9nllVMTJVpgTUQq0uc+N6hkiDWSpPA81sgDX+GZf7E/9M+uUBsZhSfUi7ER8E4o21JwslIzm/MOUBFnlPcIb6gvQ7Z7zXuDTebhZSKvGDV3bcotuCnYX1L8JLlqHlIcNbNvXisSSYAhCcWNqRfdmBp9rkkKhYOMlxiMubjgHaxbGvIATaOfHjNgG1ZpsXak7QuJper3iT4PjOkFvk0GnLrmtzcU//PqCbXLDXtgnBCGYrSonShGERs2w1pSoyDVs4QLLe1fmehyzQXZ/jJpCZVyubRVYn/JVwm1rUKlUDzezlX3RmXADKzBOuShCDtQhUM4ghoIuIV7eIQn5855cJ6dl1F0zPmcWYUfcF4/ALOmm0w=</latexit><latexit sha1_base64="YOFDd2XLoUBhsG3SbaFUPvdMUaI=">AAACC3icbVDLTgJBEJz1ifhCPXqZSEzwQhYwEW6gHjxiIkLCEjI7NDBh9uFML0oIH+DFX/HiQY1Xf8Cbf+PwMFGxkkkqVdXp6XJDKTTa9qe1sLi0vLIaW4uvb2xubSd2dq91ECkOFR7IQNVcpkEKHyooUEItVMA8V0LV7Z2N/WoflBaBf4WDEBoe6/iiLThDIzUTSeccJDKKKQfhDofCp6VbNhgdUQduItGn2CyZlJ22J6DzJDMjSTJDuZn4cFoBjzzwkUumdT1jh9gYMoWCSxjFnUhDyHiPdaBuqM880I3h5JgRPTRKi7YDZZ6PdKL+nBgyT+uB55qkx7Cr/3pj8T+vHmE73zAHhhGCz6eL2pGkGNBxM7QlFHCUA0MYV8L8lfIuU4yj6S8+KaGQz+eyOTpPvkuoZNOFdObyOFk8nbURI/vkgKRIhpyQIrkgZVIhnNyTR/JMXqwH68l6td6m0QVrNrNHfsF6/wIm1prk</latexit>

