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Day 12, 21.02.2019 

Einstein’s Special Theory of Relativity, 2
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35 days until opening day 

Tower of Power week
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housekeeping
Lectures forever now: Gotta come to class 

question 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…before Spring Break 

available: Saturday, 23 February midnight 

due: Tuesday, 26 February midnight 

covering: material beginning through HW4 content 

#attempts = 1 

weight = 2 x HW
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YOUR MOVIE 



Some LON-CAPA

I’ve not adjusted grades for the Kepler problem yet 

LON-CAPA “essay” question fields 

work okay? 

Madame Curie movie - we have a quorum in favor 

I’ve posted another FB poll targeting the 2 weeks after break 

You “vote” for evenings when you CANNOT attend 

parameters: 6:30 on an evening; I’ll bring pizza (another poll for kind of pizza); you get liquids

 4

still!
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lecture lecture

lecture lecture
midterm

HW3

HW4

HW5

HW3 due

HW4 due

HW2

HW2 duelesson 13

yadda yadda yadda

lessons 
10,11,12

lecture lecture

HW5 due



KEEP    
CALM        

AND        
LET’S 

REVIEW



“Michelson Morley Experiments”
trying	to	measure	the	speed	of	Earth		
rela4ve	to	Ether
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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	configura<ons	is	related	to	
the	<me	difference

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

This technique was perfected by cowboy, Albert 
Michelson and eventually his sidekick, Edward 
Morley at Case Western Reserve in Cleveland 
between 1880 and 1888



repeated results for Earth-ether speed:

0 

zero. zip. nada. nothing. uh-uh. zilch. naught. diddly-squat.
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The	earth	did	not	appear	to	be	moving	through	an	Ether.	
The	ques<on:	did	Einstein	know	of	the	MM	experiment?	

He	always	said	“no.”	



‘da Man



Special	Rela<vity



frames of reference
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the airport
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u

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”



refers	to:		

entomology:	

example:		 	
	 	 	
	 	 	 	

jargon	alert: Iner4al	Frame	of	Reference
a	Frame	of	Reference	moving	at	a	
constant,	linear	velocity	

from	Newton’s	First	Law	idea	

a	spaceship	at	constant	speed	



Einstein always asked

simple questions. 

what if you traveled at c alongside of a 
light beam? 

It’s stopped! No changing E, B! 

No wave any more!
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more simple questions

how about a charge next to a current?
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Situa<on	#1
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Situa<on	#2

++++++++ ++qv I

F

no	velocity,	no	force

These	situa<ons	differ	only	in	the	reference	frame...

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

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



my favorite coil-magnet
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current

current

The	changing	magne<c	field creates	an	electric	field	in	wire
which	moves	the	electrons	–	a	current

Magne<c	field	is	constant	–	no	electric	fields

The	electrons	in	the	wire	have	a	velocity

That	produces	a	force	on	them	–	a	current

REMEMBER?

Weird alert #2: 
Two identical physical outcomes... 
from entirely different physical  
causes for situations which differ  
only by the frame of reference 



this is crazy! 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:



2 
Postulates:

“inertial frame”: 

constant 
velocity
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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.
?



not your standard physics journal writing
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Einstein writes 
very simply

His 1905 Relativity 
paper:  

“On the Electrodynamics 
of Moving Bodies” 
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It is known that Maxwell's electrodynamics—as usually 
understood at the present time—when applied to moving 
bodies, leads to asymmetries which do not appear to be 
inherent in the phenomena. Take, for example, the 
reciprocal electrodynamic action of a magnet and a 
conductor. The observable phenomenon here depends only 
on the relative motion of the conductor and the magnet, 
whereas the customary view draws a sharp distinction 
between the two cases in which either the one or the 
other of these bodies is in motion.  

For if the magnet is in motion and the conductor at 
rest, there arises in the neighbourhood of the magnet an 
electric field with a certain definite energy, producing 
a current at the places where parts of the conductor are 
situated.  

But if the magnet is stationary and the conductor in 
motion, no electric field arises in the neighbourhood of 
the magnet. In the conductor, however, we find an 
electromotive force…which gives rise…to electric 
currents of the same path and intensity as those 
produced by the electric forces in the former case.



