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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 



honors project began
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

3

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


Postulates of Special Relativity

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

taking Galileo seriously, and then adding Maxwell
called “The Principle of Relativity”

2. The speed of light is the same for all inertial observers.
taking Maxwell seriously…that “c” in M.E.’s is a constant.



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

c



value:		

units:	

usage:		 	 	
	 	
	 	 	 	

constant	of	
nature: speed	of	light

c = 2.99792458 x 108 m/s 

m/s or ft/s or km/h 

Speed of light in relativity 

or approximately c = 3.0 x 108 m/s
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laser beams’ speed is c relative to airport, sidewalk, downtown, 
cars on the highway, planes overhead, moon, Alpha Centauri, 
Milky Way center, …



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



“relativistic gamma”
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� =
1p

1� (uc )
2

� = u/c



xA,	tA

Einstein?

mixes	space	and	
5me	coordinates
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xH	(xA,	tA)	
tH	(xA,	tA)

The	prescrip5on	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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Postulates:

“iner5al	frame”:	

constant velocity
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1.	All	laws	of	physics	–		
mechanical	and	electromagne4c	–		
are	iden4cal	in	co-moving	iner4al	frames.	

2.	The	speed	of	light	is	the	same	for	all	
iner4al	observers.

N.	&	G.’s	LawsM.E.

Principle	of	Rela5vity

good all along! had to change!



is Relativity
the case?
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relatives
this is an electron, e: 

this is a cousin of an electron…the “muon,” μ: 

they are exactly alike except that 

m(μ) = 209 x m(e)  

and in about 1.5 microseconds: 
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µ

µ



muon’s lives are short and sweet
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muons



“muons”: μ

are unstable particles which are easily made in an 
accelerator lab and shown to have a half life of 1.56 μs… 

1.56 x 10-6 seconds 

Under Newton’s view, even if the muon goes at the speed of light, then it 
lives for only (3 x 108) x (1.5 x 10-6 seconds) = 450 m

19



50,000m

40,000m

30,000m

20,000m

10,000m

0m

“primary” cosmic rays

protons? heavy nuclei?

collisions with N2 in the 
u p p e r a t m o s p h e r e - 
producing protons/neutrons

fu r the r co l l i s ions p roduc ing 
unstable particles, such as the 
“pion” (π )

which decays in flight to a 
“ m u o n ” (μ ) a n d a 
“neutrino” (ν) 

μ

ν

π

A puzzle:

The muon...shouldn’t 
make it to earth

highest balloons

Concord

~20 particles/cm/sstand-up cosmic

Mt Washington 
2000m

Mt Everest 8800m



Mount Washington Observatory 
New Hampshire

D. H. Frisch and J. H. Smith, “Measurement of the 
Relativistic Time Dilation Using µ-Mesons,” 
American Journal of Physics, 31 (5): 342–355, 1963). 21

2000 ft

count at the top

count at the bottom
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μ

ν

stand-up cosmic

~1 muon/cm2/min

Suppose 100 muons pass Mt 
Washington during some time 
interval 

how many survive to the ground?  

1941 experiment

g
ro

u
n

d

Mt Washington 
2000m



home and away

But relativity says: 

for the muon moving with 
β = 0.99  

as observed by the 
mountain, its clock 
appears to slowed to  

γ x 1.6 microseconds
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Newton

about 5

Special Relativity

Newton

ground

closer to 70 observed

half gone



how can it decay and not 
decay?
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reciprocity

while it decays in 1.5μs in its 
rest frame… 

it sees the atmosphere coming toward 
it at nearly c 

which, to the muon, is Length 
Contracted 

shorter by the same factor that the 
lifetimes differed
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This has been measured many times:
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an	atomic	clock	was	carefully	carried	
around	the	world	in	1972	and	carefully	
calibrated	and	compared	with	ground-
based	clocks	

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 ± 21 ns

measured: - 59 ± 10 ns +273 ± 7 ns

 J. Hafele and R. Keating

redone	twice	more	in	airplanes	
and	rockets/satellites

There	are	a	number	of	correc5ons:	accelera5ons,	
decelera5ons,	the	rota5on	of	the	orbit,	the	fact	
that	the	earth	is	not	iner5al	-	but	rela5vity	was	
absolutely	correct



We trust Special Relativity

we no longer do experiments to confirm or disconfirm it 

it’s in our toolbox now
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combine speeds!
Galileo, nope. 