�t(as seen by Home) ⌘ tH
<latexit sha1_base64="ce6gABCGCZID5SIAkjT5E14otiQ=">AAACE3icbZBLSwMxFIXv+Kz1VXXpJliEilCmKlh3RV10WcGq0Cklk95qMJMZkztiGfoj3PhX3LhQcevGnf/G6VTB14HAxzn3kuT4kZKWXPfdGRufmJyazs3kZ+fmFxYLS8snNoyNwKYIVWjOfG5RSY1NkqTwLDLIA1/hqX95MMxPr9FYGepj6kfYDvi5lj0pOKVWp7DpHaIizqjkEd5Qwi2ziJr5fVYPAxxsMA+vYnnNqFPvFIpu2c3E/kLlE4q1EmRqdApvXjcUcYCahOLWtipuRO2EG5JC4SDvxRYjLi75ObZS1DxA206yTw3Yeup0WS806dHEMvf7RsIDa/uBn04GnC7s72xo/pe1YupV24nUUUyoxeiiXqwYhWzYEOtKg4JUPwUujEzfysQFN1xQ2mM+K2GvWt3e2mZ/4auE5lZ5r1w52inW9kdlQA5WYQ1KUIFdqEEdGtAEAbdwD4/w5Nw5D86z8zIaHXM+d1bgh5zXD3YQnl0=</latexit><latexit sha1_base64="ce6gABCGCZID5SIAkjT5E14otiQ=">AAACE3icbZBLSwMxFIXv+Kz1VXXpJliEilCmKlh3RV10WcGq0Cklk95qMJMZkztiGfoj3PhX3LhQcevGnf/G6VTB14HAxzn3kuT4kZKWXPfdGRufmJyazs3kZ+fmFxYLS8snNoyNwKYIVWjOfG5RSY1NkqTwLDLIA1/hqX95MMxPr9FYGepj6kfYDvi5lj0pOKVWp7DpHaIizqjkEd5Qwi2ziJr5fVYPAxxsMA+vYnnNqFPvFIpu2c3E/kLlE4q1EmRqdApvXjcUcYCahOLWtipuRO2EG5JC4SDvxRYjLi75ObZS1DxA206yTw3Yeup0WS806dHEMvf7RsIDa/uBn04GnC7s72xo/pe1YupV24nUUUyoxeiiXqwYhWzYEOtKg4JUPwUujEzfysQFN1xQ2mM+K2GvWt3e2mZ/4auE5lZ5r1w52inW9kdlQA5WYQ1KUIFdqEEdGtAEAbdwD4/w5Nw5D86z8zIaHXM+d1bgh5zXD3YQnl0=</latexit><latexit sha1_base64="ce6gABCGCZID5SIAkjT5E14otiQ=">AAACE3icbZBLSwMxFIXv+Kz1VXXpJliEilCmKlh3RV10WcGq0Cklk95qMJMZkztiGfoj3PhX3LhQcevGnf/G6VTB14HAxzn3kuT4kZKWXPfdGRufmJyazs3kZ+fmFxYLS8snNoyNwKYIVWjOfG5RSY1NkqTwLDLIA1/hqX95MMxPr9FYGepj6kfYDvi5lj0pOKVWp7DpHaIizqjkEd5Qwi2ziJr5fVYPAxxsMA+vYnnNqFPvFIpu2c3E/kLlE4q1EmRqdApvXjcUcYCahOLWtipuRO2EG5JC4SDvxRYjLi75ObZS1DxA206yTw3Yeup0WS806dHEMvf7RsIDa/uBn04GnC7s72xo/pe1YupV24nUUUyoxeiiXqwYhWzYEOtKg4JUPwUujEzfysQFN1xQ2mM+K2GvWt3e2mZ/4auE5lZ5r1w52inW9kdlQA5WYQ1KUIFdqEEdGtAEAbdwD4/w5Nw5D86z8zIaHXM+d1bgh5zXD3YQnl0=</latexit><latexit sha1_base64="ce6gABCGCZID5SIAkjT5E14otiQ=">AAACE3icbZBLSwMxFIXv+Kz1VXXpJliEilCmKlh3RV10WcGq0Cklk95qMJMZkztiGfoj3PhX3LhQcevGnf/G6VTB14HAxzn3kuT4kZKWXPfdGRufmJyazs3kZ+fmFxYLS8snNoyNwKYIVWjOfG5RSY1NkqTwLDLIA1/hqX95MMxPr9FYGepj6kfYDvi5lj0pOKVWp7DpHaIizqjkEd5Qwi2ziJr5fVYPAxxsMA+vYnnNqFPvFIpu2c3E/kLlE4q1EmRqdApvXjcUcYCahOLWtipuRO2EG5JC4SDvxRYjLi75ObZS1DxA206yTw3Yeup0WS806dHEMvf7RsIDa/uBn04GnC7s72xo/pe1YupV24nUUUyoxeiiXqwYhWzYEOtKg4JUPwUujEzfysQFN1xQ2mM+K2GvWt3e2mZ/4auE5lZ5r1w52inW9kdlQA5WYQ1KUIFdqEEdGtAEAbdwD4/w5Nw5D86z8zIaHXM+d1bgh5zXD3YQnl0=</latexit><latexit sha1_base64="ce6gABCGCZID5SIAkjT5E14otiQ=">AAACE3icbZBLSwMxFIXv+Kz1VXXpJliEilCmKlh3RV10WcGq0Cklk95qMJMZkztiGfoj3PhX3LhQcevGnf/G6VTB14HAxzn3kuT4kZKWXPfdGRufmJyazs3kZ+fmFxYLS8snNoyNwKYIVWjOfG5RSY1NkqTwLDLIA1/hqX95MMxPr9FYGepj6kfYDvi5lj0pOKVWp7DpHaIizqjkEd5Qwi2ziJr5fVYPAxxsMA+vYnnNqFPvFIpu2c3E/kLlE4q1EmRqdApvXjcUcYCahOLWtipuRO2EG5JC4SDvxRYjLi75ObZS1DxA206yTw3Yeup0WS806dHEMvf7RsIDa/uBn04GnC7s72xo/pe1YupV24nUUUyoxeiiXqwYhWzYEOtKg4JUPwUujEzfysQFN1xQ2mM+K2GvWt3e2mZ/4auE5lZ5r1w52inW9kdlQA5WYQ1KUIFdqEEdGtAEAbdwD4/w5Nw5D86z8zIaHXM+d1bgh5zXD3YQnl0=</latexit><latexit sha1_base64="h+a8KQ6FB46zAR1KpZ1KM40P4vA=">AAACE3icbZDNSwJBGMZn7cvsy+rYZUgCI5C1gvQm1cGjQabgisyOrzo4O7vNvCvJ4h/RpX+lS4eKrl269d+0fgSVPTDw43nel5l53EAKg7b9aSUWFpeWV5KrqbX1jc2t9PbOjfFDzaHKfenrussMSKGgigIl1AMNzHMl1Nz+xTivDUAb4atrHAbQ9FhXiY7gDGOrlT5yLkEio5h1EO4wYoYaAEXdIS37HowOqQO3oRhQbJVb6Yydsyei85CfQYbMVGmlP5y2z0MPFHLJjGnk7QCbEdMouIRRygkNBIz3WRcaMSrmgWlGk0+N6EHstGnH1/FRSCfuz42IecYMPTee9Bj2zN9sbP6XNULsFJqRUEGIoPj0ok4oKfp03BBtCw0c5TAGxrWI30p5j2nGMe4xNSmhWCicHJ/QefguoXqcK+byV6eZ0vmsjSTZI/skS/LkjJRImVRIlXByTx7JM3mxHqwn69V6m44mrNnOLvkl6/0L6TGd9Q==</latexit>

