
1. Special Relativity, 6
lecture 7, September 13, 2017



housekeeping

remember to check the course page: 
chipbrock.org 

and sign up for the feedburner reminders 

Homework due Friday, remember? 

I’ll adjust thermo homework if necessary 

for my verbosity



suppose we have a bound system

Hydrogen	

Atom

p e

What	holds	the	electron	to	the	proton?

Last	week:		

the	electrosta9c	force,	or	the	Electric	field,	right?

Remember	from	Chemistry:	

What’s	it	take	to	ionize*	Hydrogen?

You	must	supply	13.6	eV

*make	the	electron	free	of	the	proton’s	influence

H



energy 
diagram 
for H

4

hydrogen	energy	levels

n=1

n=	∞

con9nuum,	

ionized

“normal”,	chemist	way	of	thinking	(gray)

–E(b)

E(total)	=	0

m(H)c2m(p)c2 + m(e)c2

E(mechanical)	=	0

E(b)

rela9vis9c	way	of	thinking	(yellow)

m(p)c2 + m(e)c2	=	m(H)c2	+	E(b)

The	mass	of	a	hydrogen	atom	is	LESS	than	the	sum	of	mp	+	me		
No	nega9ve	binding	energy...just	a	“mass	deficit”	in	the	a[rac9on	of	the	P	and	e.		

The	energy	is	in	the	field.

	m(H)c2		=	m(p)c2 + m(e)c2		–	E(b)



a hydrogen atom, take 2
weighs less than the components of a hydrogen atom 

so it can’t fall apart into its components  

since Energy is mass

H
e p

where is that “missing mass”? 

in the energy of the Electric Field, 

E fieldHep



the “mass deficit” in nuclei

is observable and works for good and for ill.

J
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Energy Conservation  in Relativity
1 (
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so  a hidden  relativity process
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Decay
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mass - energy difference  =  energy of  motion



units  are  no fun  mp=  1527kg .  ⇒ mistakes  waiting to

happen

soon"

Electronvolts
"

4

=1Uate 8 1

am
.

✓ 9e= - 1.6×15 "c

accelerated over 1 Volt  →

E  = K = qv

from work done by FI : E=(1.6×159 c) ( 1 %) = 1.6×15195

= 1eV

Furthermore
,

masses :

a e%zu

vest  energies me= 9.1×15314
"

EV
"

Eo=mei=( a. 1×153
'

)( 3×1085
!f×e¥a, )

Ed e) = 511,900 EV

= 0.511×106
@ ✓ =  0.511 Met

so
Mo (e) = FI = mole ) =  0.511  MEI nmevouevei

"
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A Little Doppler
from S
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= f VII aside : A- B)( ltp ) = it - p - B
'
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Relativistic Doppler Shift
p

speedy sound

in
"

medium
"

Different from
"

regular
"

Doppler shelf
. : f
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observed

factual
f

'

= fy÷pf ⇒ f
'

> f  or

Vila
"

red shift
"

example :

Galaxy moving away
from Earth such that X ( H ) =  434hm

appears to be at XCH ) = Goonm  →  what's u ?

f =

§ & f
'

=

÷'E.
=÷'¥E = Eo=EeF¥s

E

: =  0.31



Binding Energy

→
" kinds of energy

"

? 2 kinds :  energy of mass

energy of motion .

1
@ vest

z

€= ← %@ - > =@ firecracker ? sure where

M
M

M
chemical energy

might be counted

→ I

P ,

=
- pz

MCZ  
= E

,  + Ez
= ZE where E  = MVCZ = K +  Moi

or K =  mud ( V . i )
Mi

 
= 2kt Zmoi

2k = Md - Zmoie

ZK = c2 ( M - ZM )
-

old idea  of  conservation  of
mass ?  hope

A



J

If a system  is to  stay together . . . say
2 components Mt

.  M

E ( system ) <

Moi+  mod
.

Previously .  . .

him in Chemistry ?  →  E( system ) =

Modtmft
-

GB

binding energy .

⇒ need to add

to separate

them .

In Relativity .  .
. Efsystem ) = M ( satem ) E

M .§system ) =

Mot
 

Mo
.

 131<2 L

not
 

Mo
A hydrogen atom : MCH ) < Mo ( proton ) +  mfeledvou )

so  it  stairs together .  .
.