Einstein, yup.
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u

the airport, 
redux
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sidewalk	velocity:	2	m/s

traveler’s	velocity	rela5ve	to	the	sidewalk:	3	m/s

traveler’s	velocity	rela5ve	to	the	concourse:?

“Away	Frame”:	
the	frame	being	watched

vH = u + vA

5	m/s

“Home	Frame”:	
watching	a	moving	frame

Says:



the airport, 
redux
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xA0 xAf

vH = u + vA

Says:

what	about:													?

this	is	altered	by	the	
Postulates	of	Rela5vity
diSo!

so	at	high	u...

u u
vH =

�xH

�tH

using	vA	quan55es?

xH0

xHf



the airport, going fast
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start here: 
xA0

end up here: 
xAf

u u

}some	5me	interval

A

H

vH =
vA + u

1 + u

c2 vA

vH = u + vA

xH0

xHf



write it down.
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vH =
vA + u

1 + u

c2 vA



relativistic velocity transformation

33

vH =
vA + u

1 + u

c2 vA

Look	at	this	formula	carefully...

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

vH =
vA + u

1 + u

c2 vA

<<1...so

vH ! u + vA and	the	old-5me,	
non-rela5vis5c	
airport	sidewalk	
formula	emerges

Suppose	it’s	not	a	traveler,	but	light.

vA = c

vH =
c + u

1 + u

c2 c
=

c + u

(c + u)
c = c

The	Second	Postulate	is	preserved!

work it out

work it out



nothing
can accelerate to a speed faster than that of light
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670,616,629  
mph



be careful
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vH =
vA + u

1 + u

c2 vA

u	is	the	frame	velocity	
	 ...same,	A	rela5ve	to	H	or	H	rela5ve	to	A		
(sidewalk)

vA	is	the	velocity	(traveler)	
	 of	something	measured	rela5ve	to	the		
A	frame	

vH	is	the	velocity	(traveler)	
	 of	something	measured	rela5ve	to	the		
H	frame

� =
u

c

There	are	3	veloci5es	going	on	here.

Says:

says:

speed wrt sidewalk

sp
ee

d
 w

rt
 c
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co
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se



another particle
the “pion,” π 

not like the muon or electron 

mass m(π) = 1.4 x m(𝜇) 

unstable  
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⇡
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µ