tH = �tA

tA = 1 second
<latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="lYDK2R7czbcb616oX+NKe2iORKI=">AAAB/HicbZBLSwMxFIUz9VXra3zs3ASL4KrMtILtQqi6cVnB2kJbSia9bUMzmSG5I9ah+FfcuFBx6w9x579x+hDUeiDwcc695HK8UAqDjvNppRYWl5ZX0quZtfWNzS17e+fGBJHmUOWBDHTdYwakUFBFgRLqoQbmexJq3uBinNduQRsRqGschtDyWU+JruAME6tt72H77NSlTYQ7jKkBHqjOqG1nnZwzEZ0HdwZZMlOlbX80OwGPfFDIJTOm4TohtmKmUXAJo0wzMhAyPmA9aCSomA+mFU+uH9HDxOnQbqCTp5BO3J8bMfONGfpeMukz7Ju/2dj8L2tE2C22YqHCCEHx6UfdSFIM6LgK2hEaOMphAoxrkdxKeZ9pxjEpLDMpoVQsFvIFOg/fJVTzuVLOvTrOls9nbaTJPjkgR8QlJ6RMLkmFVAkn9+SRPJMX68F6sl6tt+loyprt7JJfst6/AFidlP4=</latexit>

u = 0.9c
<latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="Zn1JZF2g497u9oZQKu8ff8fGduY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0irYHsQil48VjBtoQ1ls920aze7YXcjlND/4MWDild/kDf/jWkaQa0PBh7vzTAzz48408ZxPq3Cyura+kZxs7S1vbO7V94/aGsZK0JdIrlUXR9rypmgrmGG026kKA59Tjv+5Hrudx6o0kyKOzONqBfikWABI9ikUju+dOwGGZQrju1kQMukmpMK5GgNyh/9oSRxSIUhHGvdqzqR8RKsDCOczkr9WNMIkwke0V5KBQ6p9pLs2hk6SZUhCqRKSxiUqT8nEhxqPQ39tDPEZqz/enPxP68Xm6DuJUxEsaGCLBYFMUdGovnraMgUJYZPU4KJYumtiIyxwsSkAZWyEBr1+lntDC2T7xDcmt2wq7fnleZVnkYRjuAYTqEKF9CEG2iBCwTu4RGe4cWS1pP1ar0tWgtWPnMIv2C9fwEMP46W</latexit>

