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Level 1 SECI‘EtS(which really shouldn 't be secrets at all!)
Special relativity and quantum mechanics
are very much a story of

the geometry of light-wave motion

* How badly does Galilean relativity fail for light waves?

 How do you make sense of light-wave

The Einstein Pulse Wave (PW) axiom
versus
The Evenson Continuous Wave (CW) axiom

LIMIT
C=

my/s
\_

‘SPEED

299,792,458

J

axiom(s)?

Good approximation:
c=300 million m/s
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Level 1 SECI‘EtS(which really shouldn 't be secrets at all!)
Special relativity and quantum mechanics
are very much a story of
the geometry of light-wave motion

* How badly does Galilean relativity fail for light waves?

d )
, SPEED) .
* How do you make sense of light-wave| T [axiom(s)?
The Einstein Pulse Wave (PW) axiom C=
versus 299,792 458 | Good approximation:
The Evenson Continuous Jave (CW) axiom ms ¢=300 million m/s

(wavelength )\ - period 7) and/or  (wavenumber k - frequency v)
( A=1l/k and 7T=1/v ) ( w=1/A and v=1/7)
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Level 1 SECI‘EtS(which really shouldn 't be secrets at all!)
Special relativity and quantum mechanics
are very much a story of
the geometry of light-wave motion

* How badly does Galilean relativity fail for light waves?

d )
. SPEED|
* How do you make sense of light-wave| T [axiom(s)?
The Einstein Pulse Wave (PW) axiom C=
versus 299,792 458 | Good approximation:
The Evenson _GQ??_Z_'?_%_?_%;?__V__V_C%}{? _<__<?_W> axiom m/s c=300 million m/s
--------------------- . J

Heinreich
(wavelength )\ - period 7) and/or  (wavenumber k - frequency v) Hertz

( A=slk  and 7=l/v) ( x=l/A  and v=1/r) 1857-1894 ]

1Hz=1sec
(A = meters per wave and T = seconds per wave) (k= waves per meter and v = waves per Second)
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Level 1 SECI‘EtS(which really shouldn 't be secrets at all!)
Special relativity and quantum mechanics
are very much a story of
the geometry of light-wave motion

* How badly does Galilean relativity fail for light waves?

d )
. SPEED|
* How do you make sense of light-wave| T [axiom(s)?
The Einstein Pulse Wave (PW) axiom C=
versus 299,792 458 | Good approximation:
The Evenson _Gf?r_l?_l_'?_b_t_?_%t;?__V__V_c%}f_e_ _(9_W> axiom m/s c=300 million m/s
--------------------- . J

Heinreich
(wavelength )\ - period 7) and/or  (wavenumber k - frequency v) Hertz A7 :i
A=l/k and 7=1/v k=1/\ and v =1/7) 1871899 &g
1Hz=1sec™! <
A\ = meters per wave and T = seconds per wave K = waves per meter and v = waves per Second
P p p p
Greek “L” Greek “t” Greek “k” ][;Iem’" cich— Gr efek n” for ”W””lbec’l’,
or Len l‘h or tlme K . ayser o1l waves per Secon
Je g Jor for‘TqyseC 1853-1940 or Hertz (Hz)
(0]/' ]_(lnks ) 1Kayser=1cm
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How fast is light? Light goes one foot in a nano-second .
This may seem quite fast to us.
But, on a cosmic scale lightspeed is positively sub-glacial.

In your lifetime light cannot move across one pixel () of a Hubble deep-sky photo.
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It’s going -c.

It’s going -c.
(Of course)

It’s going c.
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It’s going -c.
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It’s going c.

* How badly does Galilean relativity fail for light waves?

Albert Einstein

Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c

A “road-runner” axiom
is a “show-stopper”

A‘ A jcos t+A,cos 20it+A 3cos 30t+A 4008 40 ... Complicated
¢

A pw peaks precisely locate places where wave is.




e How

Albert Einstein

\ 1
1879-1955 \

PW forms are also called
Wave Packets ( WP)
since
they are

interfering
sums of
many
CW terms tcos(29)

(10-Cosine Waves
make up this pulse

+cos(30)

+cos(40)
+cos(50)
CW terms a
also called
Color Waves

+cos(60)

+cos(7¢)

or
Fourier ety
Spe( f CI[ +cos(Y)
Components +eos(109)

} (wide reqwons of zeros l~
» }%W%‘ Y

badly does Galilean relativity fail for light waves?

Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c

It’s going c.
It’s going c.

\___(Of course)
T

. —— )
A FEAEEAS,
% N\
— e N

It’s going c.

It’s going -c.

A “road-runner” axiom
is a “show-stopper”

It’s going -c.
(Of course)

i

|
|
Rf|-

It’s going -c.

Pulse wave (PW) train

||

A [}

f‘ I'CW terms interfering constructively /\
|4— (narrow regions of peaks)—#

Complicated

A jcos ®t+Aycos 20t+A 3C08 3wr+A 4cos 4ot+...
0]

A pw peaks precisely locate places where wave is.

<+

| l
[1
\ CW terms interfering destructively l |

——

this phase-0-dimension is time and/or space)

d=kx - ot
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* How badly does Galilean relativity fail for light waves?

Albert Einstein

Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c

It’s going -c. It’s going c.

A “road-runner” axiom

It's going —c. It’s going c. is 2 “show-stopper”
(Of course) | (Of course) PP

= . B
1879-1955 \

Pulse wave (PW) train

s

|
S

It’s going -c. It’s going c.

A jcos wt+Aycos 20t+A 3cos 30t+A 4c08 40t ... Complicated
¢
PW forms are also called 4 & A PW peaks precisely locate places where wave is.
| CW terms interfering constructively | [\ : : : P i ) :
Wave Packets (WP) — ||| =— (o regions o pesks— {: ‘l‘ ) PW widths reduce proportionally with more CW terms (greater Speciral width)
since ™ IV cw terms interfering destructively || | Space-time width (pulse width) Spectral width (harmonic frequency range)
AN (wide regians of zeros / \‘
they arc j ‘ = A (1|cosineAvave) | CW
inter fering thi ~ ionis ti At=1 flinda term Av=1v= fundamental frequency
is phase—([)—dlmensmn is time and/or space) ,)()”.0 y AD _U_I/T
Sums Of COS() q):kx_(ot <« A\/()I'L’/)I'()I](’ L L L L L L L R S
to 1 10 20 30 40 50
many o —5 > P
CW terms +COS(2(Z)) / (2| cosine waves)y interference 2 CW tel‘ms IAD v (up 10 2nd octave)
(10-Cosine Waves— % At= 1/2 More AV =2V ML UL UL P
make up this pulse / Wave-like - 10 20 3( 10 >0
Av=5v (up to 5th)
Feos(39) i More 5 CWterms [ff
( COSH‘[C\"\"?\".?#}:l e H N L L L L U D OO L
+cos(40) At=1/5 /\/7< )\/\/‘\/\ Particle-like AV =5V 5 10 20 30 40 Lo
vs Less prone Av=10v (up to 10th)
+cos(50) | I T ~ O
CWterms a “10COSIHC\’.’JH\?B\\\S) i”’(”‘/&’l'(’n('(f 10 CWtermS xlx”|.l||1|I|[H“\ I I U I DO T
also called +cos(69) At=1/10 N\ Av =10v 1o 20 30 40 30
/10
C()/Or WCIV@S +cos(70) (50| cosine \r".favk%s) < Av=50v >
or At=1/50 o S0 CW texms f N
Fourier 730 Av =50v 10 20 30 40 5o
Spevl a[ +cos(9¢) this dimension is time this dimension is frequency or per-time
Components +eos(109) Fourier-Heisenberg product: At *AV =1  (time-frequency uncertainty relation)
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.—H 1 [ § 1 Al Al [‘1' 1 1 [ § SPEED [ § . /1\0
ow do you make sense of light-wave (S ) axiom(s)?
C=
Albert Einstein 299,792,458
m/s
Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c
s going -c. s going e A “road-runner” axiom
It’s going -c. S going C. - “ _ ”
(Of course) k‘\ (Of course) is a “show stoppeir

— .. J =
AEEAANE 1 » ﬁ ’i\lll’;@
P 4 P ——— : \

1879-1955 \
It’s going -c. It’s going c.

Pulse wave (PW) train

William 0 ‘Ockham . A jcos wt+Aycos 20t+A 3cos 30t+A 4c08 40t ... I Complicated
e U S an 0 ...many waves and Amplitude parameters
\ s b “ A pw peaks precisely locate places where wave is.
Occam s =

Continuous wave (CW) train CW zeros precisely locate places where wave is not.

)
=1 Razor

1285-1349

l

} Acos ot | Simpler
¢ ...just one wave (a 1ICW)

(and Evenson’s lasers)

Kenneth Evenson

1929-2002
c=299,792 458 m/s

Cut a PW to just one Continuous Wave (/CW)
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* How do you make sense of light-wave (i ] axiom(s)?

C=

Albert Einstein 299,792,458
m .
Einstein Pulse Wave (PW) szom PW speed seen5rtll observers is ¢
It’s going -C. ﬁ It's going c. o A “road-runner” axiom
It’s going -c. ." $ going C. : “ _ ”
(Of course) 7 ‘ (Of course) is a “show-stopper

& beep-meep!

1879-1955

It's going -c. It’s going c.

Pulse wave (PW) train
William uf)('khum . | \ [ cos @i+, I_w( 05 2+ A 3C0s I A 4c0s 4an+ I Comp/icated
S lng | A“ | ¢ ...many waves and Amplitude parameters
OCcam ’S, : 4 ‘ /)” peaks precisely locate places where wave Is.
. Continuous wave (CW) train CW zeros precisely locate places where wave is not.
“ Razor |
1285-1349 | Acos ax Simpler

...just one wave (a 1ICW)

fand Evenson'’s lasers)

Evenson Contmuous Wave (CW) axiom: CW speed for all colors is ¢

Kenneth Evenson It’s going -c.
It looks red!

It's going c.

It looks blue! It's going . CW affected by

It looks green. 1st order Doppler

‘ - (S course) Blue shifts b=e'?
S —— “nd

It’s going -c.
It looks green.
Of course

LELEE

600 THz
(gr een)

T —— “?:m)-» — — ‘:'4
T S e . T Red shifts r=e*
m L R R b
T . e e ML 00,9 1 A = Spr— e DO of 1CV U
Sees\De o shift Laser Seas Doppler red shift o
' and wa\

\ It's going c. | Source
It looks blue!

It’s going c.
It looks red!

1929-2002

c=299.792 458 m/s

Cut a PW to one Continuous Wave (I CW) that changes color if you accelerate!

Sunday, November 2, 2014

13



* How do you make sense of light-wave (i ] axiom(s)?

C=

Albert Einstein 299,792,458
m .
Einstein Pulse Wave (PW) szom PW speed seen5rtll observers is ¢
It’s going -c. 577 |'Ws going c. — A “road-runner” axiom
It's going -c. ,“ $ going C. : “ _ ”
(Of course) 1/ \ ‘ (Of course) is a “show-stopper

= beep-meep!

| ’7’
' L) ‘4’
- |
G\"""" S SN Ce—
L

18791955
It's going -c. It’s going c.
Pulse wave (PW) train
William of Ockham l [ jcos @i+, "1( 085 2 ,f_;('(),\ RO& A 4cos 4@i+ I Comp/icated
-l . l '
: U SiNn g I I | @ ...many waves and Amplitude parameters
N T T e T . :
| O 4 4 A PW peaks precisely locate places where wave Is.

s Occams — . .

ORiSlioUs wave (L) train CW zeros precisely locate places where wave is not.

' J&
1285-1349 RaZ or l/l\l l/\l lﬁ__ Acos o I Simpler

(and Evenson’s lasers) \2/ | \/ \/ © ...just one wave (a ICW)

Evenson Continuous Wave (CW) axiom: CW speed for all colors is ¢

Kenneth Evenson It’s going -c.
It looks red!

It's going c.
It looks blue! |

It's going c. CW affected by

It’s going -c.

It looks green. It looks green. 1st order Doppler
N\ f course) 600 THz | (Of course) Blue shifts b=e*?
R (green) v R and
Ll W W W W A

Red ShlftS r=e”
_,M_W:; e L/ S A ¥ o F ‘

e\ e shift Laser S anplu red shift
and wavenun

\ It's going C. source
It looks blue!

\|It’s going c.
It looks red!

1929-2002

c=299792 458 m/s

Cut a PW to one Continuous Wave (I CW) that changes color if you accelerate!

CW also stands for “Cosine Wave” or “Coherent Wave” or “Colored Wave” (all helpful things!)
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME

(r,0)-graph

frequency v
(waves per sec.)

)

Press a key to get a wave

1 N N

A\\l\\\\l\\\\l\\\\l\\\\

AL = TA
v=4/5 )| |
v %, 1|2
|\\_%\|\\_%\\77 \4\\|\\%\\|\\\\J\\\\l\\\\ %
|, C\/avenumbel’ wavenumber k
Y =
- K=3/2 (waves per meter)

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME

(k,v)-graph fime

frequency v
(waves per sec.)

inverse temporal values
per-time versus time

Press a key to get a wave

1 N N

>
y

|

|

|

|

|

|

|

|

A\\l\\\\l\\\\l\\\\l\\\\

A

v=4/5
3 -/ 1 /2 3 !
|\\_é\|\\_é\\f \ﬁ\l\/ﬁ\l\\\\#‘\\\l\\\\

|, Cvavenumbel’ wavenumber k
1 -
K=3/2 (waves per meter)

Yo

\\\\I\\’

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

1 N N

>
y

|

|

|

|

|

|

|

|

i per-SPACETIME )\ h
frequency v [ K.U)-ora h . T)-ora
(waves per sec.) f— ( ’ ) grap fime ( ) grap
—2
:— "wavelength )
- Press a key to get a wave A=213=1K

A

v=4/5
3 -/ 1 /2 3 !
|\\_é\|\\_é\\f \ﬁ\l\/ﬁ\l\\\\#‘\\\l\\\\

:_% Cvavenumbel’ wavenumber k . .
k=312 J (wavespermeter) jnyverse spatial values

per-space versus SPAce

Yo

\\\\I\\’

space

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph
(sec. per wave) /

/
/

frequency v
(waves per sec.)

)

Press a key to get a wave

SN N "

>
y

|

|

|

|

|

|

|

|

A\\l\\\\l\\\\l\\\\l\\\\

!

A

‘frequency :
&

Y %, 1 2 Yoo A, %l 2
| | \_% | | | \_é \ 4 | 4\ | | | \%\ | | [ \J\ [ | [ | | \_% | | | \_%1 | | | V\%\ | | L1 Lol | L
i Y wavenumber wavenumber k wavelength wavelength N
7 K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
|

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )
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The “Keyboard of the gods” or per-space-per-time graphs versus

frequency v
(waves per sec.)

A\\l\\\\l\\\\l\\\\l\\\\

per-SPACETIME

(r,0)-graph

2

2
(and hold)

Press a key to get a wav
A &

I \;

‘frequency : i

3 -2 1 - / 3 1 i 2

|\\_é\|2\\_é\\i 4|2A|J\|

i y Cvavenumbel’ wavenumber k
=-/4

K=3/2 (waves per meter)

period T
(sec. per wave)

e (a l-CW)
Z,

| —%I =Y
N 7 N S N

-y

Y

space-time graphs

SPACETIME

(A, 7)-graph

/
/
/

1

“1-CW" means
“single Continuous Wave”

2

- V2
\\ﬁ\l%\l\\»\l\\\\l\\\\

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )

wayelength
A=2/3=1/x
|

\/

wavelength X
(meters per wave)

Sunday, November 2, 2014
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The “Keyboard of the gods” or per-space-per-time graphs versus

frequency v
(waves per sec.)

A\\l\\\\l\\\\l\\\\l\\\\

per-SPACETIME

(r,0)-graph

2

2
(and hold)

Press a key to get a wav
A &

I \;

‘frequency : i

3 -2 1 - / 3 1 i 2

|\\_é\|2\\_é\\i 4|2A|J\|

L, (W
- (K‘=3/2

avenumber wavenumber k

(waves per meter)

period T
(sec. per wave)

e (a l-CW)
Z,

| —%I =Y
N 7 N S N

-y

Y

4|A1
| LN\

space-time graphs
SPACETIME

(A, 7)-graph

/ “I-CW" means
/ “single Continuous Wave”

..That “continues’”

everywhere..
1/ 1 2

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )

\@avelengtft) N

A=2/3=1/k
|

\

wavelength X
(meters per wave)
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

per-SPACETIME
(r,0)-graph

frequency v
(waves per sec.)

)

(and hold)
Press a key to get a wave (a 1-CW)
A -2,

\ Z

A\\l\\\\l\\\\l\\\\l\\\\

period T

(sec. per wave)

SPACETIME

(A, 7)-graph

/
/
/

“I-CW?” means

/ “single Continuous Wave”

’ :
- C 7=5/4 =1/v ‘e : '
“ 1 ...That “continues

|1 ‘ |1
v=4/5 )|F” ] } , 7 ; , everywhere..
7 | 7 | ; 1 7

| | \_é\ | | \_é vl \4\ | | | \A\ | | L1 \J\ [ | [ /\l | \_é\ | | \_éwr | \4\ 1 A\ | |1 \/-l\\ | m |
\/ \/ wayveloghgth X

|, Cvavenumbel’ wavenumber k
1 -
K=3/2 (waves per meter)

“Keyboard of the gods”" 1s known as “Fourier-space”

Jean-Baptiste
Joseph Fourier
1768-1830

( Ways to quantify general waves )

wayelength
A=2/3=1/x
|

(meters per wave)

Sunday, November 2, 2014
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

)

“1-CW" means
“single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
A -2,

A\\l\\\\l\\\\l\\\\l\\\\

\ ? N
1 . perloa
AL 'A . 7=5/4 =1/v e . .
. | N ...That “continues
v=4/5 )| " | : everywhere..
"2 i % 1 : 2 > 1 B 1/ 1 2
| | \_é\ | | \_é 4P \4\ | | | \A\ | | L 11 \J\ L1 | L1 /\l\ \_é\ | | \_éwr | \4\ | f/q\-\l [ \m\ | \J/\-\\ |
i Y CVaV@number wavenumber k \/ wavelength \/ \/ wyyelgngth X
- K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
! |
...for
period T i
(sec. per wave) |- | Cl_ll

Jean-Baptiste
Joseph Fourier
1768-1830

wavelength X

3 _ B ;
] V avelength y
/ =2/3=1/x (meters per wave)
( Ways to quantify general waves ) | ;
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

)

“1-CW" means
“single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
A -2,

A\\l\\\\l\\\\l\\\\l\\\\

\ ? N
1 . perloa
AL 'A . 7=5/4 =1/v e . .
. | N ...That “continues
v=4/5 )| " | : everywhere..
"2 i % 1 : 2 > 1 B 1/ 1 2
| | \_é\ | | \_é 4P \4\ | | | \A\ | | L 11 \J\ L1 | L1 /\l | \_é\ | | \_éwr | \4\ | f/q\-\l [ \m\ | \J/\-\\ |
i Y CVaV@number wavenumber k \/ wavelength \/ \/ wyyelgngth X
- K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
! |

period T i
(sec. per wave) |

Jean-Baptiste
Joseph Fourier
1768-1830

wavelength X

3 _ B ;
] V avelength y
/ =2/3=1/x (meters per wave)
( Ways to quantify general waves ) | ;
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

)

“1-CW" means
“single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
e

"

A\\l\\\\l\\\\l\\\\l\\\\

A 77777777777777777 1 ..That “continues”
|1 |
v=4/5 J|[” ] | , ] , everywhere..
L, b % : ; 1 7
|\\A\|2\\/\Ni \4\\|2\\A\\ \\\\J\\\\lwwww /\l\\_éwlwféM\\ZL\\lQ\\\ \\\m\\\m\\
i ” Cvavenumbe wavenumber k \/ waveleng \/ wyvelgngth X
- \k=3/2 (waves per meter) /1 2/3=1/k (meters per wave)
...for
period T i
(sec. per wave) |- Cl_ll
N, i time
Keyboard of the gods” 1s known as “Fourier-space” i
: ..at a speed of:

Jean-Baptiste
Joseph Fourier

1768-1830
distance _wavelength

time period
A _2/3 8 m.