26 nanoseconds

2.6⇥ 10�8 s
<latexit sha1_base64="Y2eb93Gox05QA6bPuNDhiXddjlw=">AAACBHicbVA9SwNBEJ3zM8avU0stFoOQxnAXRWMXtLGM4KmQxLC32eiSvQ9258RwXGPjX7GxULH1R9j5b9xcFNT4YODtezPMzvNjKTQ6zoc1MTk1PTNbmCvOLywuLdsrq2c6ShTjHotkpC58qrkUIfdQoOQXseI08CU/9/tHQ//8histovAUBzFvB/QqFD3BKBqpY29UK3ukhSLgmrjOZbpdy8yT32JKdNaxS07FyUHGiftFSvUy5Gh07PdWN2JJwENkkmrddJ0Y2ylVKJjkWbGVaB5T1qdXvGloSM3adppfkZEto3RJL1KmQiS5+nMipYHWg8A3nQHFa/3XG4r/ec0Ee7V2KsI4QR6y0aJeIglGZBgJ6QrFGcqBIZQpYf5K2DVVlKEJrpiHcFCr7VR3yDj5DsGrVg4q7sluqX44CgMKsA6bUAYX9qEOx9AADxjcwQM8wbN1bz1aL9brqHXC+ppZg1+w3j4BHWuXmw==</latexit><latexit sha1_base64="Y2eb93Gox05QA6bPuNDhiXddjlw=">AAACBHicbVA9SwNBEJ3zM8avU0stFoOQxnAXRWMXtLGM4KmQxLC32eiSvQ9258RwXGPjX7GxULH1R9j5b9xcFNT4YODtezPMzvNjKTQ6zoc1MTk1PTNbmCvOLywuLdsrq2c6ShTjHotkpC58qrkUIfdQoOQXseI08CU/9/tHQ//8histovAUBzFvB/QqFD3BKBqpY29UK3ukhSLgmrjOZbpdy8yT32JKdNaxS07FyUHGiftFSvUy5Gh07PdWN2JJwENkkmrddJ0Y2ylVKJjkWbGVaB5T1qdXvGloSM3adppfkZEto3RJL1KmQiS5+nMipYHWg8A3nQHFa/3XG4r/ec0Ee7V2KsI4QR6y0aJeIglGZBgJ6QrFGcqBIZQpYf5K2DVVlKEJrpiHcFCr7VR3yDj5DsGrVg4q7sluqX44CgMKsA6bUAYX9qEOx9AADxjcwQM8wbN1bz1aL9brqHXC+ppZg1+w3j4BHWuXmw==</latexit><latexit sha1_base64="Y2eb93Gox05QA6bPuNDhiXddjlw=">AAACBHicbVA9SwNBEJ3zM8avU0stFoOQxnAXRWMXtLGM4KmQxLC32eiSvQ9258RwXGPjX7GxULH1R9j5b9xcFNT4YODtezPMzvNjKTQ6zoc1MTk1PTNbmCvOLywuLdsrq2c6ShTjHotkpC58qrkUIfdQoOQXseI08CU/9/tHQ//8histovAUBzFvB/QqFD3BKBqpY29UK3ukhSLgmrjOZbpdy8yT32JKdNaxS07FyUHGiftFSvUy5Gh07PdWN2JJwENkkmrddJ0Y2ylVKJjkWbGVaB5T1qdXvGloSM3adppfkZEto3RJL1KmQiS5+nMipYHWg8A3nQHFa/3XG4r/ec0Ee7V2KsI4QR6y0aJeIglGZBgJ6QrFGcqBIZQpYf5K2DVVlKEJrpiHcFCr7VR3yDj5DsGrVg4q7sluqX44CgMKsA6bUAYX9qEOx9AADxjcwQM8wbN1bz1aL9brqHXC+ppZg1+w3j4BHWuXmw==</latexit><latexit sha1_base64="Y2eb93Gox05QA6bPuNDhiXddjlw=">AAACBHicbVA9SwNBEJ3zM8avU0stFoOQxnAXRWMXtLGM4KmQxLC32eiSvQ9258RwXGPjX7GxULH1R9j5b9xcFNT4YODtezPMzvNjKTQ6zoc1MTk1PTNbmCvOLywuLdsrq2c6ShTjHotkpC58qrkUIfdQoOQXseI08CU/9/tHQ//8histovAUBzFvB/QqFD3BKBqpY29UK3ukhSLgmrjOZbpdy8yT32JKdNaxS07FyUHGiftFSvUy5Gh07PdWN2JJwENkkmrddJ0Y2ylVKJjkWbGVaB5T1qdXvGloSM3adppfkZEto3RJL1KmQiS5+nMipYHWg8A3nQHFa/3XG4r/ec0Ee7V2KsI4QR6y0aJeIglGZBgJ6QrFGcqBIZQpYf5K2DVVlKEJrpiHcFCr7VR3yDj5DsGrVg4q7sluqX44CgMKsA6bUAYX9qEOx9AADxjcwQM8wbN1bz1aL9brqHXC+ppZg1+w3j4BHWuXmw==</latexit><latexit sha1_base64="Y2eb93Gox05QA6bPuNDhiXddjlw=">AAACBHicbVA9SwNBEJ3zM8avU0stFoOQxnAXRWMXtLGM4KmQxLC32eiSvQ9258RwXGPjX7GxULH1R9j5b9xcFNT4YODtezPMzvNjKTQ6zoc1MTk1PTNbmCvOLywuLdsrq2c6ShTjHotkpC58qrkUIfdQoOQXseI08CU/9/tHQ//8histovAUBzFvB/QqFD3BKBqpY29UK3ukhSLgmrjOZbpdy8yT32JKdNaxS07FyUHGiftFSvUy5Gh07PdWN2JJwENkkmrddJ0Y2ylVKJjkWbGVaB5T1qdXvGloSM3adppfkZEto3RJL1KmQiS5+nMipYHWg8A3nQHFa/3XG4r/ec0Ee7V2KsI4QR6y0aJeIglGZBgJ6QrFGcqBIZQpYf5K2DVVlKEJrpiHcFCr7VR3yDj5DsGrVg4q7sluqX44CgMKsA6bUAYX9qEOx9AADxjcwQM8wbN1bz1aL9brqHXC+ppZg1+w3j4BHWuXmw==</latexit><latexit sha1_base64="tPL09fczD65S+A7z8/bJaExS6Mw=">AAACBHicbVC7SgNBFJ31GeNr1VKLwSDYuOwmopsuaGMZwZhAsobZyWwyZPbBzF0xLGls/BUbCxVbP8LOv3HyENR44MKZc+7lzj1+IrgC2/405uYXFpeWcyv51bX1jU1za/taxamkrEZjEcuGTxQTPGI14CBYI5GMhL5gdb9/PvLrt0wqHkdXMEiYF5JuxANOCWipbe4VrRPcAh4yhR37Jjtyh/rJ7iDDatg2C7Zlj4FniTMlBTRFtW1+tDoxTUMWARVEqaZjJ+BlRAKngg3zrVSxhNA+6bKmphHRa71sfMUQH2ilg4NY6ooAj9WfExkJlRqEvu4MCfTUX28k/uc1UwhcL+NRkgKL6GRRkAoMMR5FgjtcMgpioAmhkuu/YtojklDQweXHIZRdt1Qs4VnyHUKtaJUt5/K4UDmbppFDu2gfHSIHnaIKukBVVEMU3aNH9IxejAfjyXg13iatc8Z0Zgf9gvH+BZCMlzM=</latexit>