tH =?
<latexit sha1_base64="Z2H7NaqdXeTPM8YTFoYe80cT6Zw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5K0gu1BLHrpsYKxhTaUzXbTLt1swu5GKKG/wYsHFa/+IW/+G7dpBbU+GHi8N8PMPD/mTGnb/rRya+sbm1v57cLO7t7+QfHw6F5FiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7mZ+50HKhWLxJ2extQL8UiwgBGsjeTqQevyalAs2RU7A1olzpKUmmXI0B4UP/rDiCQhFZpwrFTPsWPtpVhqRjidFfqJojEmEzyiPUMFDqny0uzYGTozyhAFkTQlNMrUnxMpDpWahr7pDLEeq7/eXPzP6yU6qHspE3GiqSCLRUHCkY7Q/HM0ZJISzaeGYCKZuRWRMZaYaJNPIQuhUa/XqjW0Sr5DcKuVRsW5PS81rxdhQB5O4BTK4MAFNKEFbXCBAINHeIYXS1hP1qv1tmjNWcuZY/gF6/0LU72O3w==</latexit><latexit sha1_base64="Z2H7NaqdXeTPM8YTFoYe80cT6Zw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5K0gu1BLHrpsYKxhTaUzXbTLt1swu5GKKG/wYsHFa/+IW/+G7dpBbU+GHi8N8PMPD/mTGnb/rRya+sbm1v57cLO7t7+QfHw6F5FiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7mZ+50HKhWLxJ2extQL8UiwgBGsjeTqQevyalAs2RU7A1olzpKUmmXI0B4UP/rDiCQhFZpwrFTPsWPtpVhqRjidFfqJojEmEzyiPUMFDqny0uzYGTozyhAFkTQlNMrUnxMpDpWahr7pDLEeq7/eXPzP6yU6qHspE3GiqSCLRUHCkY7Q/HM0ZJISzaeGYCKZuRWRMZaYaJNPIQuhUa/XqjW0Sr5DcKuVRsW5PS81rxdhQB5O4BTK4MAFNKEFbXCBAINHeIYXS1hP1qv1tmjNWcuZY/gF6/0LU72O3w==</latexit><latexit sha1_base64="Z2H7NaqdXeTPM8YTFoYe80cT6Zw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5K0gu1BLHrpsYKxhTaUzXbTLt1swu5GKKG/wYsHFa/+IW/+G7dpBbU+GHi8N8PMPD/mTGnb/rRya+sbm1v57cLO7t7+QfHw6F5FiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7mZ+50HKhWLxJ2extQL8UiwgBGsjeTqQevyalAs2RU7A1olzpKUmmXI0B4UP/rDiCQhFZpwrFTPsWPtpVhqRjidFfqJojEmEzyiPUMFDqny0uzYGTozyhAFkTQlNMrUnxMpDpWahr7pDLEeq7/eXPzP6yU6qHspE3GiqSCLRUHCkY7Q/HM0ZJISzaeGYCKZuRWRMZaYaJNPIQuhUa/XqjW0Sr5DcKuVRsW5PS81rxdhQB5O4BTK4MAFNKEFbXCBAINHeIYXS1hP1qv1tmjNWcuZY/gF6/0LU72O3w==</latexit><latexit sha1_base64="Z2H7NaqdXeTPM8YTFoYe80cT6Zw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5K0gu1BLHrpsYKxhTaUzXbTLt1swu5GKKG/wYsHFa/+IW/+G7dpBbU+GHi8N8PMPD/mTGnb/rRya+sbm1v57cLO7t7+QfHw6F5FiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7mZ+50HKhWLxJ2extQL8UiwgBGsjeTqQevyalAs2RU7A1olzpKUmmXI0B4UP/rDiCQhFZpwrFTPsWPtpVhqRjidFfqJojEmEzyiPUMFDqny0uzYGTozyhAFkTQlNMrUnxMpDpWahr7pDLEeq7/eXPzP6yU6qHspE3GiqSCLRUHCkY7Q/HM0ZJISzaeGYCKZuRWRMZaYaJNPIQuhUa/XqjW0Sr5DcKuVRsW5PS81rxdhQB5O4BTK4MAFNKEFbXCBAINHeIYXS1hP1qv1tmjNWcuZY/gF6/0LU72O3w==</latexit><latexit