S
T\VL' 5/4 15 s.

_3 } §
. wavelength wavelength X
( Ways to quantify general waves ) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-vertical in (A, 7)-graph
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

“1-CW" means
“single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
A -2,

SN N "

A\\l\\\\l\\\\l\\\\l\\\\

- %Q’ perio
b o, 06?}. 7=5/4 =1 y , s
5 | e, ...That “continues
1 | . 1
v=4/5 )|F” | 7 everywhere..
3 -/ 1 - 72 3 1 : 2 3 1 - /2 1 2
| | \_é | | | \_é w17 4\ | | | \A\ | | L 11 \J\ L1 | L1 /\l | \_é 1 \_é A /AN 4\ | f/q\-\l [ \m\ | J/\-\\ |
i Y CVaV@number wavenumber k \/ wavelength \/ \/ wyyelgngth X
- A c=3/2 (waves per meter) A=2/3 =1/ (meters per wave)
wave-speed equals slope-to-horizontal in (x,v)-graph ) | ...for
period T |
(sec. per wave) | | _ll
N\ time...

Jean-Baptiste
Joseph Fourier
1768-1830

_3 } ] .
= AY J— / J—
: avelength wavelength X 1l x
( Ways to quantify general waves ) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-vertical in (A, 7)-graph
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

“1-CW" means
“single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
A -2,

? AN
1 \ perioa

A\\l\\\\l\\\\l\\\\l\\\\

< _ ¢ T=5/4 =1 y , .
“ 1 ...That “continues
|1 ‘ .
v=4/5 )|F” ] } , ' ; , everywhere..
7 | 7 | ; 1 7
| | \_é | | | \_é w17 4\ | | | \A\ | | L 11 \JV L1 | L1 /\l | _Aﬁé\_A A /AN 4\ | f/q\-\l [ \m\ | J/\-\\ |
B y CmvenumbeD wavenumber k \/ wayvelength \/ \/ wyvelgngth X
- A c=3/2 (waves per meter) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-horizontal in (k,v)-graph | ...for
4 . period T i
wave-velocity formula (sec. per wave) | all
distance:wavelength _ frequency e - fime...
time period wavenumber i

A 1k v 1t \

T Tilp k1A E
_2/3 45 8 m. /
514 3R 15 5.

_3 } § .
/ 1k
: avelength wavelength X 1l x
( Ways to quantify general waves ) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-vertical in (A, 7)-graph

Sunday, November 2, 2014 26



The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

per-SPACETIME
(r,0)-graph

frequency v
(waves per sec.)

)

(and hold)

"

A\\l\\\\l\\\\l\\\\l\\\\

AL = TA
‘frequency Y |
v=4/5 J|I |
v %, 1|2
|\\%\|\\1/\Ni \4\\|\\%\\ \\\\J‘\\\l\\\\
| Cvavenumbe wavenumber K
R _
K=3/2 (waves per meter)

period T
(sec. per wave)

Press a key to get a wave (a 1-CW)
e

SPACETIME

(A, 7)-graph

“I-CW’” means
/ “single Continuous Wave”

..That “continues”
everywhere..

Y

wayelength
A=2/3=1/x

wyvelgngth X
(meters per wave)

R Jmf/\
7

wave-speed equals slope-to-horizontal in (k,v)-graph

wave-velocity formula

distance wavelength  frequency
time period  wavenumber
A 1k v 1t
wave ? % - E - m
_2/3 _4/5 _ 8 m.
_5/4 3P _15 s,
Ll‘glil wave- VQZOCiZj/ C (our main topic)
Vh.ghtzc:i Uk 0 _1T_ 599,790,458
t b ok 1A S.

( (Nextup:) Ways to quantify light waves )

period T
(sec. per wave)

' ...for

i al

=~

.
N

...at a speed of:

distance _wavelength

time period

A 23 8 m.

~7 5/4 155,
| IM_B

.

A=2/3=1/c V
wave-speed equals slope-to-vertical in (A, 7)-graph

Wavelength Wavelength N = % - K

(meters per wave)
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period 7 (A, 7)-graph

(sec. per wave)

frequency v
(waves per sec.)

)

“I-CW’” means
/ “single Continuous Wave”

(and hold)
Press a key to get a wave (a 1-CW)
e

"

A\\l\\\\l\\\\l\\\\l\\\\

Treauency vt 7 1 ..That “continues”
|1 ! .
.U =4/5 J|* ] | , § - ; , everywhere..
L, b % : ; w v
|\\A\|2\\/\Ni \4\\|2\ \A\\ \\\\J\wawlwwww /\1_4/(:7&_&!4|2 \\\ \\\m\\\m\\
» Cvavenumbe wavenumber i 4 wayelength N/ welgngth \
- \k=3/2 (waves per meter) A=2/3=1k (meters per wave)
wave-speed equals slope-to-horizontal in (k,v)-graph | ...for
. period T i
wave-velocity formula (sec. per wave) | | all
distance:wavelength _ frequency AN i time
time period wavenumber i
A 1k v 1t | A
et 1 ko 1A | i ...at a speed of:
_2/3 _4/5 _ 8 m. 1 r
5/4 372 15 s.

distance _wavelength

Light wave- -velocity ¢ (our main topic) : = :
time period

A_lk_v_lz m.
V  =c=—= =——=299,792,458 —
light . 1/U < 1L N ;iz 2/3 _8 m.
Dimensionless Light wave-velocity c/c= / K AN/ o 5141/;<15 v
] h wavelength \ BT NER
\/light: A _ 1/k _ v — /T —1 v/lt/alzze/gn(git/’c V (meters per wave) v x
c ¢t ch ck c/A wave-speed equals slope-to-vertical in (A, 7)-graph
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v | per-SPACETIME c-time period cT SPACETIME

(units: 600THz) | (cr,v)-graph (units: opm) | (A cT)-graph
=V, 1300TH|— CTA:A'A |
IZOOTHZ;Z T=10/3fs ;2
Pregs the 600 THz key to get a 600 THz 1-CW) -
900THz|— T=5/4f5 |
- k=l - : A=121,
600THz e -2 , T=5/3fs ,
— ¢ < — lj
i = i S
i I : )
1>:3OOTHZ—1/2 i ) i IS
; i 2:108/m 3-10%m 4-10%m ] Vi}m Vi 1/2“”
-5 - Y5 : | - :
3 3
‘\\-é\l\\_%l\7\\%\\l\\A\\!\\\\l\\\\|\\\\ ,“-‘4‘ l/\l [
c-wavenumber cx x-spacMngth A,

B X [ -4
: (units: 600THz) . (units: Yopum)=A,

(Ways to quantify light waves (600 THz example) )
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The “Keyboard of the gods” or per-space-per-time graphs versus spac

frequency v
(units: 600THz)

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 pm)

e-time graphs
SPACETIME
(A cT)-graph

=V, 1500mHz|— cT = A,A |
12OOTHZ;2 T=10/35 ;2
Pregs the 600 THz key to get a 600 THz 1-CW) -
900THz|— s |—
| cx=lcx, - i =14,
600THz e af = o ; 7=5/3fs fommeflama e NG mantea g ,
- ' < . <
i = a j A
i I : I
v=300THz|— 1/, =) /T%—l/z s
B ~10%m  2:10%/m 3-10%/m 4-10%/m B =V Vigum Y Lpm
I N 7R 2 L7

‘-% Nz Vi %! | -4
NN BRI N IR AR B RN

-, c-wavenumber ck /\/
i (units: 600T9.z%—\/\

(Ways to quantify light waves (600 THz example) )
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
i per-SPACETIME
(cr,v)-graph

frequency v
(units: 600THz)

_ vA 1800THz

1200THz

900THz

SPACETIME
(A .CT) -graph
|__Atom traveling along wave
| sees less,wave “hits”/sec.

)
oppler red-shift)

c-time period cT
(units: 72 pm)
cT, =/,

_ (that is:
A|’|A}Am'l. " 2

T=1

600THz Christian Ay
Doppler N
© 1803-1853 P9
i < A
v=300THz T=5/6fs 2 : =
B 3-106/m 4-106/m =Vin 1/25(]1/}7[ Yapn 1/21,771
L Y% v s, 2 2NN
3, T/2 4 S 2 3 1 - /2 2 3 {
‘\\é\l\\é\ \\A\\l\\A\\!\\\\l\\\\|\\\\ \\\4\ ‘"}l”/‘ZL\ll1 [ I [ I [ I
:_1 c-wavenumber cx ) -space ength A\,
i (units: 600T m)=A,
"hl‘t. "
"hit "
(Ways to quantify light waves (600 THz example) ) // i
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v | per-SPACETIME c-time period cT| SPACETIME
(units: 600THz) | (cr,v)-graph (units: Yopm) | (\cT)-graph
=V, 500t cT, =1, |__Atom traveling along wave
} g | sees less wave “hits” /sec.
S Atom traveling againsgywave | (that is: Poppler red-shift)
- sees more wave “hits"Vsec. /1"
- (that 1s: Doppler blue-s 'ft/ -
900THZT "hit W r=5/4f5 T n hlt n
| ck=lcx / 5 —1.
600THz-———-}------------A- ----- Christian =" it".[. ..... 12”4

P = Doppler _ N
= . 1803-1853 "hit" o
— I :
v=300THz|— 1/, - T=X\6f5 A lll
; B 2-109/m 3-10%/m 4-10%/m ; =V %:}m S 1x21m
-7 - % : ' -V % -
_3 _1 | 1 3 _ _] 3
‘\\é\l\\é\\\A\\l\\A\\!\\\\l\\\\|\\\\ Zl”h"/‘ZL\ll1
-, c-wavenumber cx Y -space ength A\,
= (units: 600T m)= /’LA
"hl‘z. "
/
th'l. "
"hit " "hit n
(Ways to quantify light waves (600 THz example) ) // oy n/ \
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v | per-SPACETIME ctime period cT| SPACETIME
(units: 600THz) | (cr,v)-graph (units: Yopm) | (\cT)-graph
=V, 1500THz|— CTA:A'A |
Press the 1200 THz key to get a 1200 THz 1-CW) :
12OOTH2:---2 ---------------- \ =10/3fs ;2
B CK=2'CKA % i
: & :
900THz|— % T=5/4f b—
i = -
i . = i
< S
| .: E |
600THz—] '\ T=5/3f5 _[
B 1 B
i = | 2=/,
1>:3OOTHZ—1/2 T=5/6fs __1//2---- ;
] 2 10;/m 3-106/m 4-1(;6/m ] >\j;1/4/1m //zm Yapum 1;21171
2 : ' Yo | %
‘ | \-% | | | \_é | || 4\ | | \%\ | | [ | [ 1 [ | | \-% | ﬁ\é | \ | \ | m\ | m | | [
v c-wavenumber ck -y, F‘“ \/ x%ce angth A
: (units: 600THz) . I (units: Yopum)=A,
NS}

( Ways to quantify light waves (1200 THz example) >
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v
(units: 600THz)

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 pm)

SPACETIME
(A cT)-graph

= vA 1800THz CTAzﬂ,A ;
Press the 1200 THz key to get a 1200 THz 1-CW) .
1200TH2:—-2 ---------------- \ =10/3fs ;2
900THZ; T=5/4f% |
600THz|— Ji T=5/3s - Ji
u %.;LA
1>:3OOTHZ—1/2 1/(2 .-
1 i =10%m  2:10%m 3-10%/m 41¢%/m i i (em ipm Lum
1 - L :
o / SN A /- K | Vi V2
\\\\l\\\\\\\\l\\\\\\\\l\\\\\\\\ \\\\Q\\\\\\\\\\\\\\\\
= — o
- c-wavenumber ck -y, fm x-space angth A
: (units: 600THz) . ! (units: Yopum)=A,

( Ways to quantify light waves (1200 THz example) >

Sunday, November 2, 2014

34



The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
SPACETIME
(A cT)-graph

frequency v
(units: 600THz)

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 pm)

=V, 1500mHz|— cT = A,A |
Press|the 300 THz key to get a 300 THz 1-CW) i
i i A=2:1,
1200THz— 2 T=10/3fs e e
900THz|— T=5/4f5 |
600THz|— Ji T=5/3s - Ji
o= ) CK
v=300THz|—L/p-+-- =56 =1/
; F196m  210%/m 3-10%/m 4-10%/m ] i 1/2;’” Yigum 15”1
1 1 , T .
\\\\l\\\\ \l\\\\\\\\l\\\\\\\\ || \\\\l\\\\\\\\l\\\\\\\\
. < .
- ;;N c-wavenumber ck -y, ace wavelength A
- R (units: 600THz) u (units: "2 m)= /’LA
Il
-~

( Ways to quantify light waves (300 THz example) )
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v
(units: 600THz)

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 pm)

SPACETIME
(\cT)-graph

= Uy 1800THzZ|— CTA:A'A |
Pressithe 300 THz key to get a 300 THz I-CW) .
) i A=2-1
1200THz— 2 T=10/3f5 e Prwmmmmm e
900THz|— T=5/4f5 |
600THz|— Ji 5345 ¥ Ji a
B B I
ik = )/ -k, -
v=300THz ——-J/z- --------- T=5/6fs —1/2
; £195/m  2:105m 3-10%m 4-10%m i =Apm 1/2;’” Yayum Lpm
_1 I 1 = 1 :
W 2y 2y, | | ‘s T o L W '/
\\\\l\\\\ \l\\\\\\\\l\\\\\\\\ \\\\l\\\\\\\\l\\\\\\\\l\\\\\\\\
. < .
- ;N c-wavenumber ck -y, ace wavelength \
i R\ (units: 600THz) i (units: Yopm)=1,
Il
-~

( Ways to quantify light waves (300 THz example) >
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v per-SPACETIME c-time period cT| SPACETIME
(units: 600THz) | (cr,v)-graph (units: Yopm) | (\cT)-graph
— vA 1800THz |— CTAzﬂ,A —
Press the 300 THz key to get a 300 THz 1-CW) -
(with negative k) (going left — ) A=— 2./’LA B
1200THz— D e T=10/3N— )
i %w i
A 2. A
900THz|— @Zé T=5/4fs |—
i % i
600THz|— Ji ,b T=5/3f5 ¢
% B Cﬁl B
CK = —%-ck‘ N 13 B
""*0230()TH2—1/2 T=5/6fs —1/2
' =100m  2:10%m 3 106/%11 4-10%/m ; B NI %;m Yagum 1/2tm
w2y | i N D)
\\\\l\\\\|\\\\|s\\\\|\\\\ \\\\l\\\\\\\\l\\\\\\\\l\\\\\\\\
.5: Y c-wavenumber CK.. D) x-space wavelengih.\,
Y : (units: 600THz) . (units: Yopum)=A,
Il
-

( Ways to quantify light waves (300 THz example) >
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

Alice: “Well, what is its wavelength A, Bob!”

A really fast Alice sh/nes her v=300THz laser

/ uUuI\b’- i ;

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

A really fast Alice sh/nes her v=300THz laser

/ uUuI\b’- i ;

Q1: Can Bob tell it’s a “phony” 600THz
by measuring his received wavelength?
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

A really fast Alice sh/nes her v=300THz laser

/ uUuI\\a’- i ;

Q1: Can Bob tell it’s a “phony” 600THz
by measuring his received wavelength?

Q2:If so, what “phony” X\ does Bob see?
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)
Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

A really fast Alice sh/nes her v=300THz laser

/ uUuI\b’- i ;

frequency V=0/2T

(Inverse period v=1/1) L }
900 Check it out in per-spacetime QI: Can Bob tell it’s a “phony™ 600THz
800 by measuring his received wavelength?

700 Q2:If so, what “phony” X\ does Bob see?
THz 600

500
400

300

600TH:z line

wavenumber X=k/27

A= 100um 0.50um  0.33pm (inverse wavelength x=1/\)
k= 1-110%m 2:10m  3-10%m
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

A really fast Alice sh/nes her v=300THz laser

/ uUuI\b’- i ;

frequency V=0/2T

(Inverse period v=1/1) L }
900 Check it out in per-spacetime QI: Can Bob tell it’s a “phony™ 600THz
800 | 1sit 42 B?. C? or D? etc by measuring his received wavelength?

700 . T ”»
A 2:1f so, what “phony” X does Bob see?
THz 600 B_C D coorH: line Q PRORY

500
400

300

wavenumber X=k/27

A= 100um 0.50um  0.33pm (inverse wavelength x=1/\)
k= 1-110%m 2:10m  3-10%m
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

frequency v

(Inverse period v=1/1) .
Q1: Can Bob tell it’s a “phony” 600THz

900
SO0 by measuring his received wavelength?
700 Q2:1f so, what “phony” X\ does Bob see?
THz 600 600THz line
500 Answer to Q2 1s C, the one with slope v/k=v-\=c.
400 kindjof If he sees Green 600THz then he measures A=0.5pum.
300 GRBEN
; |
allowed  (ONE that goes c)
' wavenumber K

]
A= 1.00pum 0.50pm  0.33um (inverse wavelength x=1/\)
k= 1-10m 2:10%m 3-10%m
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)
Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

frequency
(Inverse period v=1/1)
900 0 = ck) QI: Can Bob tell it’s a “phony” 600THz
800 by measuring his received wavelength?
700 B Q2:If so, what “phony” X\ does Bob see?
THz 600 600THz line
500 Ohly Answer to Q2 is C, the one with slope v/k=v - \=c.
jgg kind of If he sees Green 600THz then he measures A=0.5pum.
D If he sees Red 300THz then he measures A=1.0pm.
allowed (ONE that goes c)
| wavenumber K

A= 1.00pm 0.50um  0.33um (inverse wavelength x=1/)\)
K= 1-10%m 2:10%m 3-10%m
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)
Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

frequency v
(Inverse period v=1/1)

900 M = ) Q1: Can Bob t.ell it’.s a “pﬁony” 600THz
800 by measuring his received wavelength?
700 B Q2:If so, what “phony” X\ does Bob see?

THz 600 600THz line
500 Only Answer to Q2 1s C, the one with slope v/r=v"N\=c.
jgg kind of If he sees Green 600THz then he measures A=0.5pm.

D If he sees Red 300THz then he measures A=1.0pm.
alllowed (ONE that goes c) Davenumber x Answer to Qlis NO!

Light carries no birth-certificate!

A= 1.00pm 0.50um  0.33um (inverse wavelength x=1/)\)
K= 1-10%m 2:10%m 3-10%m
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)
Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

Alice: “Well, what is its wavelength A, Bob!”

Light carries no birth-certificate!

A= 1.00pm 0.50pm  0.33um (inverse wavelength x=1/\)

frequency v
(Inverse period v=1/1)

900 M = ) Q1: Can Bob t.ell it’.s a “pﬁony” 600THz
800 by measuring his received wavelength?
700 B Q2:If so, what “phony” X\ does Bob see?

THz 600 600THz line
500 Only Answer to Q2 1s C, the one with slope v/r=v"N\=c.
jgg kind of If he sees Green 600THz then he measures A=0.5pm.

D If he sees Red 300THz then he measures A=1.0pm.
alllowed (ONE that goes c) Davenumber x Answer to Qlis NO!

K= LAO%m 2 10%m - 310%m g Vacuum only makes one \ for each v.*
“All colorsgoc= v =v/k”
Then £Evenson s axiom holds:

*for each beam and polarization orientation \_
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Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

& N Alice: “Well, what is its wavelength A, Bob!”
7~ / b/

Bob: “Alice! My frequency meter reads v=600THz for your laser beam.