absolutely stable!

66,000 yottayears

(> 6.6⇥ 10+28 years)
<latexit sha1_base64="Ngs80SreG0owv8+ON9z4AotnGsg=">AAACDHicbVDLSgNBEOz1bXxFPXoZjEJECLtRNF4k6MWjglEhiWF20tHB2QczvWJY8gNe/BUvHlS8+gHe/BsnGwVfBQ01Vd30dPmxkoZc990ZGh4ZHRufmMxNTc/MzuXnF05MlGiBNRGpSJ/53KCSIdZIksKzWCMPfIWn/tV+3z+9Rm1kFB5TN8ZmwC9C2ZGCk5Va+ZXi7lZpizVIBmiY556n6+VKz77xhlLWRa5Nb62VL7glNwP7S7xPUqgWIcNhK//WaEciCTAkobgxdc+NqZlyTVIo7OUaicGYiyt+gXVLQ26XN9Psmh5btUqbdSJtKySWqd8nUh4Y0w182xlwujS/vb74n1dPqFNppjKME8JQDBZ1EsUoYv1oWFtqFKS6lnChpf0rE5dcc0E2wFwWwk6lslHeYH/JVwi1cmmn5B1tFqp7gzBgApZgGYrgwTZU4QAOoQYCbuEeHuHJuXMenGfnZdA65HzOLMIPOK8fRUCaXw==</latexit><latexit sha1_base64="Ngs80SreG0owv8+ON9z4AotnGsg=">AAACDHicbVDLSgNBEOz1bXxFPXoZjEJECLtRNF4k6MWjglEhiWF20tHB2QczvWJY8gNe/BUvHlS8+gHe/BsnGwVfBQ01Vd30dPmxkoZc990ZGh4ZHRufmMxNTc/MzuXnF05MlGiBNRGpSJ/53KCSIdZIksKzWCMPfIWn/tV+3z+9Rm1kFB5TN8ZmwC9C2ZGCk5Va+ZXi7lZpizVIBmiY556n6+VKz77xhlLWRa5Nb62VL7glNwP7S7xPUqgWIcNhK//WaEciCTAkobgxdc+NqZlyTVIo7OUaicGYiyt+gXVLQ26XN9Psmh5btUqbdSJtKySWqd8nUh4Y0w182xlwujS/vb74n1dPqFNppjKME8JQDBZ1EsUoYv1oWFtqFKS6lnChpf0rE5dcc0E2wFwWwk6lslHeYH/JVwi1cmmn5B1tFqp7gzBgApZgGYrgwTZU4QAOoQYCbuEeHuHJuXMenGfnZdA65HzOLMIPOK8fRUCaXw==</latexit><latexit sha1_base64="Ngs80SreG0owv8+ON9z4AotnGsg=">AAACDHicbVDLSgNBEOz1bXxFPXoZjEJECLtRNF4k6MWjglEhiWF20tHB2QczvWJY8gNe/BUvHlS8+gHe/BsnGwVfBQ01Vd30dPmxkoZc990ZGh4ZHRufmMxNTc/MzuXnF05MlGiBNRGpSJ/53KCSIdZIksKzWCMPfIWn/tV+3z+9Rm1kFB5TN8ZmwC9C2ZGCk5Va+ZXi7lZpizVIBmiY556n6+VKz77xhlLWRa5Nb62VL7glNwP7S7xPUqgWIcNhK//WaEciCTAkobgxdc+NqZlyTVIo7OUaicGYiyt+gXVLQ26XN9Psmh5btUqbdSJtKySWqd8nUh4Y0w182xlwujS/vb74n1dPqFNppjKME8JQDBZ1EsUoYv1oWFtqFKS6lnChpf0rE5dcc0E2wFwWwk6lslHeYH/JVwi1cmmn5B1tFqp7gzBgApZgGYrgwTZU4QAOoQYCbuEeHuHJuXMenGfnZdA65HzOLMIPOK8fRUCaXw==</latexit><latexit