sha1_base64="Z2H7NaqdXeTPM8YTFoYe80cT6Zw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5K0gu1BLHrpsYKxhTaUzXbTLt1swu5GKKG/wYsHFa/+IW/+G7dpBbU+GHi8N8PMPD/mTGnb/rRya+sbm1v57cLO7t7+QfHw6F5FiSTUJRGPZNfHinImqKuZ5rQbS4pDn9OOP7mZ+50HKhWLxJ2extQL8UiwgBGsjeTqQevyalAs2RU7A1olzpKUmmXI0B4UP/rDiCQhFZpwrFTPsWPtpVhqRjidFfqJojEmEzyiPUMFDqny0uzYGTozyhAFkTQlNMrUnxMpDpWahr7pDLEeq7/eXPzP6yU6qHspE3GiqSCLRUHCkY7Q/HM0ZJISzaeGYCKZuRWRMZaYaJNPIQuhUa/XqjW0Sr5DcKuVRsW5PS81rxdhQB5O4BTK4MAFNKEFbXCBAINHeIYXS1hP1qv1tmjNWcuZY/gF6/0LU72O3w==</latexit><latexit sha1_base64="Nn177mtfvM6yuqn5WSZk7VI708I=">AAAB63icbVBNS8NAEN34WetX1aOXxSJ4Kkkr2B7EopceKxhbaEPZbDft0s0m7E6EEvobvHhQ8eof8ua/cZtGUOuDgcd7M8zM82PBNdj2p7Wyura+sVnYKm7v7O7tlw4O73WUKMpcGolIdX2imeCSucBBsG6sGAl9wTr+5Gbudx6Y0jySdzCNmReSkeQBpwSM5MKgdXk1KJXtip0BLxMnJ2WUoz0offSHEU1CJoEKonXPsWPwUqKAU8FmxX6iWUzohIxYz1BJQqa9NDt2hk+NMsRBpExJwJn6cyIlodbT0DedIYGx/uvNxf+8XgJB3Uu5jBNgki4WBYnAEOH553jIFaMgpoYQqri5FdMxUYSCyaeYhdCo12vVGl4m3yG41Uqj4tyel5vXeRoFdIxO0Bly0AVqohZqIxdRxNEjekYvlrSerFfrbdG6YuUzR+gXrPcvxt6Odw==</latexit>
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“relativistic gamma”
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tA = 1 second
<latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="Khzvfz93qjjBvBL2FMKl78uqO6o=">AAAB/HicbZBLS8NAFIVvfFtf9bFzM1gEVyWxgnUhVN24VLC20JYymd62g5NJmLkRayj+FTcuVNz6Q9z5b0xTBV8HBj7OuZe5HD9S0pLrvjsTk1PTM7Nz87mFxaXllfzq2qUNYyOwKkIVmrrPLSqpsUqSFNYjgzzwFdb8q5NRXrtGY2WoL2gQYSvgPS27UnBKrXZ+g9pHhx5rEt5QwiyKUHeG7XzBLbqZ2F/wPqFQ2YFMZ+38W7MTijhATUJxaxueG1Er4YakUDjMNWOLERdXvIeNFDUP0LaS7Poh206dDuuGJn2aWOZ+30h4YO0g8NPJgFPf/s5G5n9ZI6ZuuZVIHcWEWow/6saKUchGVbCONChIDVLgwsj0Vib63HBBaWG5rISDcrm0W2J/4auE6m7xoOid7xUqx+MyYA42YQt2wIN9qMApnEEVBNzCPTzCk3PnPDjPzst4dML53FmHH3JePwDlbZVm</latexit><latexit sha1_base64="lYDK2R7czbcb616oX+NKe2iORKI=">AAAB/HicbZBLSwMxFIUz9VXra3zs3ASL4KrMtILtQqi6cVnB2kJbSia9bUMzmSG5I9ah+FfcuFBx6w9x579x+hDUeiDwcc695HK8UAqDjvNppRYWl5ZX0quZtfWNzS17e+fGBJHmUOWBDHTdYwakUFBFgRLqoQbmexJq3uBinNduQRsRqGschtDyWU+JruAME6tt72H77NSlTYQ7jKkBHqjOqG1nnZwzEZ0HdwZZMlOlbX80OwGPfFDIJTOm4TohtmKmUXAJo0wzMhAyPmA9aCSomA+mFU+uH9HDxOnQbqCTp5BO3J8bMfONGfpeMukz7Ju/2dj8L2tE2C22YqHCCEHx6UfdSFIM6LgK2hEaOMphAoxrkdxKeZ9pxjEpLDMpoVQsFvIFOg/fJVTzuVLOvTrOls9nbaTJPjkgR8QlJ6RMLkmFVAkn9+SRPJMX68F6sl6tt+loyprt7JJfst6/AFidlP4=</latexit>