A really fast Alice shings hérDS300THz laser i
frequency v
(Inverse period V=1/7)
900 (v =cKk
800
700 C
THz 600 600THz line
500 |
4UU . | |
300 ki ;l;Of : i Also could be labeled :
dllowed (OENE that gdes o Linear-(non)-dispersion
| | | wavenumber K=k/21 . -
= 1.00um 0.50um 0.33um (inverse wavelength KZ]/}{,) axionm. U — CK
K= A0 210 310 g Vacuum only makes one \ for each v. A
“All colorsgoc= v =v/k”
http://www.uark.edu/ua/pirelli/php/waves _pw_from_cw_anim.php y .
http://www.uark.edu/ua/pirelli/php/waveit_|way disp2_phasor.php L Then EvenSOn S dAX10m holds:
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http://www.uark.edu/ua/pirelli/php/waves_pw_from_cw_anim.php
http://www.uark.edu/ua/pirelli/php/waves_pw_from_cw_anim.php
http://www.uark.edu/ua/pirelli/php/waveit_1way_disp2_phasor.php
http://www.uark.edu/ua/pirelli/php/waveit_1way_disp2_phasor.php

Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

— /y Bob: “Alice! My frequency meter reads v=600THz for your laser beam.
e ;\ Alice: “Well, what is its wavelength A, Bob!”

i

A really fast Alice shines her v=300THz laser

frequency v

. More evidence supporting Evenson s axiom
(Inverse period V=1/7)

900 If bluer waves were even 0.1% faster (or slower) than redder ones
900 then each flash from a 5-billion light-year distant galaxy shows up
700 dispersed over 5-million years. (Goodbye galactic astronomy!)
THz 600 600THz line

500 |
300 ki | d Of E i Also could be labeled :

o | Li (non)-dispersion

| | iear-(non)-
all?wed (OINE that goes ¢) wavenumber K=k/21 B

| | | . .
A= 1.00um 0.50um 0.33um (inverse wavelength k=1/A) axion. U — CK
k= 1-10m 2:10m 3-10°m 4

Vacuum only makes one A for each v.
(14 - - %29
All colors goc= A v =v/k
http://www.uark.edu/ua/pirelli/php/waves _pw_from_cw_anim.php

http://www.uark.edu/ua/pirelli/php/waveit |way_disp2_phasor.php L Then EvenSOn A axzom holds:
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http://www.uark.edu/ua/pirelli/php/waves_pw_from_cw_anim.php
http://www.uark.edu/ua/pirelli/php/waves_pw_from_cw_anim.php
http://www.uark.edu/ua/pirelli/php/waveit_1way_disp2_phasor.php
http://www.uark.edu/ua/pirelli/php/waveit_1way_disp2_phasor.php

Clarity Evenson s CW Axiom (All colors go c) by Doppler effects

Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)

- /&» Bob: “ Alice! My frequency meter reads v=600TH:z for your laser beam.
— el . “ .. ”
A “*Z;/\ Alice: “Well, what is its wavelength A, Bob!
AN -

A really fast Alice sh/nes hér 1;300 THz laser "”“ w
frequency UI__)g}r;;Tangular frequency w=2mv angular frequency w=_2mv Coming Soon:
(Inverse period v=1/1) A Introduction
900 angular wavenumber k=2rk Of
800 1s called wavevector & Laser-Phasor
700 clock
THz 600 600THz lind Parameters
) 00 Only ONE i w and k
U . I |
300 ki ;Z)Of | i Also could be labeled :
am:ywed (OENE that gdes o Linear-(non)-dispersion
| | | wavenumber|K=k/21 *

= 1.00ﬁm 0.50,L.1m 0.33um (inverse wavelength k=1/A) Cl)ClOm VUV —CK Or: W:Ck
k= 1-10m 2-10m 3-10%m 4

Vacuum only makes one X for each v.
“All colorsgoc= M =v/k =w/k”
http://www.uark.edu/ua/pirelli/php/waves _pw_from_cw_anim.php

http://www.uark.edu/ua/pirelli/php/waveit |way_disp2_phasor.php L Then EvenSOn A axzam holds:
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http://www.uark.edu/ua/pirelli/php/waves_pw_from_cw_anim.php
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VIEW FROM Alice: “ Checkout my 600THz and 350THz beams! ”

0
\
ALICE’S LAB Bob: “ Coming toward you /

and WOW! I'm seeing
top 600THz doubled to 1200THz uv
g, and 350THZz doubled to 700THz!”

Evenson's axiom is: "All frequencies march in lock-step." Hence, Doppler shift ratio (R|S)=

RECEIVER

Ug

v
depends on relative velocity u,, of RECEIVER R vs. SOURCE § but not on source frequency v.: ’

Vescevir = (BlS) Vsoures Light is GEOMETRIC
(If light were ARITHMETRIC

then Vgpcgver = Vsourcr T Ags
might be convenient.)
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VIEW FROM Alice: “ Checkout my 600THz and 350THz beams! ”

0
\
ALICE’S LAB Bob: “ Coming toward you /

and WOW! I'm seeing
— top 600THz doubled to 1200THz uv

4 i — . and 350THz doubled to 700THz!”
oot I a\‘?&ﬁ\ —

SOURGE RECEN ER \_, ;
3 3 iy
ok
R L\‘EC“EIVL:[\

~

: : : : : L
Evenson's axiom is: "All frequencies march in lock-step." Hence, Doppler shift ratio (R|S)=—L

v
depends on relative velocity u,, of RECEIVER R vs. SOURCE § but not on source frequency v.: ’

URECEIVER <R| > SOURCE

(If Source-Receiver distance is contracting:\ " If Source-Receiver distance is expanding:\
(V) : ) :
RECEVER — Blue shift = (R|S)> 1 RECEIVER — R o shifi = (R|S) < 1
\_ USOURCE J \USOURCE J
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VIEW FROM "\ Alice: “Checkout my 600THz and 350THz beams! ”

0
\
ALICE’S LAB Bob: “ Coming toward you /

and WOW! I'm seeing
— top 600THZz doubled to 1200THz uv

i EE ——— .\ and 350THz doubled to 700THz! "
E\'m —

SOURGE RECEN ER \_, ;
3 3 iy
ok
R L\‘EC“EIVL:[\
UR

Evenson's axiom is: "All frequencies march in lock-step." Hence, Doppler shift ratio (R|S)=—L
US

depends on relative velocity u,, of RECEIVER R vs. SOURCE § but not on source frequency v.:

URECEIVER <R| > SOURCE

(If Source-Receiver distance is contracting:\ " If Source-Receiver distance is expanding:\
(V) : ) :
RECEVER — Blue shift = (R|S)> 1 RECEIVER — R o shifi = (R|S) < 1
\_ USOURCE J \USOURCE J

Logarithm of (R|S) known as Rapidity: p,, =log,(R|S) or: (R|S)=e"
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VIEW FROM

ALICE’S LAB Bob: “ Coming toward you
and WOW! I'm seeing
— top 600THZz doubled to 1200THz uv

- ey and 350THz doubled to 700THz! ”

I I N . @M\ - = 5\_,,;;_ ////

Lx‘EC—'L:lVL:l\

: : : : : v
Evenson's axiom is: "All frequencies march in lock-step." Hence, Doppler shift ratio (R|S)=—L

Uy

depends on relative velocity u,, of RECEIVER R vs. SOURCE § but not on source frequency v.:

URECEIVER <R| > SOURCE

(If Source-Receiver distance is contracting:\ " If Source-Receiver distance is expanding:\
(V) : ) :
RECEVER — Blue shift = (R|S)> 1 RECEIVER — R o shifi = (R|S) < 1
\_ USOURCE J \USOURCE J

Logarithm of (R|S) known as Rapidity: p,, =log,(R|S) or: (R|S)=e"

(R|S)=ePswith: p,, >0 for contraction, (R|S)=ePswith: p,, <0 for expansion.
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Doppler time-reversal symmetry

VIEW FROM

ALICE’S LAB Bob: “ Coming toward you
and WOW! I'm seeing
top 600THz doubled to 1200THz uv

iy and 350THz doubled to 700THZz!

- =Y \a,,
D0 2
—  Bob-Alice Doppler ratio:
p— 1200 2
— (Bla)=2-

— uAﬁmT

— -
—_— .n._
- el .
-
-

-
- -..
- -
- -y
...

|
* 7 Alice: “Well, I'm disappointed, Bob. " Bob: “I'm leaving now! But, I'll send you
AVIE WF RZM . : Your so called 1200THz is a lousy 600THz, . anice 1 ZOOTHZ%V beam g
LICE’S LAB ; and | don’t need any more Blue! ' and a Blue 700THz beam. ”
(Time Reversed) (Fortunately, 700THz turned up as a warm 350THz .) !

Alice-Bob Dopple&)ﬁmo 1
(4|B)="2=
v, 1200 2

8 350THz B

RECEINER
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Easy Doppler—shiﬁ and Rapidity calculation

' Doppler shifts of my 600THz beam. Blue shift to 1200THz

Bob: | see Doppler ,.Carla: | see Doppler
; ' What rapidity p,,, or p - do you’all N\

v =600THz

N RECENER 0 f RECEIVER
DB—IZOOTHZ v ~400THz
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
<R|S> _ Urecever <B|A> _ Yy _ 1200 2 <C| >: Ve _ 400 %
Usource v, 600 1 v, 600 3
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Easy Doppler—shiﬁ and Rapidity calculation

,, Al/ce “Hey Bob and Carla! Read your Bob: | see Doppler ‘ Car/a Isee Doppler
= Blue shift to 1200THz <N

i RS

v, =600THz B EEER el
v,=1200THz v ~400THz
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(] ) = Vaconen (Bl Ay= Ve 1200 2 (clay< e _ 200 _2
UsourcE v, 600 1 U, 600 3

g rapidity: h

Prs = loge <R| S>

Definition of Rapidity,
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Easy Doppler-shift and Rapidity calculation

s I Bob: I see Doppler :
Jl- il Doppler shifts of my 600THz beam. Blue shift to 1200THz N it
7 77/ AN , What rapidity pg, or p,- do you’all oy S
~ ', " have relative to me and each other?” 7

v =600THz

Doppler ratio: Bob-Alice Doppler raltio: Carla-Alice Dopplen;L B%iO: ,
(9]
<R|S>= URECEIVER <B|A>: UB _ 200 :% <C|A>: c _ _z
Usource v, 600 1 v, 600 3
T N
rapidity: Bob-Alice rapidity: )
Prs :loge<R|S> Pra zlc)ge<B|14>:1()geT

Definition of Rapidity,
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Easy Doppler-shift and Rapidity calculation

ALICE’S LASER

Y/ s

GAUNTLE T /.. Alice: “Hey Bob and Carla! Read your Bob: | see Doppler
' _7 Doppler shifts of my 600THz beam. Blue shift to 1200THz

/ 7> What rap/d/ty Pp4 OF P do you'all
= \ \"1

Carla I see Doppler

v =600THz REE -
DB—1200THZ uc—400THz
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S) = O rrcever (B|A) = vy 1200 2 (C| A) = Ve _400_2
p Usource U, 600 1 Uy 600 3
Y N
rapidity: Bob-Alice rapidity: 2 Carla-Alice rapidity: o)
pRS :loge <R|S> pBA :lOge <B|A>:10geT pCA :loge <C|A>:10ge§

Definition of Rapidity,

Sunday, November 2, 2014 58



Easy Doppler-shift and Rapidity calculation

.. Alice: “Hey Bob and Carla! Read your Bob: | see Doppler
. Doppler shifts of my 600THz beam. Blue shift to 1200THz

A
I/

j‘ - What rapidity pg , or p do you'all

Carla: | see Doppler

/.
i

e

|

)
P
i TN

v =600THz

Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
<R|S>:1)RECE,VER (B|A>:UB :120022 <C|A>:Uc :40022
Usource U, 600 1 Uy 600 3
g rapidity: A Bob-Alice rapidity: Carla-Alice rapidity: o)
Prs =log, (R[S) Py, =log, (B|A)= loge% pes =log,(C|A)=log, 3
p., =0.69 (so:p,,=—0.69) P, =041
Definition of Rapidity,
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Easy Doppler-shift and Rapidity calculation

GAUNTLET /. Alice: “Hey Bob and Carla! Read your
... Doppler shifts of my 600THz beam.
"~ What rapidity p,, or p, do you’all

"? '\ ' have relative to me and each other?”

Bob: | see Doppler

=

., Carla: | see Doppler

. SmTHz_ » v A=6OOTH2>'

SOURGE
¥ oue00TH, -
v,~1200THz
Doppler ratio: Bob-Alice Doppler raltiz(b:o ,
U U
USOURCE UA

g rapidity: )

Bob-Alice rapidity:
Prs = log, <R| S>

2
pBA — loge <B| A> = loge T

p., =0.69 (so:p,,=—0.69)

Definition of Rapidity,

Carla-Bob Doppler ratio:

(ClB)= =1
vB vA vB

Carla-Alice rapidity:

=(ClA)(A|B)

Carla-Alice Dopplen;l 1(’)a6i0: i
(Cla)=E=00=3
v, 600 3

2
p. =log, (| 4] =log, >

P, =—041
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Easy Doppler-shift and Rapidity calculation

GAUNTLET /. Alice: “ Hey Bob and Carla! Read your Bob: | see Doppler
... Doppler shifts of my 600THz beam.
A7 . What rapidity p, or p .. do you'all

"? '\, = have relative to me and each other?”

Carla: | see Doppler

=

. SmTHz_ » v A=6OOTH2>'

SOURCE
- v ~600THz - RECELY i
V;=1200THz v-~400THz
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Dopplen;l 1(’)a6i0: i
1200 2 o,
<R|S>:vRECEWER <B|A>=UB= _ = <C|A>: C — S
p Usource N v, 600 1 v, 600 3
rapidity: Bob-Alice rapidity: 2 Carla-Alice rapidity: o)
Prs =log, (R|S) p,, =log,(B|A)=log, T pes =log,(C|A)=log, 3
or:
(R|S)= el p,, =069 (so0:p,,=—0.69) p.,=—041
Definition of Rapidity,

Carla-Bob Doppler ratio:

1y, V-V
)=——=——==(C|A){A| B)
Up UV, Uy E E

LS
-
-
-
-
-
-
-
~ -
1

Carla-Bobirapidity:
ePCB — ePCAepAB
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Easy Doppler-shift and Rapidity calculation

' W Alice: “Hey Bob and Carla! Read your
... Doppler shifts of my 600THz beam.

Bob: | see Doppler
Blue shift to 1200THz

Carla: | see Doppler

“* ' What rapidity p,, or p, do you’all

v, ~600THz f
v~ 1200THz
Doppler ratio: Bob-Alice Doppler ratio:
(R|S) = UREcEIVER (B|A) = Vp _ 1200 _ 2
Usourcke v, 600 1
4 . ~N
rapidity: Bob-Alice rapidity: )
Prs =lOg€<R|S> Pra zlc)ge<B|14>:]()geT
or:
(R|S)= e’ Py =069  (s0:p,,=—0.69)
Definition of Rapidity, -

Carla-Bob Doppler ratio:
(VI V)
UB vA vB

LS
-
-
-
-
-
-
-
~ -
1

Carla-Bobirapidity: . p
ePCB — ePCAepAB

i_'-"'///sted shift to 400THz

: =<C!A>(AJ B)

DC—4OOTHZ

Carla-Alice Doppler ratio:
< C| >: Ve _ 400 %
v, 600 3
Carla-Alice rapidity: 7

pCA — loge <C| A> = loge g
po,=—041

implies: 0-p = Pcs T P

=-041-0.69=-1.10
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Easy Doppler—shiﬁ and Rapidity calculation

¥ v 600TH,

Doppler ratio:

< R| > UrecEIvER
USOURCE
g rapidity:
Prs = loge <R| S>
or:
< R| > pRS

~N

3 _“" \‘s‘ _:; r/,
N Sm [ I-Iz-
SOURCE

Definition of Rapidity,

12OOTHZ

Bob-Alice Doppler ratio:
< B| >_ Uy _ 1200 _ 2
v, 600 1

Bob-Alice rapidity: )

pBA — loge <B| A> = loge T

Bob: | see Doppler
Blue shift to 1200THz

p,, =069 (so:p,,=—0.69)

Carla-Alice Doppler ratio:

V. U,
(C|B)=—==—=—%=(C|4)
UB UA vB

Carla-Alice rapidity:
ePCB — ePCAepAB

(A]B)

implies:

DC—4OOTHZ

Carla-Alice Doppler ratio:
< C| >: Ve _ 400 %
v, 600 3
Carla-Alice rapidity: 7

pCA — loge <C| A> = loge g

P, =—041

 Galileo’s Revenge (part 1) )
Rapidity adds just like
Galilean velocity

Pep = Pea T Pas

| =-041-0.69=-1.10
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‘SPEED
LIMIT

Level 2 SecretS(which also shouldn 't be secrets!) C=
Special relativity and quantum mechanics 299,792,458
m/s
are very much a story of . y

the geometry of light-wave motion

 How do we measure space and time with light waves?
Use ICW laser-phasors for a phase-based theory

 How do we make spacetime coordinate graph with light waves?
Use 2CW laser-phasors and wave interference geometry
Get Einstein-Lorentz-Minkowski graphs for free!
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[CW Laser-phasor wave function

View A 1k v

Dimensionless Light wave-velocity c/c=1

W= Ae“’“Ta’”—Acos(kx wt) + iAsin(kx — ot)

Ut

C cT c/‘l) cK

300 THz laser (

(Infrared)
Real y=Rey

[maglnary/E
y=Im

c/l

k= +1

'" GG@'@?:@:@Q@QQ@GG@G@@@

w=1Ic

T phase-angle

Amplitude
pA

Imaginary
axis

laser-phasors v

!ﬁv '
e\|I M

Wavelength \=2n/k=1/
(lum = 10°m)
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[CW Laser-phasor wave function
V= A-e’(kxfwt ) = A-cos(kx — wt)+iA-sin(kx — wt)

Dimensionless Light wave-velocity c¢/c=1

\]light: A _ l/x _ (V) _ 1/t :1:2angl/.llar T phase-angle phase—angle
c ¢t ch cxk c/h ck units (kx—at)
Amplitude — N\O @000 /T~
Q: Where is phaseZ(kx—wt)ZO(g 4
A: It is wherever this is: 2 = & 7 :
f maginary
| axis
|t o=l  [gser-phasors v
300 THz laser PN
(Infrared) |V OY B > H Y Y Y DY Y R FAn
\ MR XN DAl %8 D, - s, AU,
/
/ I/IﬁW
//
/
2Tw=1/N

fst 3.33-107175)

Space x
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[CW Laser-phasor wave function
v = A5 = Acos(or— o) +iAsin(ke — o)
T phase-angle

Dimensionless Light wave-velocity c/c=1
View A 1 v 1t ‘o angular

cT /v B cK - c/A ck Units

:1:

C

Amplitude = N \| /& T
pA

Imaginary
axis

o=Ic  [gser-phasors vy
300 THz laser g N
(Infrared) 4\"?5“" &P & &2 SRS AN &, v d
: S SN SNBND BB TR N N

4

b
A 20

/g

A\

‘% [~ AX

a YZUNY
@& o

s)
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[CW Laser-phasor wave function
v = A5 = Acos(or— o) +iAsin(ke — o)
T phase-angle

Dimensionless Light wave-velocity c/c=1
View A 1 v 1t ‘o angular

cT /v B cK - c/A ck Units

:1:

C

Amplitude = N \| /& T
pA

Imaginary
axis

o=Ic  [gser-phasors vy
300 THz laser g N
(Infrared) 4\"?5“" &P & &2 SRS AN &, v d
: S SN SNBND BB TR N N

4

b
A 20

/g

A\

‘% [~ AX

a YZUNY
@& o

s)
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) ice: OK, Bob. Colliding 2CW laser beams

47 We're gonna’ hit
7 Sl you from both
\, A& sides, now! iy Bob:Yikes!

nghiQmovzng wave e\ (x-0Y

Leﬁ-movmg waye el( or “Y)

CW Dye-laser

500 TH: WA lice s laser " Rep Carlaslase 600 THz
» .a k((((((«(((k((((((ﬂ

Wavelength 7\. =2m/k=1/K

(1/2um=0.5-10"%m)

Period t=21/0=1/v
(5/3ﬁ9=1.67°10'15s)
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/ Alice: OK, Bob. Colliding 2CW laser beams

45 youtombotn - makes space-time coordinate frame /fg £ Look out, Bob

N\ N sides, now! s Bob:Yikes!
Rzght—movmg wave (-0 " Left-moving wave P >

8
k=+2 ®=2c ﬂgwif‘ﬂ k=-2 ®=2c

CW Dye-laser CW Dye—laser

600 1Hz _WAlices laser RV “Carla’s laser|__600 TH:
| .ﬁ((k(((((((’(((ﬁ((((((ﬂ

Wavelength 7\. =21/k=1/K
(1/2um=0.5-10"%m)

Period t=21/0=1/v
(5/3fs=1.67-10r 155)

The result 1s the “simplest molecule (a 2-v “thing”)...

l .with a space-time frame that eventually reveals relativistic/quantum matter-wave effects!