sha1_base64="Ngs80SreG0owv8+ON9z4AotnGsg=">AAACDHicbVDLSgNBEOz1bXxFPXoZjEJECLtRNF4k6MWjglEhiWF20tHB2QczvWJY8gNe/BUvHlS8+gHe/BsnGwVfBQ01Vd30dPmxkoZc990ZGh4ZHRufmMxNTc/MzuXnF05MlGiBNRGpSJ/53KCSIdZIksKzWCMPfIWn/tV+3z+9Rm1kFB5TN8ZmwC9C2ZGCk5Va+ZXi7lZpizVIBmiY556n6+VKz77xhlLWRa5Nb62VL7glNwP7S7xPUqgWIcNhK//WaEciCTAkobgxdc+NqZlyTVIo7OUaicGYiyt+gXVLQ26XN9Psmh5btUqbdSJtKySWqd8nUh4Y0w182xlwujS/vb74n1dPqFNppjKME8JQDBZ1EsUoYv1oWFtqFKS6lnChpf0rE5dcc0E2wFwWwk6lslHeYH/JVwi1cmmn5B1tFqp7gzBgApZgGYrgwTZU4QAOoQYCbuEeHuHJuXMenGfnZdA65HzOLMIPOK8fRUCaXw==</latexit><latexit sha1_base64="Ngs80SreG0owv8+ON9z4AotnGsg=">AAACDHicbVDLSgNBEOz1bXxFPXoZjEJECLtRNF4k6MWjglEhiWF20tHB2QczvWJY8gNe/BUvHlS8+gHe/BsnGwVfBQ01Vd30dPmxkoZc990ZGh4ZHRufmMxNTc/MzuXnF05MlGiBNRGpSJ/53KCSIdZIksKzWCMPfIWn/tV+3z+9Rm1kFB5TN8ZmwC9C2ZGCk5Va+ZXi7lZpizVIBmiY556n6+VKz77xhlLWRa5Nb62VL7glNwP7S7xPUqgWIcNhK//WaEciCTAkobgxdc+NqZlyTVIo7OUaicGYiyt+gXVLQ26XN9Psmh5btUqbdSJtKySWqd8nUh4Y0w182xlwujS/vb74n1dPqFNppjKME8JQDBZ1EsUoYv1oWFtqFKS6lnChpf0rE5dcc0E2wFwWwk6lslHeYH/JVwi1cmmn5B1tFqp7gzBgApZgGYrgwTZU4QAOoQYCbuEeHuHJuXMenGfnZdA65HzOLMIPOK8fRUCaXw==</latexit><latexit sha1_base64="z7Kqc8YzHBZhyCscZwx6vg1pWuo=">AAACDHicbVDLSgNBEJyN7/ha9ehlMAoRYdmNovEiohePCkYDSQyzk04yZPbBTK8YlvyAF3/FiwcVr36AN//GSVzBV0FDTVU3PV1+LIVG1323cmPjE5NT0zP52bn5hUV7aflCR4niUOGRjFTVZxqkCKGCAiVUYwUs8CVc+r3joX95DUqLKDzHfgyNgHVC0RacoZGa9nrxYNfZpXUUAWjquVfpVqk8MG+4wZT2gSk92GzaBddxR6B/iZeRAslw2rTf6q2IJwGEyCXTuua5MTZSplBwCYN8PdEQM95jHagZGjKzvJGOrhnQDaO0aDtSpkKkI/X7RMoCrfuBbzoDhl392xuK/3m1BNvlRirCOEEI+eeidiIpRnQYDW0JBRxl3xDGlTB/pbzLFONoAsyPQtgvl7dL2/Qv+QqhUnL2He9sp3B4lKUxTVbJGikSj+yRQ3JCTkmFcHJL7skjebLurAfr2Xr5bM1Z2cwK+QHr9QO4YZn3</latexit>