u = 0.9c
<latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="0Na8mfqsTL0Wgv36eV6MPH2z83w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5C0gu1BKHrxWMG0hTaUzXbTrt3sht2NUEr/gxcPKl79Qd78N6ZpBbU+GHi8N8PMvCDmTBvH+bRya+sbm1v57cLO7t7+QfHwqKVlogj1iORSdQKsKWeCeoYZTjuxojgKOG0H4+u5336gSjMp7swkpn6Eh4KFjGCTSq3k0rHrpF8sObaTAa0Sd0lKjTJkaPaLH72BJElEhSEca911ndj4U6wMI5zOCr1E0xiTMR7SbkoFjqj2p9m1M3SWKgMUSpWWMChTf05McaT1JArSzgibkf7rzcX/vG5iwpo/ZSJODBVksShMODISzV9HA6YoMXySEkwUS29FZIQVJiYNqJCFUK/VqpUqWiXfIXgVu267t+elxtUiDMjDCZxCGVy4gAbcQBM8IHAPj/AML5a0nqxX623RmrOWM8fwC9b7F5kPjv4=</latexit><latexit sha1_base64="Zn1JZF2g497u9oZQKu8ff8fGduY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0irYHsQil48VjBtoQ1ls920aze7YXcjlND/4MWDild/kDf/jWkaQa0PBh7vzTAzz48408ZxPq3Cyura+kZxs7S1vbO7V94/aGsZK0JdIrlUXR9rypmgrmGG026kKA59Tjv+5Hrudx6o0kyKOzONqBfikWABI9ikUju+dOwGGZQrju1kQMukmpMK5GgNyh/9oSRxSIUhHGvdqzqR8RKsDCOczkr9WNMIkwke0V5KBQ6p9pLs2hk6SZUhCqRKSxiUqT8nEhxqPQ39tDPEZqz/enPxP68Xm6DuJUxEsaGCLBYFMUdGovnraMgUJYZPU4KJYumtiIyxwsSkAZWyEBr1+lntDC2T7xDcmt2wq7fnleZVnkYRjuAYTqEKF9CEG2iBCwTu4RGe4cWS1pP1ar0tWgtWPnMIv2C9fwEMP46W</latexit>