Space x Space x
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8 zght—movmg CW !0 Leﬁ-moving CW ¢i(lx-00)

o Do k=+2 ®=2c
ye-laser
Py 600 THz Re

RPNl | (R S

\‘\\\\ \\\\\ \’\‘\\\\\\\\\

/‘“/\

f//

-
Wavelength 7»=27t/ k=1/K
(1/2um=0.5-10"m)

made me =
a space-time
graph out of

real zeros.

Howd it
do that?

CW Dye-laser | .~
600 THz | f

Easy!

" You get zeros of any wave-sum e'“+e?
by factoring it into phase and group parts.
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zght—movmg CW eilkx-01)

v i /! \ “-;“’-‘_‘!?f.jf k=42 ow=2c =2 w=2c _.{; 7- ﬂ_: !
4 CW Dye-laser CW Dye-laser | 5
/ R 600 THz 600 THz _|__ ¢

LR

Leﬁ-movmg CW il

~ , — Easy!
//‘ /f/fng%// AN /yr//f*/f/fl WK A .
el ANAN , 7 yo A &\\\’\&“\*/Imw V \\\\\\ MW AR \\Y You getzeros ofany wave-sum ela_|_ezb
r’ \ by factoring it into phase and group parts.
S
ol & Remember your algebra? Exponents of
§ products add.
- +h
Wavelength 7\.=27t/k=1/ K a a-b

So, half-sum 92  plus half-diff > gives a,

and half-sum # minus half-diff “=? gives b.
2

(1/2um=0.5-10"m)

| | Space x
S Bob: fx-ot -kx-ot
T o
Cooll 3 | _pla | elb
You guys (x’t) o i 1 1
S .a+ .a- . d-
mademle& _isR IS _laT
a space-time =¢" 2(e" 2+e " ?2)
graph out of
real zeros.
How'd it
do that?
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zght—movmg CW ei(kx-o1)

AN k=+2  ®=2c -2 w=2 I
A TR CW Dye-laser CW Dye- laser A 7 \Carla
PNy JN| 600 THz 600 THz | """ ™

//‘ '/'f/[ //// //////""”';7"/ /‘/r/////f//’

Leﬁ-movmg CW ei(lx-0p

Easy!

SFATLL T o

-
Wavelength 7»=27t/ k=1/K
(1/2um=0.5-10"m)

\.\ X ‘\\ AN \’\}\\\\ A\ \,\‘7\/7\_6}\f/1m VA{‘*\\ \\\\\ S AU NN \\f You getzerOS Ofany wave-sum ela+€lb

by factoring it into phase and group parts.

\;

§ J Remember your algebra? Exponents of
E products add.
ﬂ a—>b
So, half-sum 7  plus half-diff 5 gives a,
and half-sum %minus half-diff ¢ ; b gives b.
Presto! b (e ath
2

You factor e4+e? intoe * | e * +e

Space x

a space-time
graph out of
real zeros.

Howd it
do that?

kx-(ot -kx ot

-----------------------
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zght—movmg CW ¢i(lx-o0) Leﬁ-mgvmg CW ei(-hx-0t)

’ ) ' ‘ = k _|_2 w= 2C — _2 W= 2C , A j & | :
2 BEa | Y CW Dye-laser CW Dye-laser | 5
/ 600 THZ 6500 THz | :

{ M 1 wy/

/‘/r/////f/\/’:\ y}// ?/ \_ !_'o EaSyI
=NV | TV You get zeros of any wave-sum ¢'“+ ¢
r’ \ l k by factoring it into phase and group parts.
§ § J Remember your algebra? Exponents of
'Q S products add.
a+b a—b

-
Wavelength 7»=27t/ k=1/K
(1/2um=0.5-10"m)

So, half-sum 7  plus half-diff 5 gives a,

and half-sum % minus half-diff =% gives b.
2

Presto! b (e ath
You factor ei¢+eib intoe * | e *? +e 2

Space x Alice 1CW phase: a = kx— wt

made me =

a space-time

graph out of
real zeros.

Howd it
do that?

-----------------------
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i il zght—movmg CW ei(kx-o1)

I { ‘
\ .

1;/‘ / //y‘/' /

\ \‘\ \’\‘\\
N

-
Wavelength 7»=27t/ k=1/K
(1/2um=0.5-10"m)

Left-moving CW (/-0

SAPPL LS I ORAR

PEANNANANAN \ \\ \

\

NG k=42 w=2c k=-2 O =2c ?m2 S
2 REa . Y CW Dye-laser CW Dye-laser | =
7Ny 8| 600 THz 600 THz _| -

Space x

ﬁﬁ Bob kx-ot -kx-ot
Cooll _pla 4 elb
You guys © ( x: t) e...re .
made me E lCHb ;ack -b ja-t
a space-time —-e (e +e 2 )
graphoutof b R b B @ 2~ ooTTTmmmeemeeeees ’
real zeros. . ' e -1t (ezkx 4+ e ka )
Howd it
do that?

Space x

So, half-sum »
and half-sum %minus half-diff

";;;‘ 5 Easy!

You get zeros of any wave-sum e'¢+ e’
by factoring it into phase and group parts.

J Remember your algebra? Exponents of
products add.

a+b a-—>b

a—>b
2

_— l—

You factor €'¢+e'® into e 2 le ?2 +e

Alice 1ICW phase: a = kx— wt
Carla 1TCW phase: b = —kx — ot

plus half-diff > gives a,
gives b.

Presto! PN B o A (o
2

a—>b

Bob’s 2CW Group-phase: +k=——-
Wave

: Group wave: e omtkx =) cosjy

is standing wave (does not vary with time 7)

Sunday, November 2, 2014

75



j ght—moving CW eilkx-01) Left-moving CW e!("/x-00

NG k=+2 ®=2c k=-2 0=2c g A 2
7 W CW Dye-laser Re CW Dye-laser | ,“* /4 Carla:
7Ny NS 600 THz 600 THz [ 20 ™%

A Easy!
a2 You get zeros of any wave-sum e'¢+ e’
by factoring it into phase and group parts.

Remember your algebra? Exponents of
products add.

a+b a-—>b

_—
Wavelength A=2m/k=1/K - ey ——— .
So, half-sum 7  plus half-diff 5 gives a,

(1/2um=0.5-10"m)

and half-sum %minus half-diff “—° gives b.
2
Presto! b (o ah -%

You factor e4+e? intoe * | e * +e

Space x Space x Alice 1TCW phase: a = kx— mt

Bob: Let’s plot this in per-spacetime?! Ix-of -ft-ot Carla 1CW phase: b = —kx — t
Cooll” _pld ib Bob’s 2CW Group-phase: +k—@
You guys 2 (x,,t)_:?_____t € Wave oo TR,
made me i la+b la - l @ Group wave: € + ek —pcosky
a space-time e 2 (e 24097° 2 ); p :
graphoutof e S b BB & t --- kx ---------- *is standing wave (does not vary with time c?—l—b
real 2eros. . . . ‘ =@ o Ll +e J Bob’s 2CW Phase-phase: —Q)=———
How'd it Wave 2
do that?

phase group )
. . Jactor factor Phase wave real part: Re(e”"*)=cos(w?)
ﬁ) is “instanton” wave (does not vary in space X)
Wix,)=€ " cosky

Space x
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fClCtOI” factor group

e A
Wavelength A=2m/k=1/K ;’ Period T=21t/0=1/0 It o oks l/k o5
(0.5um=0.5-10"m) § (1.67fs=01.67-10""°s) baseball diamond
&~ with
P at Pitcher’s mound
- and
G at the Grandstand*.
‘P(x O (e lwt)(Zcoskx) el(kx (Dt)—l—el(kx -t) I'm on 1st base! (R)
e *Thanks,
Standing 2CW in per-space-time Standing 2CW in space-time  woody!
Frequency \ phase  group g
/f ﬁ*;k —

W=2TV 1500
THz

Z€V0

Phase vector

1/2-sum:
R L Bob:

2 The P and G
vectors are
scale models

v’
Re\Pphase -ze
: !

=Ko R=K,, of zero-grid _ L™
lattice vectors roup,

L=P-G R=P+G  (butP and G
switch places)

+4

Group vector 0 R-L Wavevector

1/2-difference Kgg,=G=— ck=2TKC Space x
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Wavelength A=2m/k=1/K
(0.5um=0.5-10"m)

= |
No, Carla |
you’re on 3, dpac A

Period t=2n/m=1/v It /OOkS /Ike a
. (1.67fs=01.67-10"s) baseball diamond

with
“ \ P at Pitcher’s mound
: and

Time ct

J t -
Ia;en: ggi;; Ii\iﬂ/g hi G at the Grandstand”.
Q) fex-ot fex-ot ’ rd
Yours points Left! ‘P(x t) (e l ) (2 COSkx) el( )+el( ) OkI'm on 3 base L.
4 *Thanks,
Standing 2CW in per-space-time Standing 2CW in space-time  wooay!
Frequency phase  group |y
— fClCtOV fCZCfOV group
W=2TTV 150 5
( The THz s 77\ ¢ A
(/U’KI) 120 ase Phase VCCtOf Q
“Baseball . 1/2-sum: E
\ Diamond” ) =P=' R+L, Bob:
900 P The P and G
3d base THz 1st base vectors are
(Carla) (Alice) scale models
=Ko o R=K of zero-grid

lattice vectors

R=P+G (butP and G
switch places)

+4

Wavevector

Group vector 0 R-L
1/2-difference K /gG=_ ck=2mxKc
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Continuous Waves (CW) trace “Cartesian squares’ 1n space-time

CW Laser M
600 THz
(a) CW squares.
1 femtosecond 1.0 fs—
1.0 fs=10"s -
[ micron ]

1.0 um=10"meter

Time
ct -

e

Period

5/3fS -

]

= l%g. .

()

CW Laser M
600 THz

/
/

/ P(O) vs ck)
\L / G(Cl‘ Vs x) R g

N

G(o s ck)
P (ct vs X)

/

um
|
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Continuous Waves (CW) trace “Cartesian squares’ 1n space-time

4 Time N N
M _ ) ' /"’- /
CW Laser ﬁ \ /
600 THz 1 IV
(a) CW squares. T
! foms d 1.0 f Period Wavelen
emilosecon ) - _5 _ 7\‘
1.0 fs=10"3s T .“
I micron : l 0.5 um
1.0 um=10"5meter | | -
Pulse Waves (PW) trace “basebalk ¢
v Time AN
\\\Cf _
(b) PW diamonds
PW laser

5' '

\ /

7N\

]Oktm

/

CW Laser
600 THz

/
/

/ P((D Vs Ck)
G(Ct Vs X) R‘ g

/

pace
X

N /

7N

G((o vs ck)

,1amonds’7 1n space -time \P (ct 15 3)

\
N
AN
AN
AN

| PW laser
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— Right-directed ICW &'("*~®1 — Left-directed 1CW &' 591

— 4 +4 o i 4c k—l =-]
CW green-lase W green-lase
600 THz Doppler blue shifted Doppler red shifted 600 THz

to 1200THz to 300THz

Carla’s 600THz gives / ,

you a nice
infrared 300THz.
@z]ZOOTHZ or \=1/4 /ﬂ@ @ZSOOTHZ or X\=1 um )

Alice: S -
Now our 600THz lasers
move left-to-right. My , ‘ < \-
600THz laser is blasting Wavelength A=2m/h=1/K Wavelength A=2m/k=1/x
25-10m)
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Time

Alice-OK. Wavelength A=2T/k=1/x Wavelength A=2m/k=1/x

_ .1(1-6 _ 16
My UV 1200THz R’ (1/4um=0.25-10"°m) (1um=10"m)
vector is fierce!
You’ll need glasses UV 300THz L/
to see P’ and G’ ¥ . 3rd baseline
lines or coordinates. — [S a lot nicer!
Frequency - 2CW per-Spacetime Plot
v’ 1500 |,
(units of THz :_ 7
’UA=600THZ) 1200 B CK':‘ — e+p /I: = 20 / /
N e A LA R=
— /
| /
1 // v
: ’ v+
[ // Up — va
L // =2”U "
J/ =1200THz
/
+10°  +2-10° +3-10° 100
||||_‘1||||_0_5||||dlllo[sllll‘lllllllsllll2|||||

Wavevector cx’
(units OfCKA=2'106/m)
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V
S
B

Wavelength A=2m/k=1/K

Alice-OK. Wavelength \=2m/k=1/K
My UV 1200THz R’ (1/4].Lm=025]0‘6m) (]].Lm=]0‘6m)
vector is fierce!
You’ll need glasses
to see P! and G’ ¢ o
lines or coordinates. -
Frequency - 2CW per-Spacetime Plot Bob: Sunglasses help.
v 1500 New Wow! Your 1¢t baseline R/
(units of THz _—2'5 / 1st base is*Roppler blued up by e+p—2
— 4 o d R e
v, =600TH:z = e L (Alice)
A ) 1200 _________2_6_‘((_‘_4_.T-€ ..... 7/4-?..2’.9 ..... R/=K|.:.4 E BUt, Cal’/a ’S 3rd basellne- _I_J_/_i_s_l
B / : Doppler red shifted by.e=1/2.
: /. 4 | .. L ST T TTTmmSsssssssssssssssssses -
| 1.5 / , .
i /. Vs = e+va :
L / =20V, !
/ e 1
= J/ =1200THz:
-, :
0.5 // '
— ;
/ '
+100 42100 +3-105 +4r10°
dlllo[sllll‘lllllllsllll2|||,|| :
"""""""" Wavevectorc=------""

(units OfCKA=2'106/m)

Carla: My |,
UV 300THz L/

3rd baseline
is a lot nicer!
(and half as long.)
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Time

Alice:OK. Wavelength A=2m/k=1/K
My UV 1200THz R’ (1/4um=0.25-10"m)
vector is fierce!

You’ll need glasses
to see P! and G’

Wavelength \=2m/k=1/K

(1um=10"m)

lines or coordinates.

UV300THz L’

+ 3rd baseline
is a lot nicer!

(and half as long.)
Frequency — 2CW per-Spacetime Plot Bob: Sunglasses help.
v 1500 [, . New Wow! Your 1¢t baseline R/ o ! R4L
— . o
units of T / 1;;555)6 f_:-_____:-;--_-____??75’_‘_’?‘_’_’_?(_‘?_’{{??_’_‘1‘?_??_? ----- - phase
UA:600THZ) 1200 iZCK;\:e __________ _ ___________ R : BUt Carla S 3rd base[,ne L/ IS New “P/tcher-mouna;” P’/(Phasept
e _K-H Doppler red shifted byie"= 1/2 Is 1/2-sum ;R +L V2
900 - Pitcheft ./ — &L/ | TN 2—1/2
— 3 iy ek’ -1/2 T2
THZ: m UA Ee UA: phase UA 2 +UA _ 2
New - 314 4 =Dy, v’ 2\ 2 ) 20 412 | Y 2412
rd 600 YA phase
39 base Ty ; 5
arla) = IZOOTHZE 3/4 \ )
/! 300 |~ :
=K, < /4 : | 5/4
: e"’:l B !
o . F 24 1100 ¢4 100
""\1"'""""'""\1""""'\2"'” :
: _j-p: -1 Do e B Wavevertor ok '
s 2. (units of ¢k ,=2-10%/m)
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Alice:OK.
My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P’ and G’
lines or coordinates.

Frequency - 2CW per-Spacetime Plot

Wavelength \=21/k=1/K
(1/4um=0.25-10"%m)

Time

Wavelength \=2m/k=1/K
(1um=10"m)

1st base
(Allce)

RK

v’ 1500 [
(units of THz :_
v, =600THz)  F
THzA .
900 |-,
THz [
New DA
600
31 base Ty
arla)
/x> 300 |-
L_,.. 1 -\ THZ
: e_p—l [
0.2
llllhllr.l-Slll_ll.Q
_e_p:_:
1 2 1

||||||'||h|||||||||‘.2|||||
Wavevertor ¢X”

(units OfCKA:2'106/m)

Bob: Sunglasses help.
“Wow! Your 1! baseline R’

UV300THz L’

» 3rd baseline

is a lot nicer!

(and half as long.)
/ . RHL
Kphase

New “Pitcher-mound” P’ /(Phase pt.
is 1/2-sum (R’ +17)/2:

e+P_e—P

2

eP+e”

34 | A2
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Alice:OK.
My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P! and G’

Wavelength \=21/k=1/K
(1/4um=0.25-10"%m)

Time

Wavelength \=2m/k=1/K

(Ium=10"m)

UV 300THz L/

+ 3rd baseline
is a lot nicer!

lines or coordinates.

- _ w@s{@ﬁﬁ’?ﬁk\l (and half as long.)
Frequency — 2CW per-Spacetime Plot & Bob: Sunglasses help.
v 1500 |~ , New 4 Wow! Your 1 baselinqll_}____: K pl RH
(units of  THZ [ / 1st base =<’ 15Hoppler blued up by er=2. phase
_ - / P R B
v, =600THz) 1T2}(1)0 - ok 4__?_?_?___7 = 20K\ R/= /| But, Carla’s 39 baseline L is., New ‘fitcher—mouncy;” P’ /(Phase .
D e, Kg : Doppler red shifted by.e?=1/2. is 1/2-sum ;R Lo
900 |, i )/ ! S v N W E— - 2—-1/2
THz [y P/ K v, _Ee+pUAE Kppase | v,[ 2 +UA —1/2 B 0
New [ /314 o, / =Dv, v’ 2\ 2 ) 2| w12 [ 2412
rd bas.e e : y YA ' phase
arla) : _________ / _______ /. / /NGW — 1200THZE 3/4 \ 2 )
I:= ! 300 [ s ] 7/ Q ndstand ; = Uy 5/4 New “Grandstand” G’ (Group pt.)
el s A/ 4 ' is 1/2-difference (R’-L/ )<2:
v = A :
2 ... 2 1100 1,%2:10% +3-106 41100 : , 2+1/2
T T R (e ) w2 uf 12 ) | T
:_e—p=7I avevecior cx | Uj,ohase | 9 ol 110 Al 912
by <L _300TH 5/4 N,
V-=e "VD,=/—V, = Z =
R A 34
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Alice:OK.
My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P’ and G’
lines or coordinates.

Wavelength \=21/k=1/K
(1/4um=0.25-10"%m)

Time

Wavelength \=2m/k=1/K
(1um=10"m)

UV 300THz L/

» 3rd baseline

is a lot nicer!