[universe = 8⇥ 10+9 years]
<latexit sha1_base64="jy7+19Jqx6HCQWkkr9wXk7dKDmI="></latexit><latexit sha1_base64="jy7+19Jqx6HCQWkkr9wXk7dKDmI="></latexit><latexit sha1_base64="jy7+19Jqx6HCQWkkr9wXk7dKDmI="></latexit><latexit sha1_base64="jy7+19Jqx6HCQWkkr9wXk7dKDmI="></latexit><latexit sha1_base64="jy7+19Jqx6HCQWkkr9wXk7dKDmI="></latexit><latexit sha1_base64="qSHF4d6Qvjg8LzbvTozNPu30lJg=">AAACGXicbVDLSgMxFM34rPVVdekmWARBKDMq2C4E0Y3LCtYK7Vgy6a0NzWSG5I5YhvkON/6KGxcqLnXl35g+BLUeCBzOOZd7c4JYCoOu++lMTc/Mzs3nFvKLS8srq4W19UsTJZpDjUcy0lcBMyCFghoKlHAVa2BhIKEe9E4Hfv0WtBGRusB+DH7IbpToCM7QSq2C12gi3GGaKDGIAc2OyrSJIgRDPfc63a1kdJSgfWDaZH6rUHRL7hB0knhjUiRjVFuF92Y74kkICrlkxjQ8N0Y/ZRoFl5Dlm4mBmPEeu4GGpYrZ3X46/FpGt63Spp1I26eQDtWfEykLjemHgU2GDLvmrzcQ//MaCXbKfipUnCAoPlrUSSTFiA56om2hgaPsW8K4FvZWyrtMM462pvywhEq5vL+3TyfJdwm1vVKl5J0fFI9Pxm3kyCbZIjvEI4fkmJyRKqkRTu7JI3kmL86D8+S8Om+j6JQzntkgv+B8fAFsxKD2</latexit>