   

Einstein writes 
very simply

His 1905 Relativity 
paper:  

“On the Electrodynamics 
of Moving Bodies” 

 21

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 quite clear as to what we 
understand by “time.” We have to take into account that 
all our judgments 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.



and then

he played the two postulates out 

to see what would result 

“A storm broke loose in my mind.”
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the 2nd postulate
makes things strange
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suggests that
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
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c



this seems reasonable:

a trap.
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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.
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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
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on a 
train

she	arranges	for	
light	detectors	
to	be	
equidistant	from	
light	source
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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
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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
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track man sees:



beside 
the 
tracks
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track man sees:

they both agree: 
light turns on t=0



beside 
the 
tracks
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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
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There is no such thing as the concept of 
simultaneous events

 37

Simultaneity 
since forever - 1905 

RIP 



this bothered Einstein
how would you synchronize two clocks?
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“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.
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*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 or 
absolute constant motion is impossible
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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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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? 

 43

is	CAUSALITY		
a	casualty!?	



light is constant speed everywhere
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vH	=		c!!

vA	=		c



and the other way as well.
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vG	=		c

vT	=		c!	
can’t	catch	up!





xH xA

HOME

AWAY

u



xH xA

AWAY

u

HOME



xH xA

HOME

AWAY

u



xH xA

AWAY

u

HOME

same measured speed in both 
Home and Away

Flashlight fixed in Home



there are consequences to this

let’s make a light clock 

and follow the mathematics story
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A A A

L

H

a	light	clock!



Compare time  

for tick-tock in train frame  

with  

tick-tock in couch-guy’s frame 
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clocks
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calculate 
two 
paths

done in class
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define two 
important 
parameters



time 
dilation

the second of 
3 strange 
things about 
space and 
time
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tH =
tAq