- w@s{@ﬁﬁ’?ﬁk\l (and half as long.)
Frequency — 2CW per-Spacetime Plot F Bob: Sunglasses help.
»U’ 1500 |— )5 New e 1 WOW’ Your 1st baseline__R_’___. y s R/'|'ﬂ
(units of — / 1stbase = 15"Hoppler blued up by e+p 2 Kphase™F=
_ - / (Aligg) ~ T g
UA 600THZ) }FZI_(I)() _.__,2.C.‘KA__:e_:l_p__7/A/_f2_94_ R/=K-:.4 i BUt, Carla’s 3d baseline_ L!_i§-' New “I_.DI.tCher'mound/!i P//(Phase pt.
D e, : Doppler red shifted by.e?=1/2. is 1/2-sum ;R Lo
900 |-, Pi )/ ! S v JURE U — - 2-172
THz — m P// // U; _E€+pUA ! CKphase _UA 2 +UA —1/2 _) 2
New . / =Dy, v, 2 2 ) 2| +1/2 | Y 2412
rd base THZ] // .- : p 5
arla) = / /New — IZOOTHZE 3/4 \ )
ﬁ=K/ 300 5 '/ Grandstand =V, 5/4 New “Grandstand” G,/(Gr?up pt.)
gl Lz y ; is 1/2-difference (R'-1.")/2:
L P=— » / : eP+e”
2.... 2 110642109 +3-105 +410° : i’ (., . —
T TR TR e e L ud et |2
E_e—pz__li Wavevecior cK U;mup 2 L e+p 2 _I_e—P e+p_e—P
S 2.
1 G o G o , RLL/ ( cosh p 5/4 | \ 2 J
V.=e¢ P . =—0 . =300TH roup vector K,  G=2" =D . =
¢ Ay 4 < 1/2-diff vector STt 2 A L sinh p A 3/4
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Time
Time

Wavelength \A=21/k=1/K Wavelength A=21/k=1/x
(1/4um=0.25-10"m) (Ium=10"m)

2C WMinkoWski—Spacetime Gri

Frequency B
% Time ct’ [~
(units of k(in]zg:i) __2
v ,=600THz)

R_KH Bob: The spacetime / / / / //

wave-zeros replicate J \
)/ / the same pattern /
P/ // P ’ / ‘
/
/
//
//
L K. THz[ /
/
L / Space x’
-2 al +10° %2100 +3-100 +4:10° (umts of
TR llll()Hll'llll‘lllll|||||‘2llll| A =1/2um)
" Wavevector cx’ [T T T 1] ‘
= /. 6
(units of cx ,=2-10°/m) -1 ). 0 0. 1

Phase vector P K _P_ R+L Group vector G K/ —GL R-L
1/2-sum vector  Pase 2 1/2-diff vector group 2
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Wavelength A2m/k=1/x
(1/4um=0.25-10"m)

Time

Wavelength \=2m/k=1/K
(1um=10"m)

ex’
2C WMinkoWski—Spacetime Gri

Frequency Time |= 2CW Minkowski-sp 1cetime gr
/ — /
U Ct, B //
(units of — 5 ,/ ?
[ /
v ,=600THz) R — /
“Bob: The spacetime
7 f wave-zeros replicate
P / the same pattern. / / / -7
/. / / /i 7
/ / // // - ////
/ (Except P -phase and 7 i - g
~/ G/-group indicators / 47 /
7 ' ' . L
I-K / get switched again.) )2 / P=IK e
= THz / - = P -
- / A7 / # e
/ /// 4 ///
2 -l +10° %2100 +3-100 +4:10° ' XX -
llll‘lllllllll()lll||||||‘1|||||||||‘2llll| A Space x
" Wavevector cx’ y > i | T T ‘
-7 // / /// 2
(units ofCKA=2-]06/m) /1/// Ay e 4 1
/ / -
/ x/ / /
Phase vector P K _P_ R+L  Group vector G K -g-R-L
p ase group 2
1/2-sum vector 2 1/2-diff vector
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Time ct’ [
(units of | _
A =12um) |12

IR
/ / = 7

/4

Frequency [—
Vsl
(units of THz [ y Space ¥
v ,=600THz) [= 7
1200 |- / / oy’ (units of
TH 2 / R=K|_4 A (=172um)

?IQIOZ 51'5 /// // T / /,r | | | ‘ | | | | ‘
B / /€+va=2'UA _1 J . i J. T 1 .5 2

600 : /
T — / p / /

= 5 ~——

/ | : : e er

_ 3005 > 4 phase | bower | — — — Dyt
= THz|— . y ' \ -

0 | |0|.5| 1] hl N Illsl 1 2| n \ RED

A Wavevector ¢ |[ rapiainy

v/ '
-2-106  -109 1106 42100 143105 +410%|| .0 1 Zgroup _\ — :
| IBEEERR group Doppler Doppler
51 b brep
=—V

o
nits of cx =21 0%/m) 4 —

va=luef0r l: 05
i LD 4
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Time ct’ [
(units of | _
KA=]/2p.Lm)
/ ) :
CK ase ( sinhp \_ ) ( 3/4

/ =1 -
P (Ve / 7| coshp J VAL\ 5/4) // / jL

Phase frequency  flips Phase period ™ =1/v /; VA g
U phase—UACOSh,O 5/4 to Tphase_TAseChp 4/5 / )
=1.25 =08 =

e
>
”
.

- T/pkase ) |
Frequency [ =7,8ech 4
’ B —
( v , 1500 |~ , 3 l / "
units of THz [~ 0.8 ,
N /
v, =600THz) | 7 - | Space x
1200 [~ / / 2 (units of
: RK |
TH / = / A =1/2um)
- // b / /"/j‘ -~ ' “ -
C / /
mbs / Z - | |1 \5| TT]
C / e v,=20 J. ) . .
=== / A A - . 2
/
16“00 y
n /
= W phgse=1.23
/ 300 . Doppler T hase v hase oppler
—I THz - // & . phase bREII;p v - — . Ta - bngll)El
B / E ~
22-106  -10° £106 W/ (2100 | +3-106 +4-10° } 1 1
g p bDoppler

|‘1| I_ll)l. Iill ()Illlolsll||‘1||'||115|||| 2| bBLUE RED
€ "V,=70, Wavevector ¢ |[ rapiainy - N
2 ; e sechp coshp e’
(units of cx =2-10/m) " 4\ y
vl for ~=05 g:0.80[ Zs =1.25' 720
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Time ct’ [
(units of | _
K ase ( sinh p \ ( 3/4
=1

P, (Ve :UAL coshp /J VAL 5/4) // / # . /

v/
Phase frequency  flips Phase period ™ =1/v /"
() phase_UACOShp 5/4 t(I)) Tphase_TAseChp 4/5 /

=1.25 -
Frequency [—
) —
(units of THz [— / q ’
v, =600THz) |- 7 pace x
1200 [~ 9 / /- (units of
TH N // = kA=1/2um)
mes Sy S e
C Pay
B e v =20V .
= / // n 2
600
THZ |— / //
= W phgse=1.23 ‘ ‘
/ . 300 0.5 /o hase bDoppler Tphase vphase bDoppler
A THz: // P RED T, v, BLUE
el 1 1
2100 -10° 105 W{2-106 1 +3-108_+4-10°
T T T g T T TR ETTTT ] STOUP | Dappter o
_p 055 | !
eV, =—v ’ —
ATV | Wavevectorécl( mp;dny o \ sechp  coshp P
(units of cx ,(=2-10°/m) " . )
ps” | 5=03 Gl =0.80) ~=125 =20
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Phase wavenumber flips Phase wavelength \ =1/k

Time ct’

P/

i phase= m&mhpv—.?M ©  Nphase=Ascschp=4/3 x(‘;”]"g:gd I {
8 — ﬁsch —
(K e ]\( sinhp | [ 3/4 ) = =4/3
vphase J A COShp J_ AL 5/4 // / ,/—‘/L*
Phase frequency  flins Phase period T —1fv) A

Uphase ’UACOShIO 5/4

to

Tphase—TASCCh,O =4/5

Frequency [—
) B
Vo as00 [
(units of THz [ / q ’
v,=600THz) |- 7 pace ;C
1200 | W1s 0
TH 2 / R : —I/Zum)
b, S w=1.33 L
. / / | AT LT ‘
900
tHz| =0.73 PK )/ / 1‘5
/ / T . 2
= //
600
THZ |— //
N =125 3
/ L 300 0.5 g ‘/2 \ hase bDoppler phase Tphase vphase bDoppler
A THz: // \K RED K, T, v, BLUE
// - 1 1
2100109 100 w2100 43108 1410001 o) N Oeow | Lgrowr Koo | Torow
I‘IIIII.IIII()Illlolsllll‘lllllllsllll2,| bg%&‘ bgggpler
Wavevector cK iy [ \ sinhp | sechp coshp P
(units of cK =2-10/m) " 2 s 5
lielor | —=0.5 =0.75)| ==0.80 ==125 =20
2 5 4 1
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Time ct’ [~

Phase wavenumber flips Phase wavelength \ =1/x . —
K/ phase=k.48inhp=3/4 36 N phase=Aacschp=4/3 x(in]lg:i ) 9

AN A I

(Kpwe | [ sinhp | [ 3/4) —

’ A A /i /
Ve J L coshp J L 5/4 _ / //f /
7 NS N /
Phase frequency  flips Phase period T =1/v 4 /}' ‘ / A
/ — _ / _ _
() phase_UACOShp_5/4 tO Tphase_TAseChp_4/5 » // /
S -
/
- T phase L
Frequency [C =T48echp Al
/ - =4/5 |
(units of THz [— / T/phase:0-8 ///
v, =600THz) |~ é /' - |
1200 |~ / / >
: R -\
TH / /
=N /// K'|'4 ‘!/ N\ phase
900 K / /
thz| =0.75 pl/ /
[ 4 /// -1
600
THZ |— //
- =1.25 ‘
/ . 300 0.5 g / D hase bDoppler Kphase Tphase vphase_ 2’ phase bDoppler
A THZ_ / RED K, T, v, ;LA BLUE
/
-2-10% 109 +109 W, {2105 +3-106 +4-10° I !
group 0 er - A - - 0 er
|-‘1| | |-0.5| L1 OI | |0|.5| R hl | lllsl L1 2,| bnglg b}?Eg”l
. Wavevector 6CK S sinhp | sechp cosh p\ cschp e’
(units of cx ,(=2-10°/m) " 3 2 s = >
Eazlgjgor 5= 0.5 Z:O.75 §:0.80 Z:LZS 521.33 T=2.O
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Time ct’
Phase wavenumber flips Phase wavelength A =1/t i or [~
I‘Jp.ka.se K;Amp'—j/4 to A e_A/ﬁmhp'—4/3 2\ —1/2um) 2 A/
N | 4 _ ﬁmhp—»
CK hase sinh p ) ( 3/4 =4/3
P =1, =0 N
(Ve | coshp J l 5/4 )
) /
Phase frequency  flips Phase period T =1/v ]
U phase UACOShp 5/4 tO Tphase_TAseChp 4/5 /
P—slope Vohase/c
vphase . Coshp 5/4 5 o
| - phase
Frequency I Kopase  SiIDDP 3/ 43 =T145echp
( - £ s N l ; [
units of THz [~ P oh w ’
7 phase ,
v,=600THz) |- / | S](9a¢e ;C
1200 |- / / =y o a7ts 0
2 —
THzdA /// R KI-4 ‘(1/ Nohase=1.33 L 12um)
/ — = . —
K / / a7 | - | NN ‘
900 ¢ | 7 /
THz zﬁ.ha; ) /6/ / / ‘
J . J .
e/ // -1 ' 2
600
THZ |— //
- =1.25
/ L 300 0.5 / h bDoppler o Kphase se vphase phase ' phase b Doppler
B = THZ_ // prase o KA TA UA /IA C BLUE
/
2106 108 100 w(2:10° +3-106 +4:10 1 T Lrow 1
T |T0|5| Mn i |+|1|5| T sroup ppoie ppDerrier
Wavevector cX' \[ rapiaiy = : p
e sinhp | sechp coshp | ¢ coth p e
(units of cK =2-10/m) 4 " 3 2 s }BJQE 5
vl 5=05 77075 | 5=080 ~=125 5=1.3 7=20
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Phase wavenumber flips Phase wavelength \ =1/k
' phase=Aacschp=4/3

K phase=r.4sinhp=3/4

to

AN
CCK ;hase ] {

sinhp |

P/

Phase frequency
U,phase:UACOShp:5/4

phase

flips Phase period T =1/v /
to T,phase:TAseChp:4/5 /

_ 34
v’ J_UAL coshp J_UAL 5/4 ]

Time ct’
(units of
KA=]/2um)

VN
>

(- =
P-slope="Vphase/c
Ve _coshp 5/4 5|
a - - =5 | T phase
Frequency CK;hase sinhp  3/4 (3 ) =7 sechy
4 [ ju—
Vo 1s00 [ 4/3
(units of THz [~ /
v, =600THz) |- /
1200 |- y /
| ; y pnase . —
K phase 7 / N[ / AT 1T ‘
900
| =0.75 p{’ / s
/ e / -1 . ‘1‘ 2
600 )/
\ e /
/ . 300 _0. 5 - I ; ‘/25 D hase b Doppler K phase se v phase phase phase b Doppler
A THz|— / RED K, T, v, /’LA c BLUE
C /
22-106  -10° 106 /(2105 +3-106 +4-10° group 1 growp | Zgrowp \ l
l-‘ll | |-0.5| L1 OI | |0|.5| R ‘1| | lllsl L1 2,| bgzglger \\ b}?ggl’le”
Wavevector cX ([ rapidy i sinhp | sechp coshp &“he cothp | ¢
. . 6 )
(units of cx ,=2-10°/m) " 3 2 s 2 5
‘gl:lgfsfor EZ 0.5 —=0.75 EZOSO 22125 52133 52167 TZZO
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Time,ct’ =

(unjts of | _
A FA12um) ——2

CK oy ) ( coshp ) ( 5/4 —
=1 =1,

G’ (Voo "[Tsinhp | 3/4)

group

Group frequency flips Group period T =1/v f
v’gmup=v,43?nhp=3/4 top T group=TacSChp=4/3

N\=0.75 =1.33
Frequency [—
, B
Vo as00 [
(units of THz [~ / g ,
v, =600THz) | / ' pace ;C
1200 [~ / / =/ (units o
TH S 2 / R=K|_4 A (=172um)
- / 4
s S S * BARRRRN
B P/ , ) / \ J. : ' . ‘ T 1 .5 2
B ; , |
K’ grou /
600 D
T A :f 2 /
C 4/ . \ A Vv
/_ 300 0.5 /: hase bD0ppler K-phase M M phase M bDoppler
= THz— ///U/:groupzo. 75 P RED K4 T4 UA )LA C BLUE
i W
|'2‘.1|OT| N |T1|OT | ﬁz"l?6|*+l3'|lo|6| A tscoup 1 e e e 1
) Doppler Doppler
-] 0)s 0 0'5 1 115 2 &LUE U, brep
4
i W?Vive;t?géli) P ?’\\ sinhp | sechp coshp | cschp cothp | e
units of cx ,/=2-10°m
1 4
aielor | —— 0.5 5079 2080 o125 | o133 2-i67| 2220
5 4 5 4 3 3 I
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’

Time,ct’ =

(unjts of | _
A F1/2um)

G/ CK oy ) ( coshp 5/4 —
=1,
C Vo /J | sinhp | 3/4)
Group frequency  flips( Group period T =1/
U/group ZUASIth:3/4 tO T/group:TACSChp:4/3
=0.75 =/.33
-/
- T group
Frequency [ —7cschp
v u =4/3
1500 — 5 5
(units of THz [~ g ,
v, =600THz) |- 1(9ace ;C
1200 [— / / Units o
2 R= /
TH / KI4 / A =1/2um
[ // / ,/ ‘r/’ — 4 Y
%0{0 - )/ /7 /// | ‘ LT ‘
z —~ B/ ). / ( \ 1 5 2
SRS Sl A
600 roup /
T ‘ :§2 ///
| Y A / 3 l
/ L 300 0.5 / ; hase bDOppler K-phase Tphase vph e phase phase b Doppler
e THZ_ /é/:groupzo- 75 P P K, v, QLA C BLUE
7w
2-10°  -10° +100 %2-106%3-106 +4-10° roup 11 V. roup T group ll
) Doppler Doppler
l-‘ll | ] |-0.5| R OI || |0|.5| N hl |1 lllsl R 2,| bBLZI;E v, T, bREgp
Wavevector cx [ iy |, sinhp | sechp cos}\Q cschp cothp | €™’
. 6 P
(units of cx ,(=2-10°/m) " 3 1 S N 3 5
;‘;’;‘j;‘" —=0.5 —=0.75 | —=0.80 —=125| —=1.33| —=167 | —=2.0
2 4 5 4 3 3 1
Sunday, November 2, 2014 98



= = e PP Timesct’ [
roup wavenumber roup waveleng —1/K qmils of |
/ . 4 R / b e
Hg”“”f_HACOSh” ~7%s =SSO 2 S [—2
(Koo [N [ coshp | [ 5/4) =
/ = = 177N\ ,
G v;roup J ) Sinhp J UAK 34 / / T /

7/
Group frequency flips. Group period T =1/v /
U,group:UASIthp:3/4 tO | /group:TACSChp:4/3

=0.75 =1.33
/
L T group
Frequency - =T74Cschp
V' 500 3
(units of THz _—2'5 y g ,
v, =600THz) |- 7 ](mce ;C
1200 |- / / / units o
TH S 2 / R=K|_4 A (=172um)
B /
b o /7 | '1 | 5' BN
= // : // _ . \/ ' J . ‘ T . 2
600 KR froup /
T -\ =i 7\
|l ALELY LEEEEESS \ —
/ . 3005 L E .M bDoppler Kphase ase vphase 2'Phase Vphase bDOPPlW
AN THz: /U/:groupzo- 75 { K, T, v, )LA - BLUE
/ : —
. 106 | 06 +1 06 /_I{z 1 06 ¢+3 1 06 4+ 06 group 1 Ugroup Kgroup Tgroup 1
) Doppler Doppler
l-‘ll | ] |-0.5| 1] OI | ] |0|.5| |1 hl |1 lllsl 1] 2,| bBLZI;E v, K, T, bREgp
Wavevecior x| - sinh p\ chp coshp | cschp cothp | e’
. . 6 )
(units of cx ,(=2-10°/m) " 3 ) 1 5 )
g;’;'j;“” —=0.5 —=0.75 | —=0.80 | —=1.25| —=1.33 —=167 | —=2.0
2 4 5 4 3 3 1
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Time,ct’

Gmup wavenumber Group wavelength \ =1/ - —
K group_IQACOShp 5/4 )\ group—)\ASGCh,O 4/5 (un]/; Of) __2 )\, roup
=1.25 =08 Viaaiak =\ssechp

(@ {Teoshp T 5740 1—4/5—
G't v J_v“‘k sinhp J_UAL 3/4 / |/
/.

group

Group frequency  flips Group period T ]/U
’Ugroup UASlgrlhp 3/4 tg Tgroup TACSChﬂ 4/3

=0.75 =1.33
/
- T group
Frequency [ =7,cschp
V' 50 | =4/3
. 25
(units of THz [— y g P
v, =600THz) |- // ](mce ;C
1200 |- / / / units o
2 —
TH S / R K|_4 ) kA=1/2um)
| / f
/ /
s o S BARRRRN
: P / _ U ' U y T 1 5 2
600 roup /
T “ f
C 4/ . A v
/ L 300 0.5 / ' h ase bDoppler o M\ M M phase M bDoppler
- = THZ: /é/:group:a 79 P HED K, \ T, v, 7LA C BLUE
/ :
- 106 _106 +106 /4{2106 ¢+3106 + ()6 group 1 Ugroup group Kgroup Tgroup 1
| hl | ] | ols | R OI || |0|.5| N hl |1 Illsl [T ] 2,I bgfl’}’;’” v, /IA b K, T, b}?ggpler
Wavevector cx S sinhp | sechp | coshp | cschp cothp | e
(units of cK =2-10/m) " 3 S 1 5 5
g‘;’gj;‘" —=0.5 —=0.75 || —=0.80| —=125| —=133 —=1.67 | —=2.0
2 4 4 3 3 1

Sunday, November 2, 2014 100



Gmup wavenumber
K group—mcoshp =5/4

Group frequency  flips Group period T =1/v f
’Ugroup UASlgrlhp 3/4 t(If:)) Tgroup TACSChﬂ 4/3

=1.33

coshp 5/4
: U,
sinh p 3/4

T/ rou
—iAC];Chp
=4/3

Time,ct’
Group wavelength \ =1/k (unils of

)\/group — )\A SeChp 4/5
=0.8

7\‘

1/2um)

v 4aN] 4’

7/

sechp

Space x’
(units of
7\.A=1/2].Lm)

=0.75
G— sl.ope— Vgroup/ C
Frequency | . Ugroup - Slnhp 3/4 2
V1500 Kzlfgmup coshp  5/4 5,
(units of THz [— .
v A=600THZ)1200 — 7
B /
THz =2 7 R
L /
/ /
mbe S S
C P f
600 roup /
T % f
/. 300 :0,5 /
oINS V' roup=0.75
/o
-2-106  -109 +106 /42.106*4_3.106 406
l‘l"".ll"()||||0|.5||||‘1||||115||||2'

Wavevector cx’
(units of cK =2-10/m)