1.5 microseconds

1.6⇥ 10�6 s
<latexit sha1_base64="lIY02Vv6gGViT9OEwNZq8xvcLmA=">AAACGnicbVDLSgMxFL3j2/qquhQhWAQ3lhkpPnZFNy4VrAptLZn0jgYzmSG5I5ZhVn6HH+BWP8GVuHXjF/gbpq0LXwcCJ+fcy0lOmCppyfffvZHRsfGJyanp0szs3PxCeXHp1CaZEdgQiUrMecgtKqmxQZIUnqcGeRwqPAuvD/r+2Q0aKxN9Qr0U2zG/1DKSgpOTOuXVoLrNWiRjtCzwL/LN7YK5O95SzmzRKVf8qj8A+0uCL1Kp12CAo075o9VNRBajJqG4tc3AT6mdc0NSKCxKrcxiysU1v8Smo5q73HY++EbB1p3SZVFi3NHEBur3jZzH1vbi0E3GnK7sb68v/uc1M4p227nUaUaoxTAoyhSjhPU7YV1pUJDqOcKFke6tTFxxwwW55n6kRNjTcVqUSq6Z4HcPf0ljq7pX9Y9rlfr+sCGYghVYgw0IYAfqcAhH0AABd/AAj/Dk3XvP3ov3Ohwd8b52luEHvLdPyc2f+w==</latexit><latexit sha1_base64="lIY02Vv6gGViT9OEwNZq8xvcLmA=">AAACGnicbVDLSgMxFL3j2/qquhQhWAQ3lhkpPnZFNy4VrAptLZn0jgYzmSG5I5ZhVn6HH+BWP8GVuHXjF/gbpq0LXwcCJ+fcy0lOmCppyfffvZHRsfGJyanp0szs3PxCeXHp1CaZEdgQiUrMecgtKqmxQZIUnqcGeRwqPAuvD/r+2Q0aKxN9Qr0U2zG/1DKSgpOTOuXVoLrNWiRjtCzwL/LN7YK5O95SzmzRKVf8qj8A+0uCL1Kp12CAo075o9VNRBajJqG4tc3AT6mdc0NSKCxKrcxiysU1v8Smo5q73HY++EbB1p3SZVFi3NHEBur3jZzH1vbi0E3GnK7sb68v/uc1M4p227nUaUaoxTAoyhSjhPU7YV1pUJDqOcKFke6tTFxxwwW55n6kRNjTcVqUSq6Z4HcPf0ljq7pX9Y9rlfr+sCGYghVYgw0IYAfqcAhH0AABd/AAj/Dk3XvP3ov3Ohwd8b52luEHvLdPyc2f+w==</latexit><latexit sha1_base64="lIY02Vv6gGViT9OEwNZq8xvcLmA=">AAACGnicbVDLSgMxFL3j2/qquhQhWAQ3lhkpPnZFNy4VrAptLZn0jgYzmSG5I5ZhVn6HH+BWP8GVuHXjF/gbpq0LXwcCJ+fcy0lOmCppyfffvZHRsfGJyanp0szs3PxCeXHp1CaZEdgQiUrMecgtKqmxQZIUnqcGeRwqPAuvD/r+2Q0aKxN9Qr0U2zG/1DKSgpOTOuXVoLrNWiRjtCzwL/LN7YK5O95SzmzRKVf8qj8A+0uCL1Kp12CAo075o9VNRBajJqG4tc3AT6mdc0NSKCxKrcxiysU1v8Smo5q73HY++EbB1p3SZVFi3NHEBur3jZzH1vbi0E3GnK7sb68v/uc1M4p227nUaUaoxTAoyhSjhPU7YV1pUJDqOcKFke6tTFxxwwW55n6kRNjTcVqUSq6Z4HcPf0ljq7pX9Y9rlfr+sCGYghVYgw0IYAfqcAhH0AABd/AAj/Dk3XvP3ov3Ohwd8b52luEHvLdPyc2f+w==</latexit>



a pion decays into a muon 

the pion travels at u = 0.5c in the lab (H) 

the muon travels right at vA = 0.5c 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 = – 0.5c in the pion’s rest frame? 

What if the muon travels left at  vA = – 0.75c 
in the pion’s rest frame? 