1�
�

v

c

�2

tH = �tA

Moving clocks appear to run 
slower as seen by a relatively 

stationary observer



“relativistic gamma”
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� =
1p

1� (uc )
2

� = u/c



“relativistic gamma”
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� =
1q

1�
�

v
c

�2

� =
1q

1�
�

v
c

�2

� = u/c



“relativistic gamma”
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� =
1q

1�
�

v
c

�2

� =
1q

1�
�

v
c

�2

� = u/c



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
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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
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�t(in Away) ⌘ tA
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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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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
<latexit sha1_base64="rDjtzABQp9bxm6Tyh47fqSXU9+A=">AAAB/3icbZBLSwMxFIXv1Fetr6oLF26CRXBVpq1guxCKbrpUsCq0pWTS2zY0kxmSO2IZuvGvuHGh4ta/4c5/43Sq4OtA4OOce0lyvFBJS6777mTm5hcWl7LLuZXVtfWN/ObWpQ0iI7ApAhWYa49bVFJjkyQpvA4Nct9TeOWNTqf51Q0aKwN9QeMQOz4faNmXglNidfM71G0cl4sV1ia8pZhZFIHu2Uk3X3CLbir2F0qfUKgfQKqzbv6t3QtE5KMmobi1rZIbUifmhqRQOMm1I4shFyM+wFaCmvtoO3H6gQnbT5we6wcmOZpY6n7fiLlv7dj3kkmf09D+zqbmf1kron61E0sdRoRazC7qR4pRwKZtsJ40KEiNE+DCyOStTAy54YKSznJpCbVqtVKusL/wVUKzXKwVS+eHhfrJrAzIwi7swQGU4Ajq0IAzaIKACdzDIzw5d86D8+y8zEYzzufONvyQ8/oBssqWYA==</latexit><latexit sha1_base64="rDjtzABQp9bxm6Tyh47fqSXU9+A=">AAAB/3icbZBLSwMxFIXv1Fetr6oLF26CRXBVpq1guxCKbrpUsCq0pWTS2zY0kxmSO2IZuvGvuHGh4ta/4c5/43Sq4OtA4OOce0lyvFBJS6777mTm5hcWl7LLuZXVtfWN/ObWpQ0iI7ApAhWYa49bVFJjkyQpvA4Nct9TeOWNTqf51Q0aKwN9QeMQOz4faNmXglNidfM71G0cl4sV1ia8pZhZFIHu2Uk3X3CLbir2F0qfUKgfQKqzbv6t3QtE5KMmobi1rZIbUifmhqRQOMm1I4shFyM+wFaCmvtoO3H6gQnbT5we6wcmOZpY6n7fiLlv7dj3kkmf09D+zqbmf1kron61E0sdRoRazC7qR4pRwKZtsJ40KEiNE+DCyOStTAy54YKSznJpCbVqtVKusL/wVUKzXKwVS+eHhfrJrAzIwi7swQGU4Ajq0IAzaIKACdzDIzw5d86D8+y8zEYzzufONvyQ8/oBssqWYA==</latexit><latexit sha1_base64="rDjtzABQp9bxm6Tyh47fqSXU9+A=">AAAB/3icbZBLSwMxFIXv1Fetr6oLF26CRXBVpq1guxCKbrpUsCq0pWTS2zY0kxmSO2IZuvGvuHGh4ta/4c5/43Sq4OtA4OOce0lyvFBJS6777mTm5hcWl7LLuZXVtfWN/ObWpQ0iI7ApAhWYa49bVFJjkyQpvA4Nct9TeOWNTqf51Q0aKwN9QeMQOz4faNmXglNidfM71G0cl4sV1ia8pZhZFIHu2Uk3X3CLbir2F0qfUKgfQKqzbv6t3QtE5KMmobi1rZIbUifmhqRQOMm1I4shFyM+wFaCmvtoO3H6gQnbT5we6wcmOZpY6n7fiLlv7dj3kkmf09D+zqbmf1kron61E0sdRoRazC7qR4pRwKZtsJ40KEiNE+DCyOStTAy54YKSznJpCbVqtVKusL/wVUKzXKwVS+eHhfrJrAzIwi7swQGU4Ajq0IAzaIKACdzDIzw5d86D8+y8zEYzzufONvyQ8/oBssqWYA==</latexit><latexit sha1_base64="rDjtzABQp9bxm6Tyh47fqSXU9+A=">AAAB/3icbZBLSwMxFIXv1Fetr6oLF26CRXBVpq1guxCKbrpUsCq0pWTS2zY0kxmSO2IZuvGvuHGh4ta/4c5/43Sq4OtA4OOce0lyvFBJS6777mTm5hcWl7LLuZXVtfWN/ObWpQ0iI7ApAhWYa49bVFJjkyQpvA4Nct9TeOWNTqf51Q0aKwN9QeMQOz4faNmXglNidfM71G0cl4sV1ia8pZhZFIHu2Uk3X3CLbir2F0qfUKgfQKqzbv6t3QtE5KMmobi1rZIbUifmhqRQOMm1I4shFyM+wFaCmvtoO3H6gQnbT5we6wcmOZpY6n7fiLlv7dj3kkmf09D+zqbmf1kron61E0sdRoRazC7qR4pRwKZtsJ40KEiNE+DCyOStTAy54YKSznJpCbVqtVKusL/wVUKzXKwVS+eHhfrJrAzIwi7swQGU4Ajq0IAzaIKACdzDIzw5d86D8+y8zEYzzufONvyQ8/oBssqWYA==</latexit><latexit sha1_base64="rDjtzABQp9bxm6Tyh47fqSXU9+A=">AAAB/3icbZBLSwMxFIXv1Fetr6oLF26CRXBVpq1guxCKbrpUsCq0pWTS2zY0kxmSO2IZuvGvuHGh4ta/4c5/43Sq4OtA4OOce0lyvFBJS6777mTm5hcWl7LLuZXVtfWN/ObWpQ0iI7ApAhWYa49bVFJjkyQpvA4Nct9TeOWNTqf51Q0aKwN9QeMQOz4faNmXglNidfM71G0cl4sV1ia8pZhZFIHu2Uk3X3CLbir2F0qfUKgfQKqzbv6t3QtE5KMmobi1rZIbUifmhqRQOMm1I4shFyM+wFaCmvtoO3H6gQnbT5we6wcmOZpY6n7fiLlv7dj3kkmf09D+zqbmf1kron61E0sdRoRazC7qR4pRwKZtsJ40KEiNE+DCyOStTAy54YKSznJpCbVqtVKusL/wVUKzXKwVS+eHhfrJrAzIwi7swQGU4Ajq0IAzaIKACdzDIzw5d86D8+y8zEYzzufONvyQ8/oBssqWYA==</latexit><latexit sha1_base64="v5yu1R+gIQn2vub7chWj67pcJQ4=">AAAB/3icbZBLSwMxFIUzPmt9jbpw4SZYBFdl2gq2C6HopssKji20Q8mkt21oJjMkd8QydONfceNCxa1/w53/xulDUOuBwMc595Lk+JEUBh3n01paXlldW89sZDe3tnd27b39WxPGmoPLQxnqps8MSKHARYESmpEGFvgSGv7wapI37kAbEaobHEXgBayvRE9whqnVsQ+xU7so5ku0jXCPCTXAQ9U1446dc/LOVHQRCnPIkbnqHfuj3Q15HIBCLpkxrYIToZcwjYJLGGfbsYGI8SHrQytFxQIwXjL9wJiepE6X9kKdHoV06v7cSFhgzCjw08mA4cD8zSbmf1krxl7ZS4SKYgTFZxf1YkkxpJM2aFdo4ChHKTCuRfpWygdMM45pZ9lpCZVyuVQs0UX4LsEt5iv5wvVZrno5byNDjsgxOSUFck6qpEbqxCWcjMkjeSYv1oP1ZL1ab7PRJWu+c0B+yXr/AiX6lfg=</latexit>