‘ K T A
p h ase P]>b\ _ phase Zzase phase b I?L()Z]ger
\ Ta A
r Vgrletp U )’group Tgroup 1
group bDoppler T bDOppler
BLUE c A T, i
rapidi - . R
e p tanhp sinhp | sechp cschp  cothp etP
3 3 4
aefor | —=0.5 | 2=06 ~=075| —=080 =125 Y133 22167 | 2220
5 4 5 4 3 3 1
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Timesct’ [~
Group wavenumber Group wavelength \ =1/k amils of |
/ilgroup=KJACOShp=5/4 )\/groupz)\ASeCh,O=4/5 A A1/2um) B 2 N roup
. =1.25 =(.8 W iiASGChIO
G I TR I D AL B
G't =UAL sinh sz“‘k 3/4 20
group p 2 %’ é}ﬁOZ/%
Group frequency  flips Group period T =1/v P2 q‘b/c
' group="048inhp=3/4 ' yroup=Tacschp=4/3 S,y NI
U group=1UAS1INN O to T group=TA4ACSCNP o, 4\\ 3
x, LN
=(.75 =1.33 Gy SRS
(G-slope=Vyroup/c N
N0Re= N gan@) ..., oS
Frequency  [= Zgrow _ S P _ _ 2 | =74cschp =13 y; 1}9 Cr
v’ | coshp 5/4 5 |=4/3 e (N
1500 [\, < grow X 8‘9{ /
(units of THz [ y ‘ S ce x
v, =6007. HZ)1200 . // A -~ ](Zmits of
2 R= X group=0 8
TH 7 ﬁ A =1/2
- / r I/ T |“|m)
900 |- / / ‘
| 1.5 // /
THz | _ B/ / 15
: /{// : // - ) T 2
wl i
C 4/ . ‘ : A v
/ o 300 0.5 /: h bDOPP - m / M vphase phase _ phase bDoppler
AN THZ: //U/:groupzo. 7 5 prase RED\\ K4 T4 L, /IA C BLUE
/ :
_2.106 _106 +106 /4{2106¢+3106 NO6 group 1 rVgroup Ugr D )“group Kgroup Tgroup 1
T T LT T g T Tl T T T bR c | 1, i 7, pyDerrier
Wavevector ck | e? | tanhp /sinhp | sechp coshp | cschp cothp | e’
(units OfCKA=2']06/m) " - 3 1 5 1 5 5
Eazfsfor 52 05 g 206 12075 g=080 22125 52133 52167 TZZO
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o . / L
Lorentz transformations... lime ct” [”
1 |
(write G’ and P/ in terms of G and P using coshp and Sinhp\ }L:in]l/;:f;) —
/ CK;mup coshp 5/4 —
G — = UA = UA
V.roup sinhp 3/4
0 |.
( ]cosh p+v, ( jsmh P
1 G / ‘
cosh p+ P sinn P
P ! K" hase sinh p 3/4
V) s coshp | Pa 5/4 T/gr__P:
( )smhpﬂ) [ 0 )Coshp Spac X
! o (s of
sinh p + P cosh P ‘ﬁ: : 1/2um)
\- | y BN ‘
- 2
h c K phase T phase v phase bDoppler
L K ﬂ p ase V K BLUE
= \ phase ) A TA UA
| | | | | g}"oup Vgroup Ugroup }’group Kgroup Dl
) c v A, 1% bt
e k_) A \ group J RED
coshp sinhp | Lorentz transform i tanh p sech p W cothp | e
sinhp coshp matrix e or a :0.6' 3075 | 22080 =125 | 2o133(2=167) 2220
R 5 4 5 4 3 ( 3 ) I

7 v >

y 4
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Two Famous-Name Coefficients 7€ <l [

(units of

A =1/20m) —")

//' f’/ 4{ / \ A

7

------------

This number

is called an-Einstein
time-dilation Space x’
(dilated by 25% here) (units of
This number ~ 7 1/2um)

is called a:Lorentz / g | /V' [ TTTT]
length-contraction _ | 1.5 |

0
( con t ra Ct e d by 2 0 A h er e) haSe b Doppler c K pha T phase v phase 2’ phase Vphase b Doppler
p RED v I BLUE
phase KA TA UA A ¢
group ! Vg roup Ugr oup group Kgroup Tgroup ¢ 1
Doppler Doppler
bpre ¢ U, A, K4 T4 Vgroup bren

+p

e” | tanhp sinhp | sechp coshp | cschp cothp | e

/3=Z 1-B B 1 J1-B° 1 B7-1 1 148
¢ | V1+B 1 B2-1 1 [i—p? 1 B 1-B

=0.5 g:0.6 3:0.75 iz0.80 §=1.25 i:1.33 2:1.67 %:2.0
4 5 4 3 3 1

Old-Fashioned Notation
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. Ve
Two Famous-Name Coefficies \; re

KAII/Zum

This number V phase=1.67

is called an:ELinstein /
time-dilation
(dilated by 67% here) Space
This number (units
is called a:-Lorentz | ‘ T ] 7l ‘ 7] | | IAH z
length-contraction W / 15
(contracted by 40% here) phase | bR ¢ K pha Vphase p ol
Vphas K, C
1 Veow  Vgrowp oy B Kerow | Tsrow c 1
STOUP 1 %, Doppler c v, A, K, T, Voo | Dril
R ¢” | tanhp sinhp | sechp coshp | cschp cothp | e
Old-Fashioned Notationl T 15 | ; N N =
¢ 148 1 B2-1 1 N 1 B 1-B
vl fo o33 2208 2ois3 | 22060 2167 | =075 =125 | 2=30
3 3 5 3 4 4 1
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/1?41

(a) Heighway
paradox-1

/ '-'?:) }df
An A
r=1/2 Y4  Carla: “l agree with Alice!”

:"No Bob, you're

A"=0.4um ~ - _{ W g ) ,
i Bob Alice! Your group-.. is 20% short!
=0.5um-"" 3&

\/

A “Lover’s Quarrel” about a 20% Lorentz

CONtraction Newp=0.8 M4

(You’re short! No, YOU'RE short!!, etc.)
...(The worst kind of quarrel 1s when both are right and wrong)

3
—C
5
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(a) Heighway
paradox-1

7 Another “Lover’s Quarrel” ;;xlk/ ’j;
! .casily resolved as simple 1CW-Doppler—) t{?\

Carla: “I'm outa here.

l \l I \l l \l l \l They have really lost it!”

| A"=0. 7511112 S it
b=2 BE £ 7“ # Bob “Alice! Your laser-/. is 50% short! ”
=0.5um-—= \:"/ 4

(Doppler blue-shifts 0.5um
to 0.25um for Alice)
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(a) Heighway f’“‘;; 2
paradox-1 . Jd f |
« ,—_-Aon*
No Bob, you're r=1/2 "' | Carla: “I agree with Alice!”

* L 8 : Bob “Alice! Your group-1. is 20% short!”’

‘\

=(). ium 47

A “Lover’s Quarrel” about a 20% Lorentz

CONtraction Newp=0.8 M4

(You’re short! No, YOU'RE short!!, etc.)
...(The worst kind of quarrel 1s when both are right and wrong)

: 3
So we learn to accept that a group-wave shortens by 20% at this enormous speed of —c.

Q: But, does the steel laser cavity holding the wave also shorten by 20%??

A ...
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.‘ , W
(a) Heighway . ;’fﬁ
paradox-1 . f
: “N B b A Aon* 7‘\
0 Bob, you're p=1/2 ~ Carla: “1 agree with Alice!”

/1 —0 4um ~ \W -y . i :
‘k i “? Bob Alice! Your group-.. is 20% short!

0 iun? < \\

A “Lover’s Quarrel” about a 20% Lorentz

CONtraction Newp=0.8 M4

(You’re short! No, YOU'RE short!!, etc.)
...(The worst kind of quarrel 1s when both are right and wrong)

So we learn to accept that a group-wave shortens by 20% at this enormous speed of éc.

Q: But, does the steel laser cavity holding the wave also shorten by 20%??

A: Yes, or else laser does not resonate! Steel is made of waves, too.
Contraction is what waves do.
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Let’s do the A...B.C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QUGStiOIl 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE 7
QUCStiOIl 2 What is frequency UE 7

Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

2/ Alice: Same frequencies and same speeds. Go figure!

* j v,~300THz
%

v,=1200THz _

Sunday, November 2, 2014 110



Let’s do the A...B.C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QUGStiOIl 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE 7
Question 2 What is frequency UE 7
Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity?

v —V,)/2
u =y = wow (U, —Vg)/
(K, —K)/2

group
k group

Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.
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Let’s do the A...B.C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QUGStiOIl 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE 7
QUCStiOIl 2 What is frequency UE 7

Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity?

V —0,)/2 —0.)/2 V,=+cK
Up =V ooy = —= (0, =0, )/ =C (U~ )/ where: = and
Koo (K =ke)2 (0,402 V,=—CK

Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

) \EY Alice: Same frequencies and same speeds. Go figure!
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Let’s do the A...B.C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QUGStiOIl 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE 7
QUCStiOIl 2 What is frequency UE 7

Difference Mean B
Arithmetic Mean

Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity?

L D -0 )2 TR ) V,=+ck, 1200-300 900 3
=V, ., =——= 0,702 _ C( L~ Ur) where:  and 1200+300° 1500~ 5
o (k)2 (0,402 Ve,

Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

Bob: OK.Now | know

__they’re both goingg c

relative to me.
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Let’s do the A...B+C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QU@StiOH 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE ?
QU.CStiOIl 2 What is frequency UE 7

Difference Mean B

. ) e . . o _
Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity: i Moan

L L. —0 N2 TR ) V,=+ckK, 1200-300 900 3
=V, ., =——= 0,702 _ C( L~ Ur) where:  and 1200+300° 1500~ 5
o (k)2 (0,40, Ve,

Question 2. ...similarly: What UFE is blue-shift DUR of Ur AND red-shift Y'UL=UL/D of UL?

Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

Bob: OK.Now | know

__they’re both goingg c

relative to me.
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Let’s do the A...B+C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QU@StiOH 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE ?
Question 2 What is frequency UE 7

Difference Mean B

. ) e . , o _
Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity: i Moan

v v, —0.)/2 v, —.)/2 V,=+cK; 1200-300 900 3
y = Viy == :( 1 V) :C( 1 —U) where:  * and 1200+300 1500 5
Kooy (K =k )2 (U +0)/2 V,p=—CK,

Question 2. ...similarly: What UFE is blue-shift DUR of Ur AND red-shift Y'UL=UL/D of UL?
szva:rvL:&implies: p2="L or: b= /&
b (O U,
Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

Bob: OK.Now | know

__they’re both goingg c

relative to me.
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Let’s do the A...B+C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QU@StiOH 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE ?
Question 2 What is frequency UE 7

Difference Mean B

. ) e . , o _
Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity: i Moan

v v, —0.)/2 v, —.)/2 V,=+cK; 1200-300 900 3
y = Viy == :( 1 V) :C( 1 —U) where:  * and 1200+300 1500 5
Kooy (K =k )2 (U +0)/2 V,p=—CK,

Question 2. ...similarly: What UFE is blue-shift DUR of Ur AND red-shift Y'UL=UL/D of UL?
szva:rszﬁimplies: p2=2L or: b= /& s0: V,=bv,= &UR;/ULUR
b (O (O U,
Alice: Hey Bob, speed up and join us!

Bob: I'm seeing LL=1200 from you and VR=300 from Carla!
Give me frequencies and speeds for you and for Carla.

Bob: OK.Now | know

__they’re both goingg c

relative to me.
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Let’s do the A...B+C... problem backwards...

, —
Suppose Bob sees beam of frequency UL coming from the LEFT

and —
opposing beam of frequency UR coming from the RIGHT.

QU@StiOH 1: To what velocity U E must Bob accelerate to see beams of EQUAL frequency UE ?
QU.CStiOIl 2 What is frequency UE 7

' - : : Diff M
Question 1. has a Jeopardy-style answer-by-question: What is beam group velocity? —

Arithmetic Mean a

vgmup (1) UR)/Z (UL—UR)/Z . V,=+CcK, 1200—300 900 :é
U =Voroup = = 5= 5 Where: " and 1200+300° 1500 5
K oroup (K‘ —k)/ (vL+vR)/ V,=—CK,

Question 2. ...similarly: What UFE is blue-shift DUR of Ur AND red-shift Y'UL=UL/D of UL?

Geometric Mean

v, v, /v /v
V,=bv,=rv,=—Limplies: b’=—=- or: b= |-~ so: V,=bv,= |-~V =V, 0, =~1200-300
b Vs Vs Uk = /360000

= 600Thz

Alice, Bob, and, Carla: A-RIGHT! Bob’s home. Let's Boogie! =\l
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Thales Mean Geometry (600BCE)

helps “Relawavity”

Rl
Transformed/Per-Time
(Cl) w//~ axis
Slope-tofvertical
Frequency‘unit = c=3/5
3001HZ rou’
D/,
R
| Arithmetic Mean
3coshp = (1+4)/2
=5/2
rence Mean
sinhp = (4-1)/2
= 3/2 Per-Space
-2 1 C 3 4 Ck- axis

- <«Br=Be?
Red shift =1 Blue shift =4
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Thales Mean Geometry (600BCE)

helps “Relawavity” Thales showed a circle diameter subtends a right angle with any circle point P

, D
R’
Per-[l'ime Transformed/Per-Time
(a) w -| axis W'/~ axis
Slope—to vertical Y /
Frequency‘unit: = c=3/5
rou
3001HZ : rouy/
This leads to a convenient
construction of geometric means

d relativistic hyperbolas.

| §
Anthmetzc Mtaan
coshp (1+4)/~2
e = 5/2
erence Mean
Sinhp = (4-1)/2
=3/2 Per-Space
- X CK- axis
Red‘sl11ff~—J Blue s/uft
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Thales Mean Geometry (600BCE)

helps “Relawavity” Thales showed a circle diameter subtends a right angle with any ciygele point P

/

/
Per-Time Tran Per-Time R
(a) W -| axis W'/~ axis :
Slope-tofvertical
Frequency‘unit: -
300THZ

Thiz~eads to a convenient
constructrs of geometric means

aud relativisticfyyperbolas.

S
S
ss
etic Mean
cos p (l+4)/~2
5/2 Y
s
N - '
~ s
. .
~ - S
'S <
o IS
~ S
~ - LN
~ s
~ - h ss
"~ o, | Per-Space
) L% Ck- axis

Blue shift =

+p—‘?
|
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_Per-Time
W - axis

=—Br
Red shift
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

toa Transverse*relativity parameter: Stellar aberration angle

* L€WIS CaITOll Ep Stein, RelatiVitdtStheorie, Bil‘khéiusel‘, (2004) Earlier English version (1985)-

Observer fixed below star sees it directly overhead.

Observer going u sees star at angle

w0

c\/l -u*/c*=c/cosh 0

c tanh-

in u direction.

%S o

/

N S

* =c sechf)=c cos_

“U=C Sin
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

to a Transverse*relativity parameter: Stellar aberration angle

*Lewis Carroll Epstein, Relativitdtstheorie, Birkhaduser, (2004 ) atier Engish version (1985)-

Proper time ct vs. coordinate space x - (L. C. Epstein’s “Cosmic Speedometer”)
Particles P and P" have speed u in (x',ct’) and speed c in (x, cT)
Proper time CT

ct=\(ct )?-(x’)?

Coordinate Einstein time dilation: _
x'=(u/c)ct’ =ut’ ct’=cT seco=cT coshp = CT/\/ 10/

Lorentz length contraction:

L’= L sechp = Lcoso = L-\/I -’/

Proper Time asimultaneity:

¢ At= L’ sinhp = L cosc sinhp
= L cosO tan |
=Lsinc =1L /\/02/M2'1 ~ L u/c
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

to a Transverse*relativity parameter: Stellar aberration angle O

*Lewis Carroll Epstein, Relativitdtstheorie, Birkhaduser, (2004 ) atier Engish version (1985)-

Proper time ct vs. coordinate space x - (L. C. Epstein’s “Cosmic Speedometer”)
Particles P and P" have speed u in (x',ct’) and speed c in (x, cT)
Proper time CT

ct=\(ct )?-(x’)?

Coordinate Einstein time dilation: _
x'=(u/c)ct’ =ut’ ct’=cT seco=cT coshp = CT/\/ 10/

Lorentz length contraction:

L’= L sechp = Lcoso = L-\/I -’/

Proper Time asimultaneity:

¢ At= L’ sinhp = L cosc sinhp
= L cosO tan |
=Lsinc =1L /\/02/M2'1 ~ L u/c

Epstein’s trick 1s to
turn a hyperbolic form
into a circular form:

J@T) +(x) = (ct’)
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

toa Transverse relativity parameter: Stellar aberration angle
(a) Circular Functions )
sin(o) = 0.6000 [

tan(o) = 0.7500 P
sec(0) =1.2500

tan(o) 'lzm(a)

Sin(o) \tu 10)

V
A

sec(o)

Total
circular O
sectors N
area=c | ° S/

Sunday, November 2, 2014 125



Comparing Longitudinal relativity parameter:Rapidity 0 = log«(Doppler Shift)S ,

(b

toa [Iransverse relat1v1ty parameter: Stellar aberration angle 0 _°

Circular Functions

sin(o) = 0.6000
tan(o) =0.7500
sec(o)=1.2500

./.

Hyperbolic Functlons

tanh(9)="0 6000
_sifih(p) = 0.7500
cosh(o) =1.2500

Total
hyperbolic
sectors
area=p

'L\
0,

Total
circular
sectors
area=o

7
7
/
/
/ .
/ ‘m;l(g)
I/’ tanh(p) sifjh(o)
/
/
I
I
a'
r vV
i coshfo) ' :
| A
\
\
\
\
\
\
\
\
\
\
\ |
\ |
\ Q
\ N/
\ S/
AN
DN &
; ~

Qinh(Q)
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SIN(0) = UV.oUUU
tan(o) = 0.7500
sec(o) = 1.2500

cos(o) = 0.8000
cot(o) = 1.3333 csch(p) = 1.3
csc(o) = 1.6667 coth(p) = 1.6667

@ann(p) = V.oLUUU
sinh(p) = 0.7500

I

cot(o) =csch(p)

I =

-

csc(o) = coth(p)

—_}—— cos(0) = sech(p)

0.5

. tan(a) = sinh(p)') = sinh(p)

24

/ sin(o) = ttan(o) k Sinh(p)

’

1
’
L
1
I
I
1
[}

(0]

~
-
S
-~ -
_______
----------
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Circular Functions

m«(0) =0.6435
Length(o) = 0.6435
Area(o) = 0.6435

sin(0) = 0.6000
tan(o) = 0.7500
sec(0) = 1.2500

cos(o) = 0.8000
cot(0) = 1.3333
csc(0) = 1.6667

Hyperbolic Functions
0 =0.6931

Area(p) = 0.6931
tanh(Q) 0.6000

.....

sech(Q) =(0.8000 <

csch(g) = 113333 1 Tl

coth(g) = 1:6667 .~

Each of 6
trig (or trigh)
functions serves ase
at least once as\ /o T @R
a hyperbolic | / s
x,y, and z \ 3
coordinate, ¥ R
x,y, and z

tangent intercept,
and tangent slope,

and
a circular
x,y, and z
coordinate,
x,y, and z

tangent intercept,
and tangent slope. T

cot{o)y=-—csch(

cot(0) 2¢sch(p) -

=sinh(p) relatl\(1ty
parameters...

tan(c)=sinh(p)

them out')

- 'o‘
-

-
-
- -
~ - -
------------

csc(_is%édfh(p) o
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Summary of optical wave parameters for relativity and QM

...and their geometry
v/= W Yo
axis
(Units of 300THz)

An aid to
pattern recognition:

L 4
Occam!
3 Sword
(u/c=3/5)
C’ Bsinh p !
¢’ circle ‘ ’ / -
\ P : ¢ _
\O =
\')P = B S,‘Oﬂ\“ Q B€+p P /B B k
: C\e — A Doppler T
C\‘( \
‘O. SGAID s blue-shifi | 4 anhp sechpB o
] stellar b, g stellar S %
1 angle o § angle o R
i Q ol
<
Be Doppler Q
. Doppler red-shift
\O red-shift g i
D2 - /
an v Z CK’ v v
o - 1 0 - %, A C
= / Besch p > < axis
<—Br——J C
Red shift
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V= W on
. a)f;?;OTH An aid to
4 ..
(Units of 2 R pattern recognition:
L — i
GQ\O.
NS Occam'
Sword
a0
?Qﬂ,a? (u/c=3/5)
sinh p P' . ‘(\“‘\@d o C’ sinh p !
Cu cle @\’Oﬂs ¢t b 4
p 0 >
\0 o
K S)& OX\“ N e+p P = — — k
Doppler ///
tanh p / G blue-shift | | Ltanhp sechp S
A stellar | X § stellar
angleo [~/ < § angle o
_— S
B —+H- 2 =
. T S
e 3
e . Doppler
o 2 /’“ b red-shift
Vv K T c
rou b Doppler group group group group group b Doppler / i
group | Orpp c 1, i T, Vo BLUE S | CKR 4 L /}/ .
p I’lase 1 c phase T phase v phase ;]’ phase Vphase 1 axlS
bgfglger phase 7‘-A vA A“A ¢ bl?ggpler L’\/
rapidi - . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | e
tellar ¥ + . -
* 1/e™” | sinoc tano COSO seco coto csco | 1/e”
e Table of 12 wave parameters
_u | 1B B - 1 -1 1 1+8 . _ oo
p=" B | 1 g 1 3| 1 B —B (mcludes 1nverses) for relat1v1ty
1 3 4 5 4 5 2
value for o R g R i — R —
ey 5= 0.5 s =0.6 4—0.75 5 =0.80 —=1.25 3—1.33 3—1.67 1—2.0 _and values for u/c=3/5
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)

— < coshpz1+% p2
— (K phase= Bsinhp)=Bp  (foru<c) :
sinh p=p
At low speeds: -
Doppler Vgroup vgroup )‘ group K(g oup Tgroup Vphase Doppler
group | by T byue
¢ Uy A 44 Ty ¢
h 1 c £ phase Tphase vphase Z’ phase C 1
p ase bD()ppler V K T ) l V bD()ppler
BLUE phase \ A A A A group RED
rapidit - . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | €
SZZZ 71 1/e™ | sino tano COSO seco coto csco | 1/e”
_u | =B B 1 =p7 1 | JB-L 1| 4B
¢ | V148 1 B2—1 1 1-B 1 B 1-B
1 3 3 4 5 4 5 2
pd” | ==05] ==06 ==0.75| —=080 ==125| —=133 ==167 | —=20
2 5 4 5 4 3 3 1

B=1)A
B=1)A=CK'A
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Using (some) wave parameters for relativistic quantum theory
ACUphase = Bcosh @z B +% sz(for UKC)

................................ : coshp= 1+2p ~1+2 > b= Uy
—Qphase = Bsinhp)=Bp (for u<c) B=v, = ck,
u . sinh PNPN
— = tanhp = (for u<c)
(5 :
- At low speeds:--
—
|% K T 1%
group bgggplﬂ L g:”ﬁ " gjoup. group pZase bgfglger
hase I ¢ ¢ 1
P b | Vi Voo | o
m”l’;d"’y e’ @nh ) coth p e’
S;f;‘,’;: /e | sino cSCO 1/e7"
v BB 1| (148
¢ | V148 1 B2—1 1 B 1-B
o 1052206 2=075| 2=080 2=125| %=133 2=167| 2=20
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
ACUphase = Bcosh @z B +% sz(for UKC)

e . coshp= 1+2p ~1+2 > b= Uy
_gphase = Bsinh ,0) bp (for u<c) B=0V,4=cK,
7] . sinh p~p~
Y~ tanhp = pj - (for u<c)
C
- 1 B At low speeds:--
U hase = B+Ec_2u & for (u<c)
/'
Vv A K T Vv
gl" OI/lp b}?ggplcr L g:up group gfoup group pZase b gzz%ler
hase ! ¢ 1
P b l? Z{;};;ler Vphase Vv b I?ggpler
m”l’;d"’y e’ @nh ) coth p e’
S;ZZ Z 1/e” sino cSCOo 1/e’”
| =B B ! 1+
e | V148 1 B2—1 1-B
Py 105|206 22075 22080 2=125| 22133 22167 2220
2 5 4 5 4 3 3 1

Sunday, November 2, 2014

133



Using (some) wave parameters for relativistic quantum theory

1 2
U phase = Beosh p)= B+5 Bp* (for u<c _
4( phase P 2 P ( ) coshp= 1+2 pP=1+1L 2 B=v,4
phase = Bsinh p) Bp (for u<c) B=v,=cKk,
sinh p~p~
k_ — tanhp = pj - (for u<c)
c ) :
| B At low speeds: B g
Uphase = B+ 5_2u & for (u<c) = K phase = 7 U
C C
-
] 0 er V’I"()Lt v rou T ase ase T rou V ase 0 er
time | b L Aca = pThA ( 2 ) ;AP pZ boivn
1 C rou rou, Al ase C 1
Sp ace bD()ppler ; - g - Zh Doppler
BLUE Vphase A KA A Vgroup bRED
e @nh P sech p @osh p)| cschp cothp | €
e 5 | e | sino coso  seco | cotc  csco | lle”
| BB s 1 [ 1 [ | 6B
e | V148 1 B2—1 1 1-B 1 B 1-B
v Lo05] 2206 2207522080 2=125| %2133 2167 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
——(Vpase = Beosh p)= B +3 Bp? (for u<c)

: coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp 5 (for u<c) B=v,=cKk,
T sinh p~p~
— =tanhp =p| | (foru<c)
) L
N~ I At low speeds: B
Uphase B+ 5—214 < for (l/t<<C) — Kphase =—5u Uphase and Kphase Tesemble
C C ;
formulae for Newton’s
kinetic energy and momentum
1
Resembles: const.+ EMMZ Resembles: Mu
/'
V A V
group bggg’ler L g:”p group Kgroup Tgmup PZ‘M bggglger
phase 1 c c 1
bl?l(,)lljlger Vphase Vgroup bl?ggpler
rapn e’ @nh P cothp | €

\va .
stellar 1/e+p sino

angle ©

CSCO 1/e?

u 1-B B 1

c 1+ 1 B2-1

1 3 3 4 5 4 5 2
el | =05 | 2=06 ~=075 | ==080 >=125| ==133 2=167 | =20
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)

1
Resembles: const.+ EMMZ

—@phase = Bsinh p) ~ Bp (for u<c)
Y~ tanhp = pj (for u<<c)
< 1 B At low speeds:
U s hase zB+EC—2u2 & for (u<c) =
hB
Rescale vpnase by 1 150: M =C—2

Resembles: Mu

u
coshpz1+% pzz 1+%C—2

sinh p=p=—
C

K

B=1)A
B=1)A=CK'A

phase = 5 U Uphase and Kphase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

|
1
G
K

-
tlm e b}?ggpler ngroua Ugroup T phase T group Vphase b gff]]ggr
¢ T, T, C
1 c group group A’ phase C 1
space Loy _8I0Up
P | Vi b K | A Vo, BT
ropn e’ @nh p sech p @osh p)| cschp cothp | €
S;ff;‘l’er 71 1e | sino COSO seco coto csco | l/e”
_u | 1B B I -5 1 -1 1 | 4B
e | V148 1 B2—1 1 1-B 1 B 1-B
1 3 3 4 5 4 5 2
pelr | ==05 | ==06 ==0.75 | —=0.80 ==125| —=133 ==167| ==2.0
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory

A@Mase = Bcosh @~ B +% sz(for UKC)

_;phase = Bsinh p) Bp (for u<c)
= tanh p = pj (for u<c)
= 1 B At low speeds:
Uphase = B+ __2u2 & for (u<c) =
2 hB

0. M=—+
C

Rescale vUphase by 7

1
Resembles: const.+ EMu2

K

u
coshpz1+% pzz 1+%—2

sinh p=p=—
C

Resembles: Mu

phase =

—
V T %
g r 0“17 b[?ggpler L g:up —° P : group pZase b gfglger
hase I ¢ C 1
PR o | Vi v | o
rapidi - -
£ ¢’ @nhp cothp | €
S;illgll; Z 1/€+p SinG CSCO l/e_P
_u - B B7-1 1 1+
C 1+ﬁ 1 [)’—2_1 1 l_ﬁz 1 ﬂ l—ﬁ
1 3 3 4 5 4 5 2
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 3 4 5 4 3 3 1

B:UA
B=1)A=CK'A

u Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor 2 (or hN)
to match units.
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Using (some) wave parameters for relativistic quantum theory

A@Mase = Bcosh @~ B +% sz(for UKC)

1
Resembles: const.+ EMu2

K

_;phase = Bsinh p) Bp (for u<c)
2 tanhp = pj (for u<c)
= 1 B At low speeds:
Vphase = B+ Ec_zuz & for (u<c) =
hB
Rescale vppase by 1 |50: M=—5-
C
1
hvphaseth +— ) u®> < for (u<kc)= hx

u
coshpz1+% pzz 1+%—2

sinh p=p=—
C

Resembles: Mu

phase =

phase™

—
V T %
g r 0“17 b[?ggpler L g:up —° P : group pZase b gfglger
hase I ¢ C 1
PR o | Vi v | o
rapidi - -
£ ¢’ @nhp cothp | €
S;illgll; Z 1/€+p SinG CSCO l/e_P
_u - B B7-1 1 1+
C 1+ﬁ 1 [)’—2_1 1 l_ﬁz 1 ﬂ l—ﬁ
1 3 3 4 5 4 5 2
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 3 4 5 4 3 3 1

B:UA
B=1)A=CK'A

u Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor 2 (or hN)
to match units.
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Using (some) wave parameters for relativistic quantum theory

A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 >
phase = Bsinh p) B P (fOI‘ ULC )
7 sinh p~p~
— = tanhp = pj (for u<c)
C
- 1 B At low speeds: B
2
Uphase = B+ Ec_zu & for (u<c) = K phase = C—zu
hB :
N A ) 2 (The famouy Mc
Rescale Uppase by 1 150: M= ) or: hB = Mc shows uf)
1 >
N pase=hB + = ) u- &tor(uke)= K pu =77 U
|
Resembles: const.+ EMu2 Resembles: Mu
/v
group b}?ggpler ngroup Ygroup. s Tgroup Vphase bgf{l}lger
¢ C
hase ! ¢ ¢ 1
P b | Vi Voo | o
r“pl’;dity e’ @nh ) coth p e’
e 71 1/e™ | sino csco | l/e”
v BB p7—1 1 | [14B
e | V148 1 B2—1 1 1-B 1 B 1-B
anepr | L5139 06 3075 | 2080 2105 | 22133 2o167 | 2220
B=3/5 7 5 1

B:UA
B=1)A=CK'A

Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor 2 (or hN)
to match units.
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Using (some) wave parameters for relativistic quantum theory

A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 >
_;phase = Bsinh p) Bp (for u<c)
7 sinh P~P~
— = tanhp =p (for u<c)
C
~ 1 B At low speeds: B
2
Uphase = B+ Ec_zu & for (u<c) = K phase = C—zu
hB The famous Mc?
Rescale vppase by i s0: M=—5- or: hB = Mc2 ( hows Ep!) ¢
C
1 hB 5 hB
MU ,pase=hB + 5—2u Sftor (ukc)= K,y =5 U
C C
r» 1
h s~ Mc™+ > Mu* <for (u<c)= hK phase™= Mu
/v
1% 1%
group bgggplﬂ L group Tgroup phase bgfg%ler
c T, c
1 c A c 1
phase — phase —
bgLf]Ig Vphase A’A Vgroup bI?Egpl
S @Hh P, cschp  cothp | €'’
SZZZ 71 1/e™ | sino coto csco | 1/e”
_u | 1B B I p—1 1 45
e [ NHB |1 ! B | \1-B
Py 1052206 2=075 4133 22167 2220
2 5 4 3

B:UA
B=1)A=CK'A

Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor 2 (or hN)
to match units.
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Using (some) wave parameters for relativistic quantum theory
A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase = Bsinh p) Bp (for u<c) B=v,=cKk,

T sinh p~p~

Y~ tanhp = pj (for u<<c)

C

- 1 B At low speeds: B
Uphase B + 5_2142 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB 5 ¢ formulale for Newton’s kinetic
Rescale vphase by 1 s0: M=—%" or:hB = Mc energy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor 2 (or hN)
=hB+—— for (u< K ~— .
hvphase h 2 2 us <ftor(uxc)= h phase o2 “" to match units.
T T N S Lucky coincidences??
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
Doppl f‘/rou T rou V hase Doppl
group | by L - L
C T, c
hase | ¢ ;Lphase ¢ |
p bl?l(,){yllger Vphase 2“A Vgroup bl?ggpler

rapidity -p +p
; e @nh o, cschp  cothp e

SZZZ 71 1/e™ | sino coto csco | 1/e”

| =B B ! p7-1 1| 4B

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3
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Using (some) wave parameters for relativistic quantum theory
A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp (for u<c) B=v,=cKk,
sinh p~p~
7
— = tanhp =p (for u<c)
C
- 1 B At low speeds: B
2
Uphase = B+ 5—2u & for (u<c) = K phase = 75U Uphase and Rphase resemble
¢ hB 5 ¢ formulale for Newton’s kinetic
Rescale vphase by 1 s0: M=—5 or:hB = Mc energy EMMZ and momentum Mu.
C
1 hB 5 hB So attach scale factor % (or AN)
=hB+——- for (u< K ~— .
hvphase h 2 2 uw sfor(w<c)= 1 phase o2 “ " to match units.
h o2 1 M """"""" f """""""""""""""" h M --------------------- Lucky coincidences??
V ~ Mc*+=Mu?> < for (u<c)= K ~ Mu
phase 9) ( ) phase .. Iry exact Uppase ...
Doppl f‘/rou T rouy, V hase Doppl
group | b L o I
C T, c
hase 1 < Ao < !
p bl?l(,){yllger Vphase 2“A Vgroup bl?ggpler

rapidity -p +p
; e @nh o, cschp  cothp e

SZZZ 71 1/e™ | sino coto csco | 1/e”

| =B B ! p7-1 1| 4B

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3
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Using (some) wave parameters for relativistic quantum theory
A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp (for u<c) B=v,=cKk,
7 sinh p~p~
Y~ tanhp = pj (for u<c)
C
- 1 B At low speeds: B
U phase = D+ 5—2u2 & for (u<c) = K phase = 75U Uphase and Rphase resemble
¢ hB 5 ¢ formulale for Newton’s kinetic
Rescale vphase by 1 s0: M=—%" or:hB = Mc energy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor % (or AN)
U pase=hB + 22 u” &for (u<kc)= hx phasezc_z Utk units,
h Me2s 1 M """"""" f """""""""""""""" h M --------------------- Lucky coincidences??
V C u? < for (u<c)= K ~ Mu
phase ( ) phase TI/:)/ exact Uphase
NV pase=hB cosh p =Mc* cosh p
Doppl f‘/rou T rouy, V hase Doppl
group | b L o I
C T, c
hase 1 < Ao < !
p bl?l(,){yllger Vphase 2“A Vgroup bl?ggpler

rapidity -p +p
; e @nh o, cschp  cothp e

SZZZ 71 1/e™ | sino coto csco | 1/e”

| =B B ! p7-1 1| 4B

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3
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Using (some) wave parameters for relativistic quantum theory
U ,hase = DB cosh @z B +% sz(for UKC)

: coshp=l+3 p?=~ 1+%u—2 B=vy
CK phase = Bsinh p) ~ Bp (for u<c) | y c B=v,=ck,
sinh p=p=—
U &
k_ = tanhp =p (for u<c)
C
1 B At low speeds: B
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB 5 ¢ formulae for Newton’s kinetic
Rescale vphase by 1 s0: M=—%" or:hB = Mc energy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor 2 (or hN)
=~hB+—— for (u< K — .
O ppase=h 2 2 ut =tor (u<ke) = K ppa 2 " to match units.
h o2 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
L =~ Mc+—Mu~ <&lor(u<kc)= K ~ Mu
phase 2 ( ) phase T]/:y exact Uphase
_ _ 2
thphase— hBcosh p=Mc~coshp
7 2
Doppler Vgrou Doppler M C
group | brep L . e = Total Energy: E = —
1 c 1 Einstein (1905) \/1—u c
p hase Doppler Doppler
bBLII;[;? Vphase bREgp
rapli)dity e—p @nhp e+p
e o | e | sino 1/e”
| =B B 1+8
e | V148 1 1-B
o Lo05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 1

Sunday, November 2, 2014

144



Using (some) wave parameters for relativistic quantum theory
U ,hase = B cosh @z B +% sz(for UKC)

: coshp=l+3 p?=~ 1+%u—2 B=vy
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
77 sinh p=p=—
o = anhp - pj (for u<c) c
C
1 B At low speeds: B
Uphase = B + 5_21/12 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB 5 ¢ formulale for Newton’s kinetic
Rescale Uphase by 1 s0: M=—%" or:hB = Mc energy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor 2 (or hN)
=~hB+—— for (u< K ~— .
U s~ 2 2 u" —tor(u<e)= Ik ppaz 2 “ to match units.
h o2 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
L =~ Mc+—Mu~ <&lor(u<kc)= K ~ Mu
phase 2 ( ) phase Tl’y exact Uphase and K:phase...
th phase="11B cosh p =Mc* cosh p
7 2
Doppler Vgroup vgroup A’ group Doppler M C
group bREDl L C] v, 1, bBLUEI = T()tal Energy: E = -
phase | — c (Kphﬂ T e 1 Einstein (1905) \/ l-u”/c
buite | Vorwe  \ K T, brep : 2 .
: hek =hBsinh p =Mc* sinh
e @nh@ (sinhp) | sechp e’ | phase p p
e g | 1€ | sinc  tano | coso 1/e”
T O I A S W RN/ B
e | V148 1 B2—1 1 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
U ,hase = B cosh @z B +% sz(for UKC)

: coshp=l+5p°=~ 1+%u—2 E=v,
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
sinh p=p=—
u &
k_ = tanhp =p (for u<c)
C
1 B At low speeds: B
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB 5 ¢ formulale for Newton’s kinetic
Rescale Uphase by 1 s0: M=—%" or:hB = Mc energy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor 2 (or hN)
=hB+—— for (u< K ~— .
O ppase=h 2 2 ut =tor (u<ke) = K ppa 2 " to match units.
h o2 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
V =~ Mc™+—Mu~- <&lor(ukc)= K ~ Mu
phase 2 ( ) phase Tl’y exact Uphase and K:phase...
th phase="11B cosh p =Mc* cosh p
7 2
Doppler Vgroup vgroup Doppler M C
group | brep L cj . e = Total Energy: E =
= 2.2
phase | — c (Kphﬂ 1 Einstein (1905) \/ I-u~/c
bt | Virase \ Ka brey : 2 .
B I hck =hBsinh p =Mc* sinh
rap;')dity e—p @nhb @ e+p phase p p
T u
e 71 e | sinc  tano: 1e” 1 . Mcu
S B [a ‘P 2,2
| BB s (o i Y Ji-u?e
c 1+ 1 B>-1 1-8
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory

_ ~ Rl pn2
U phase = Beosh p= B +5 Bp* (for u<c) cosh- 1+2p 1l - B=v,
CK‘phase = Bsinh pl~ Bp (for u<c) B=v, =ck,
sinh p~p~
k_ — tanhp = pj (for u<<c)
C
At low speeds:
1 B -5 B
Uphase = B+ 5—2u & for (u<c) = K phase = 75U Uphase and Rphase resemble
¢ hB 5 ¢ formulae for Newton’s kinetic
Rescale Uphase by 1 s0: M=—%" or:hB = Mc energy EMMZ and momentum Mu.
C
1 hB 5 hB So attach scale factor % (or AN)
MU ,pase=hB + Ec_zu Sftor (ukc)= K 440 C—zu ‘o match units.
h o2 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
UphaseN c 5 " — for (u<<C) = KphaseN u Tl’y exact Uphase and K:phase...
th phase="11B cosh p =Mc* cosh p
(v v, o2
group | by L grcma by = Total Energy: E = —
phase | — c ” j 1 Einstein (1905) \/ l-u"/c
Dot Drep : 2 .
. hck =hBsinh p =Mc” sinh
rap;')dity P Gnh) . p R | phase P P
S;ilgller GV 1/e™* sino tan0' __1[ _€___p_ _________ 1 B % cp
| BB (1 wp | - J1-
¢ | V148 1 B21 -8 L
i | 05| 2206 22075 | 22080 2=125| 22133 2=167 | 2=20 Momentum: /1K ,j,q50= P = > 5
2 5 4 5 4 3 3 ! DeBroglie (1921) +1-u"/c
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Using (some) wave coordinates for relativistic quantum theory

Energy (E)

. Momentum

N =

Rest Energy
B=w

Mass (resting) .........
hB—hUA MC _hCKA

Lnergy -
N ,pase= E =hv 4 cosh p

. [~ cp = Bsinh(p)

(a

Hamiltonian

H(p) = Bcosh(p)

'\,;f Per-Space (cp,
|

xact Einstein- Planck Dispersion

matter wave:
positive rest energy Mc?