37

pion decay

vA = 0.5c
A

π μ u = 0.5c
H



Energy

38



push on something
constant force to create a 
constant acceleration of  

1g 

Galileo/Newton said 

speed increases:

39

Newton	said:	

4me

sp
ee
d

c
v = gt

670,616,629  
mph

Einstein	said:	



traveler transformation, 1g acceleration

speed not linear 

in no frame can she 
be observed to go 
above c

40

c
1 year

2 years

3 years

c

Newton

Einstein



never get there

41

speed after 10,000 days = 0.999373 c



BTW

nearly every science fiction story ever

42

Closest star to Earth: Proxima Centauri: 4.23 light years

Alpha Centauri
Southern Cross

Proxima Centauri



let’s go
accelerate at 1g for 2 light years 

cruise for 0.2 light years 

decelerate at -1g for 2 light years

43

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

home Proxima Centauri

2 light years 2 light years

4.2 light years



let’s go there
40 light years away…star is “Trappist-1” which is a dwarf 

How about traveling there? Again, assume 1g acceleration

44

home Trappist-1

9 ly

40 light years

9 ly

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

22 ly



traveler transformation, 1g acceleration

speed not linear 

in no frame can she 
be observed to go 
above c

45

c
1 year

2 years

3 years

c

Newton

Einstein



doesn’t this look like a 
reluctance to being 
accelerated?
Well.  

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

Inertia.  

If this reluctance increases...inertia seems to increase

46

increasing rate 
of speed 
decreasing?



and…what’s the measure of a 
body’s inertia?

mass

47



classical dynamical quantities

momentum, 

Kinetic Energy,  

and force

48

p = mv

K = 1/2mv2

F = ma}
These	have	to	change!

New,	rela5vis5c	quan55es	reduce	to	
these	when	u/c	is	very	small



Momentum in relativity

got to be different from Newton 

want to preserve the idea of momentum conservation 

Relativistic Momentum:

49

u

pH = m
�xH

�tH

p = m�u



relativity and energy
through the back door… 

there’s a “real” derivation, but too much mathematics

50



quick aside
approximating functions 

see manuscript math refresher chapter

51



somewhere in your life: the Binomial Series

52

Binomial	Series...useful	to	approximate	func5ons.

f(x) =
1

1� x

Suppose	that	x	<<	1,	then	the	func5on	
could	be	approximated	by	a	couple	of	
terms...

f(x) =
1

1� x

1 + x term



what equation comes to mind?
when you’re on the spot? 

Why the binomial expansion of the relativistic 
gamma function, of course. Because, Relativity.

53

� =
1p

1� �2
1 +

b2

2
+
3 b4

8
+
5 b6

16
+
35 b8

128
+
63 b10

256
+
231 b12

1024
+
429 b14

2048
+ O@bD15� ⇠



how 
well? 

look at 8 
terms in 
the 
expansion
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first
second

1 +
b2

2
+
3 b4

8
+
5 b6

16
+
35 b8

128
+
63 b10

256
+
231 b12

1024
+
429 b14

2048
+ O@bD15� ⇠

first

second

third

fourth

� =
1p

1� �2

u = 0.1c = 8⇥ 107 m/s

Season 9, Episode 12  

The Sales Call 
Sublimation, January 
7, 2016

First couple of terms are fine for � < 0.5



so let’s use this and look for familiar things 

slow moving objects but not completely classical

55

1 +
b2

2
+
3 b4

8
+
5 b6

16
+
35 b8

128
+
63 b10

256
+
231 b12

1024
+
429 b14

2048
+ O@bD15� ⇠



sing along
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� ⇠ 1 +
✓

1
2

◆
�2

for β small:

now, write along with me:

now copy the 
approximate forms, 
but insert  β = u/c

� =
1p

1� �2



sing along
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� ⇠ 1 +
✓

1
2

◆
�2

� =
1p

1� �2

now copy the 
approximate forms, 
but insert  β = u/c

for β small:

first
second



now let’s play
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� ⇠ 1 +
1

2
u2

c2