tH = 2.3 seconds
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1 second is slower than 2.3 seconds



this works for any clocks

actual clocks 

atomic transitions 

elementary particle lifetimes 

biological clocks

60



You have a clock and I have a clock and they are 
identical. I observe yours is in an inertial frame 
of reference moving past my frame of 
reference.  

I also observe that 1 hour on your clock seems 
to take 2 hours on my clock. 

Yours appears to be slower or faster than mine? 

How fast is your frame moving relative to mine? 
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time dilation



remember what’s constant...

62

The	speed	of	light,	c.	...a	speed.

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

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

depends	on	the	frame…?

LH =
LA

�
>	1

a	length	in	the	away	
frame	will	seem...

...shorter	as	viewed	
from	the	home	frame:

c =
distance interval

time interval

and the velocity of light is constant….



length 
contraction

the third of 3 
strange things 
about space 
and time
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LH =
LA

�

Moving lengths appear 
shorter to a relatively 

stationary observer



the airport
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xA

“Home	Frame”:	
watching	a	moving	frame

“Away	Frame”:	
the	frame	being	watched

moving	at	velocity	u

xH



what’s he see?
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How fast must a meter stick be traveling 
relative to you in order for its length to appear 
to be 30 cm as measured by you?
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length contraction



collecting these two consequences

of the two simple postulates 

“Time Dilation”: 

“Length Contraction”:
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LH =
LA

�
Moving lengths appear 
shorter to a relatively 

stationary observer

tH = �tA

Moving clocks appear to 
run slower as seen by a 
relatively stationary 

observer



Newton/
Galileo? xA,	tA

xH	(xA,	tA)	
tH	=	tA

N.	&	G.’s	
transforma;on

mixes	space	
coordinates
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Galilean	TransformaBons 

xH = xA + ut

tH = tA = t



xA,	tA

Einstein?

mixes	space	and	
;me	coordinates
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xH	(xA,	tA)	
tH	(xA,	tA)

The	prescrip;on	is	called	the	
Lorentz	TransformaBons 

xH = �(xA + utA)

� =
1q

1�
�

u
c

�2

tH = �(tA +
u

c2
xA)

xH = xA + ut

tH = tA = t

S.R.



remember?
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Weird alert #2: 
Two identical physical 
outcomes... 
from entirely different physical  
causes for situations which 

Weird alert #1: 
Two different physical 
outcomes... 
for situations which differ  
only by the frame of 
reference



back to the airport
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H would see: E+B!

A would see: B



so the original problems are solved by:

the Lorentz transformations in x and 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

72



so the original problems are solved by:

the Lorentz transformations in x and t  
mix electric and magnetic fields 

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

73

E	and	B	are	two	
manifestaBons	of	one	thing:		
the	ElectromagneBc	Field



remember:
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remember?
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Weird alert #2: 
Two identical physical 
outcomes... 
from entirely different physical  
causes for situations which 

Weird alert #1: 
Two different physical 
outcomes... 
for situations which differ  
only by the frame of 
reference



the punch line.
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2 
Postulates:

“iner;al	frame”:	

constant velocity
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1.	All	laws	of	physics	–		
mechanical	and	electromagneBc	–		
are	idenBcal	in	co-moving	inerBal	frames.	

2.	The	speed	of	light	is	the	same	for	all	
inerBal	observers.

N.	&	G.’s	LawsM.E.

Principle	of	Rela;vity

good all along! had to change!