1 second is slower than 2.3 seconds



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

tH = �tA



this works for any clocks

actual clocks 

atomic transitions 

elementary particle lifetimes 

biological clocks

 68



remember what’s constant...

 69

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



the airport
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u

“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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what’s he see?

 74

u



How fast must a meter stick be traveling 
relative to you in order for its length to 
appear to be 25 cm as measured by you?
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Length 
Contraction

tH = �tA

LH =
LA

�



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



utA

Newton/Galileo?
mixes space coordinates
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yH

xH

u
yA

xA

when	A’s	and	H’s	origins	cross:	start	clocks	in	both.	
tA(E) = 0 & tH(E) = 0 	when	xA(E) = 0 & xH(E)	=	0	.

at	<me	tA,	an	EVENT	occurs	at	tA, xA(E), & xH(E).

The	Galilean	Transforma<on:

xH (E) = utA + xA(E) 

and	for	“Galilean	transforma<ons”:	tH = tA

xE(A)

xE(H)

tA
tH



Newton/
Galileo? xA,	tA

xH	(xA,	tA)	
tH	=	tA

N.	&	G.’s	
transforma<on

mixes	space	
coordinates
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Galilean	Transforma4ons 

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	Transforma4ons 

xH = �(xA + utA)

� =
1q

1�
�

u
c

�2

tH = �(tA +
u

c2
xA)

xH = xA + ut

tH = tA = t

S.R.
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Let	your	fingers	do	this...and	show	me:	1.

at	the	top	of	your	board,	write	the	equa<on	for	γ

what	value	does	γ	approach	as	u << c?

xH = xA + ut

tH = tA = t

xH = �(xA + utA)

� =
1q

1�
�

u
c

�2

tH = �(tA +
u

c2
xA)
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NOW	write	the	equa<on	for	xH	

what	value	it	look	like	if	u << c?

xH = xA + ut

tH = tA = t

xH = �(xA + utA)

� =
1q

1�
�

u
c

�2

tH = �(tA +
u

c2
xA)

Let	your	fingers	do	this...and	show	me,	2.

� =
1q

1�
�

u
c

�2
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NOW	write	the	equa<on	for	tH	

what	value	it	look	like	if	u << c?

xH = xA + ut

tH = tA = t

xH = �(xA + utA)

� =
1q

1�
�

u
c

�2

tH = �(tA +
u

c2
xA)

Let	your	fingers	do	this...and	show	me,	3.

� =
1q

1�
�

u
c

�2



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
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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
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E	and	B	are	two	
manifesta4ons	of	one	thing:		
the	Electromagne4c	Field