"

mass deficit
"

not  "

binding energy
"



one  step ...  over the edge .

f
system Ms ,

v  v

D→m ← D IN
M Ms M M M

B
A

Classically
: 2(tnuD=PC spring )

Relativistic Uy : Zmod + 2Moc2( 8- 1) +  msc2=2Mod+P +  msi

2moc2( 8- 1) = P  
= E  = 8mi

YMOI+ zm .c4r - I ) t msi =2M€21 . Smit  msi

K

K +  mgi= Smit  msi =  ( Sm  + Ms )i

( '

E +  ms)i= ( sm  +  ms )i

- spring gets
heavier .  

. no

"

P
"



L (

E 's 4th paper : Does the Inertia  of  a Body Depend

on Its Energy Content
"

yup .

Hydrogen :

0 Me

{ Electric Field MCH ) = Mcp ) + rule ) -

Effie
d)

CZ

C) Mp T in
mass  in field

weighs less

than a pwtm  +  an  electron . SME

Raise a mass  away from  earth ? - it gets heavier
.  

.
. no

"

P
"

Cook an  eqq in the
maiming ?  

→  it gets heavier

Heat  a gas
?

 - It gets heavier



Charged Pion Decay : It → µ± + if

pion  →  mvon  +  neutrino

Facts  my  = 139.57 MEYE

Mµ
= 105.45 Meyer

In =  2.2×156 s

Mv  
e

 0

Fa  =o ⇒ at  rest

a) What  is  momentum of µ
?

b) on average
how for does µ

travel before  it decays ?



I
µ conserve momentum :

a) a- • → v

PI = In + Du

= 0

conserve energy
:

In = - Fr

E*  = Eµt Eu

meet Kut  =  mµd + Kµ +  much + Ku

T - T
0 ✓tee

0

E2= p2d +  m2c4 : Eu2= pic
'

E
,
} = paid +  mid

but lpnl = lpvl =p
-

Ev = Pc En
= ✓ p2i +  mild



E*  = Eµt Eu

meet Kut  =  mµd +  Kµ +  much +  Kv

T - T
0 ✓tee

0

-*
 d = ✓ p 'd +  mid + Pc → solve for

pc

-

.



sohu.FM
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fxtB2=(
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BEA
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-
ZAX

ZAX  
= AZB
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- z

×= AtB2=
( mad 5- ( Mnd )

= (
139.65-405

)

=A 2 ( mgt ) 2 ( 139.6 )

x = 30.3

PC  =  30.3 MEV

p= 30.3 Me% ✓



e
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d on  average

"

classically
"

D=  we → let  it be as fast  as

conceivable =  c

=

D=  Ct
 = ( 3×108 %) ( 2. zxiobs )

D= 660  m

AN ASIDE

we  are bombarded by µ
's which have lived through

the  entire  atmosphere  
~ 50

,
ooom @ ~ lmlcnilmin



f
caned the

'  '

lifetime
"

Mum decay
- µ ,

time for  a decay to  reduce

NCA = Nlo ) e a  Somme  size bn factor

a q

#µafter #µ @ t=O

£ = z.tn =  0.368

t  seconds Ntt ) •

( different  slightly from

" half . life
"

- . stay tuned )FM

#0.368 - - - -

1

In
µ

rest frame -

I zt zt
£

a likelihood of decay
%

I
 =  2.2×1565=2

-2µs

K



On  earth :  we  see the
µ

's
"

clock
"

dilated
.

a- µ
J = 8 In 8 is about 2

a -

Us

So for  us . . .
 it travels - on  average -

d = 8uE = 7 ( 650in ) =
 4600  in

y
-

^

us \
µ . .

.  650  m

µ see 's earth 's  atmosphere rushing toward if  d.

length -
contracted .

dµ= 1- de

y
8

Tons
huron



DONE WITH ASIDE y our  original I decay :

Bach to b)

D= rut p=8m~u
D= I ue  I

mru cz

d = Cpc ) ( ct )
( 30

.

well )( 3×108>(2.2×56)== -

Mnd ( 105.45 MCV )

de 185 m

Handy rules of thumb : E=ymc2 E
'

= 1- unit

8=  E
Cae

. A)

ME ⇒ p2= PZI
= El

p= PE

E

=