X E2-c2p2 = M2 /. y
N g
\\\\ Energy \

E=hw

tachyon:
Frame 7 imaginary
\ SCT , :
\\\ r ’ ?é’erOtOHn
[ ’ E=+cp
. ! Momentum
NN cp=hck

\
N
LN | YL L
)
/
7|
d

negative
energy
states

\ N \\\\\\

negativ
energy
states

Sunday, November 2, 2014

148



Using (some) wave coordinates for relativistic quantum theory

Energy (E)
N\ . Momentum e
N\ =l cp = Usinh(p) L”ﬁ

Hamiltonian

H(p) = Bcosh(p)

Rest Energy
B=w

J ‘ "\.“/’7 Per-Space (cp,
|

(a

matter wave:

xact Einstein- Planck Dispersion

positive rest energy Mc?
E2 . 2 2 =( Mc2 )2

Energy \ /
Ezh(ﬂ . , tachyon:
serfframe imaginary
e
E=+cp
Momentum
cp=hck

Mass (resting) .

7/
N
N
T
N
4
, N
L N
/7
4

hB—hUA MC _hCKA
Lnergy
N pase= E = th coshp
Momentum
heK ppase=CD =heK 4 sinh p= th sinhp
negative
energy

states

\ \
\K\\

negativ
energy
states
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Using (some) wave coordinates for relativistic quantum theory

(a

xact Einstein- Planck Dispersion

matter wave:

Energy (E)
) omentum v M
- = cr = Usinh(Q) /:ﬁz’ X pE%SlthZe Seit(zjg)gg C
S e \\\ Energy NZ '
[\ \ \\\ E:h(ﬂ . , t.achy.on:
amiltonian SCT frame lmaglnary
u&‘,) - Lcosh(g) \\\\\ photon:
Rest Energy > . Zeron
B=w \ X E =+ Cp
Momentum

I Per-Space (cp) , ’ —

x H pace (cp | \ | - | .C p ﬁC k I
Mass (resting) ......... IR\

hB=hv, = Mc = hckK »4 B
\
Lnergy —

N pase= E = hv AC cosh p \ \\\\\
Momentum \
heK ppase=CD =heK 4 sinh p= th sinhp
Lnergy versus Momentum

2 y .
E2: (Mcz ) COSth ene’;l’Zf?a e negcel;l:rgy
states states
N2 .2 2\2 2
:(Mc ) (1+smh p)z(Mc ) +(cp)
150
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Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) W \ positive rest energy Mc?
N\ <] Cg’:’gzﬁ& R S \ E2 - ¢2p2 =(Mc2 )2
A T - \\\\\\ Energy \
~__ g | \ . \ \\\ :hﬂ) , . tachyon:
A Frame K imaginary
| \ N & , ,
H(p) = Boosh(o) S \\\\ . /| photon.
N 7 zero |
e/ " : S E=zcp
. , Momentum
[ A ( . \ - ’ ’ —
| | ] Per-Space (cp)] | . . \ . - : .C p. hIC k. :
Mass (resting) ......... ’ A\
hB — hU A~ MC — hCK A \_ ) , \ .
Energy ' .’ ' t
hvphase k= th COSh P o \ N\ \\\\
Momentum ‘ ' B
heK ppase=CD =heK 4 sinh p= th sinhp
Lnergy versus Momentum _
) ) 2 ’ negative [negativ
_ energy ) . energy
E (MC ) cosh™p e he need for Negative Frequency arises: states

Phase conjugate light!
2\ (1 i 2 2 2 2\ 2
=(MC ) (1+smh p)z(Mc ) +(Cp) = E=x (MC ) +(Cp) Counter-clockwise phasoxs!
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Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) posztzve rest energy Mc?
ner
\\\\ ergy \ /
. \\\ E—hﬂ) , , tachyon:
[\ Frame 7 imaginary
. . \ \ et ¢ .
ug?’l“ﬁé’ﬁﬁ?@ MR \\\\ e photon.
‘. R zero |
Rcs;:En(zrgy MR ,’ E='_"Cp
3 \\ Momentum
J‘ _ 'I Per-Space (¢p, | . . \\ . X ’ ‘ . \ Cp.=h.c k. I
’ N\
Mass (resting) ... Bohr-S chroa’mger Approximaio
hB=hv, = Mc = hckK »4 0, =490
Energy ' / |
hv E = hv A cosh p 36 B = p22M

phase— = =""VA / \\“X\
D5 N / ﬁ\\\

Momentum 6 /
heK ppase=CD =heK 4 sinh p= th sinh p ‘9 / <B>= B mf \
Energy versus Momentum Y 4 /
P ot & IS ARRR .
e 6-4-4-3-2-10123 45 6<
2 . 2 2 g2, P
=(M02) (1+smh2p)=(M02) +(cp)2 =3 i\/(Mcz) +(cp)2 =~ Mc +ﬁ

Sunday, November 2, 2014 152



Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) positive rest energy Mc?
T, L X E2 - ¢2p2 =(Mc2 )2
R En r
\\\\§ Crgy \ 7.
. \\\ E—h()) - tachyon:
[\ 7 imaginary
| \ \\ er|frame .
Hailtonian . K photon:
H(p) = Bcosh(p) N . \ \\ ) , zero m
Rcsl)f Eltirgy N [ L7 E =*xcCp
~ N Momentum
. | | Per-Space (¢cp, . . \\ .\\ .’ . \ : \ Icp I=hICkI
’ N
Ma;%(re‘;g)"g) M . Bohr- Schrodmger Approximaio
c = nc
4 4 W3, =490 ]
Energy '
hv E = hv Cosh o, 36 B = p2i2m N
phase™ A | N \\
05 WARIR\Y
Momentum . /6
hck =cp =hckK 4, Sinh hv sinh B m? |
phase™ P = A p=i1v A. P 9
Lnergy VQI”S%S Momentum % 4 m
2 2 2 ener
E =(Mc ) cosh Lo energy
P “ 6443210123456\
2 . 2 5 2 2, P low\speed
L L L R s L R e TR o
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mass M,.s: (Einstein s mass) Defines invariant hyperbola(s) momentum.: cp =Mc* sinh P
hB=hv, = Mc* = hek SV |
E== (Mc ) +(cp) — hCKphase
: dv
velocity: u=ctanhp =—
dx
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv
phase
Rest Mass Myest (Einsteig § mass) Defines invariant hyperbola(s) momentum: cp =Mec*sinhp
hB=hv, = Mc™ = hck 5\2 5 '
- a E=% (MC ) +(Cp) = hCKphase
hvphase _M . hCKphase Rest . dv
02 T rest — 02 MaSS VQZOCll‘y.' u :Ctanhp = d—K
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mass Myes: (Einsteig 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc” sinhp
hB=hv, = Mc” = hck 2\? 2 T
A A E= i\/(Mc ) +(cp) S L =K ppase
hv phase _ M = heK phase  Rest o dv
2 Mt =73 Muss . velociy: u=ctanhp=-—"

Momentum Mass Muom (Galileo’s mass) Defined by ratio p/u of relativjstic momentum toi group velocity.

_P_ M., csinhp
u CLANN D e

Mmom
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

=hv
phase
Rest Mass Mes (Einsteig 5 mass) Defines invariant hyperbola(s) momentum; cp =Mc? sinh 0
hB=hv, = Mc” = hck 2\? 2 T
A A E= i\/(Mc ) +(cp) S L =K ppase
hv phase _ M = heK phase  Rest o dv
2 restT 2 Mass § velocity: u =ctanhp = Jic

Momentum Mass Muom (Galileo’s mass) Defined by ratio p/u of relativjstic momentum toi group velocity.

p_ M, ,csinhp
u

M =—=
mom 1 0 0
M Moment
- M hp= rest omentum
[ rest COSIL P \/1—u2 /o2 Mass
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
= hv

phase
Rest Mc;jg M,»;:t (Ein;;eiéa ) n}flzass) Defines invariant hygerbola(s) momentum: cp=Mc> sinh 0
— Op = M = KA E= i\/(Mcz) +(cp)2 = NeK ppase
hv phase . hek phase  Rest , dv
7 My =3 Mass velocity: u=ctanhp=—
C C — dK
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, ,csmhp SO : . p
M, = ; _ ’:ianhp Limiting cases: M mom 2 M,, e’ ]2
M > M
M mom UL C rest
=M,,, cosh p = rest Maj\n;enmm
\/1 202 ass
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv
phase
Rest Mass Myest (Einsteig § mass) Defines invariant hyperbola(s) momentum: cp =Mec*sinhp
hB=hv, = Mc™ = hck 5\2 5
) A B =M +(cp) ek,
l’lvphase Y B hCKphase Rest - dv
e S orest 2 Mass velocity: u=ctanhp = e

Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.

M., .csinh o | \
M, = P _ Myest P Limiting cases: M mom ———= M., P2
u ctanh p ; .
=M hp= M, o5 Momentum mom  y<c rest
_ rest COS p — 5 > Mass
\/ l—-u“/c Mdass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv phase

Rest Mass Myes: (Einstein s mass) Defines invariant hyperbola(s)
hB=hv, = Mc* = hek

momentum.: cp =Mc” sinh p
2\? 2
E = i\/(Mc ) +(cp) = hck

7 7 phase
Uphase —M . K phase  Rest o dv
2 T rest T 2 Mass velocity:  u=ctanhp = e
C C —

Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.

M., .csinh o | \
M, = P _ Myest P Limiting cases: M mom ———= M., P2
u ctanh p ; .
=M hp= M, o5 Momentum mom  y<c rest
_ rest COS p — 5 > Mass
\/ l—-u“/c Mdass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mc;jg M,»;:t (Em;;ezn ) n}flzass) Defines invariant hygerbola(s) momentum: cp=Mc> sinh 0
VA ¢ =heka E= i\/(Mcz) +(cp)2 = NeK ppase

no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.

_p M, csinhp ST : .

M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest MOj\Izentum
\/1 202 ass

Effective Mass M. (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That 1s ratio of change dp=Mc coshp dp in momentum to change du= = sech?p dp 1in velocity

dp ccoshp -~
Meﬁc ZE =M =M

rest
csech? P
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;ezn ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, csinhp ST : .
M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Maj\n;enmm
\/1 202 ass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.
That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity
ccoshp C =M, cosh’p ] Limiting cases: M SM,, e P12

c¢sech” : e
P\ Effective Mass M, M,

ukc

dp
Meﬁ‘ =E Mrest
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;em ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, csinhp S : .
M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Moj\n;em‘um
\/1 202 ass

Effective Mass M.; (Newton's mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity

dp c cosh p 3 Ny . X 3
M 5 = S =M, ( =M, cosh™p Limiting cases: M f T M,,. e "2
“ csech” P\ Effective Mass v gy,
~ eﬁ UZLC 7 rest
More common derivation using group velocity: u=V,,,,,= ‘j;;{’ j’z
M . = dp hdk R _ B _ M 51
B - - ~ 312
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;em ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase hCK phase  Rest . dv
=M . = > Mass Group velocity: u=ctanhp = o
C C E—

Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.

_p M, ,csmhp ST : .

M, = ; _ ’:ianhp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Moj\n;em‘um
\/1 202 ass

Effective Mass M.; (Newton's mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity

dp ccosh p 3 S . . 3p
Meﬂ = d_ =M,,,, 5— =M cosh”p Limiting cases: Meﬁ, ——> M,,.e*2
u csech™p .
Meﬁ‘ <c >M o5
More common derivation using group velocity: u=V,,,,,= ‘f;;{’ Zz
fT : ~
dp _  hdk h . h M 3
M 5 = = d do "5 =M ey cOSITP
dk dk di? \ Effective Mass )
- —— an

Igeneral wave formula to accompany Vo= P73
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Definition(s) of mass for relativity/quantum

How much mass does a y-photon have?

(a)y-rest mass: M?, . =0 Newton complained about
e his “corpuscles” of light having

(b)y-momentum mass: M) = p_hK_ h;) : “fits” (going crazy).
c ¢ ¢
(c)y -effective mass: M 87;7; oo,
hv _ _
MY = o - v(1.2-10 kg -s=4.5-107%kg (for: v=600THz)
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Definition(s) of mass for relativity/quantum

How much does a y-photon weigh?

(a)y-rest mass: M7, =0, N.ewton complained about
e h his “corpuscles” of light having
(b)y-momentum mass: M) = PR 12) : “fits” (going crazy).
c © c For him this would be evidence
(c)y-effective mass: M /= oo. of optical-triple-schizophrenia!
hv _ _
MY = o - v(1.2-10 kg -s=4.5-107%kg (for: v=600THz)
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Relativistic action S and Lagrangian—Hamiltonian relations

-
-
-

" hv,=Mc*=heic
h ,ase= E =hv 4 cosh p

\hCK phase

\

=cp =hv,sinhp

-
-="
-
-
-
-
-
-

-
-
-
-
-
-

.
-
-
.
-

Prior wave relations (

«—linear Hz
format

-
-

-
-="
-
-
-
-

angular phasor—

format

. hck

ho =Mc*=Fick ,
ho phase

phase

~N

=E=hw,coshp

=cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=/'x"-w't’ for wave of k=/k,j.5c and w=wphase.

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation

L= hd—q)—hk@—ha)

.
.
.
.
.
.
.
.

p =hk=Mcsinh p

dt

" hv,=Mc*=heic
h ,ase= E =hv 4 cosh p

\hCK phase

\

=cp =hv,sinhp

Prior wave relations{.

«—linear Hz
format

E=hw= Mc”coshp

angular phasor—
format

hw =Mc*=hck,,

h @ phase
_ hick

phase

~N

=FE=hw,coshp

=cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=/'x"-w't’ for wave of k=/k,j.5c and w=wphase.

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation

L= hd—q)—hk@—ha) pd——E p.Xf E

dz- .’
.
.
.
.
.
.
.
.

p =hk=Mcsinh p

dt

" hv,=Mc*=heic
h ,ase= E =hv 4 cosh p

\hCK phase

\

=cp =hv,sinhp

Prior wave relations{.

«—linear Hz
format

dx

E=hw= Mc”coshp

angular phasor—
format

hw =Mc*=hck,,

h @ phase
_ hick

phase

~N

=FE=hw,coshp

=cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=E

dd dx dx Legendre
L=h—2= hk——ha) p——E px—FE = [DM—HZ L transformation
dt - di di
p = hk=Mcsinh p E =hw=Mc*coshp=H
" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
WU pase= E =hv 4 coshp [—linear Hz  angular phasor— hwphase E=hw , coshp
\hCKphase:Cp =hv , sinhp ) format format thphase cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dd dx dx . Legendre

L=h—=hk——-hw=p—-—-E=px—FE E[pu—H: L transformation j

dt dt dt —
Use Group velocity :u :E:C tanhp

p = hk=Mcsinh p E =hw= Mc’*coshp=H
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
M ,pase= E =hV  coshp [—linear Hz  angular phasor— ne 0= E =N, coshp
\hCKphase:Cp =hv , sinhp ) format format | hick 0 =cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre

L=h—=hk——-hw=p—-—-E=px—FE E[pu—H: L transformation j

dt dt dt -
e USC GTOUp velocity su=— =c tanh p

p = hk=Mesinh p  E=ho=Mc’coshp=H
L= pu—H =(Mecsinh p)(ctanhp)— Mc’ coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
MU pase= E =0y Co.sh p |—lincarHz  angular phasor— h®,,,,,= E=ho 4 coshp
K ppase=cp =hv, sinhp | format format _ hick ), =cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt i
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p  E=sho=Mccoshp=H
L= pu~H =(Mcsinhp)(ctanhp)~Mc*coshp
sinhp— cosh
= Mc’ P P_ _ Mc’sechp
coshp
, -1
L is:Mc’ = — Mc’sechp
coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hvphase: E=hv,coshp [—linear Hz  angular phasor— hwphase: E=hw,coshp
\hc’cphase:cp =hv , sinhp ) format format _ Tick ,),50=cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt s
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p  E=ho=Mccoshp=H
L = pu—H =(Mcsinh p)(ctanhp)— Mc*coshp Note: Mcu=Mec" tanhp
sinh’p— cosh > s
= Mc’ P P_ _ Mc’sechp
coshp T
Compare Lagrangian L 2
L=h®d= — Mcz\/l——2 = —Mc’sechp
C :
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
\hCKphase:Cp =hv , sinhp ) format format _ hick s =cp =ho , sinhp |
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt  df dt "
e USC GTOUp velocity su=— =c tanh p
p =Tik=Mcsinh p  E=ho=Mc’coshp=H
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc’ tanhp
sinh®p— cosh
= Mc’ P P_ _ Mc’sechp
coshp
(Compare Lagrcfngian L 2 )
L=h®d= —Mc*[1- — = —Mc” sechp
C
with Hamiltonian H=E ”
H=ho=-Mc*/ ,[1-— = Mc’coshp
C
N J
" v, =Mc*=hcic, | Prior wave relations ( #w =Mc?=hck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
th;(p hase=CP =hv 4 sinh p ) format format _ hick . =cp =ho ,sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P P

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dd dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt dx
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p  E=ho=Mccoshp=H
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ . Note: Mcu=Mc” tanhp
sinh’p— cosh >
= Mc’ P P_ _ Mc?*sechp .
coshp Also: ep=Mc” sinhp
(Compare Lagrcfngian L 2 )
L=m®= —Mc*[1-— = —Mc’sechp
C
with Hamiltonian H=E ”
H=ho=-Mc*/ ,[1-— = Mc’coshp
C
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
N J
" v, =Mc*=hcic, | Prior wave relations ( #w ,=Mc?=hck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =ho, sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P P

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD d d Legendre
L=h—2= hk—x— ho = p—x— E=px—FE EEDM — H =L transformation ]
dt dt dt dx
............._._._._._._._._._._._._._._._._.[_J_S.Q_QKQ%B_Y??QQ??IY.E.’fl.fz:,.?i.t.%l.l.l.hp
p =lk=Mesinh p  E=ho=Mccoshp=H =csino
L=pu—H = (Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc” tanhp
_ M2 sinh’p —cosh*p _ _ Mcsechp = Mc’sino
coshp Also: cp=Mc’sinhp
(Compare Lagrangian L 2 \ =hick= Mc? tanc
L=h®= —Mcz\/l——2 = —Mc’sechp = —Mc*coso
< Including

with Hamiltonian H=E uz
H=ho=-Mc*/ [1-= = Mc°coshp = Mc*seco stellar
C

angle o
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
J

\
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , A
hvphase: E=hv, C(?Shp «linear Hz  angular phasor— ha)phasez E=hw,coshp
th;(p hase=CP =hv 4 sinh p ) format format _ fick ,j,,s=cp =h , sinhp |
177
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°Coordiﬁ:a[té angle v=atan(u/c)

-——

Stellar aberration angle o-asm(u/c)

Momentum | / o TNV T
P = - Bsinh(p) H" Mccoshp = McH Mur
. =Dta | -
Phase Velocity 7
Bc/u = Bcoth(p) _ ==
=Bcs , 4 ) DeBroglie Wavelength
/ J | /¥ Hamiltogian B\e = Besch.
| ./ / H@) = Beosh(p)=Bseco S BESC (P)
Rest Energy ST~ ] —/ _. =Bcoto
\ ’ £ / -Laqranman
-L( ) = Bsech(p) Bco o
" | Y,
. NN
:fl ', Yé’ 7 I'
Group V'plocity>v V’, NN |

u/c = Btanh(p)=Bsino

Phase Velogity
/U = Beoth(p)=Bgsco

=

L=—Mczsech,0 M+ MuP /2+...
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Phase Velocity

Be/u = Beoth(p)
=Bcs

cle

p-cfrc/e

Broglie Wavelength
Ne = Beseh(p) =Bcoto

|

Group V"plocity;
u/c = Btanh(p)=l

L=-Mc? sechp

Momentum
cp = Bsinh(p) l
N =DBta
Y, P DeBroglie Wa\mlcngth
" H(g co B =I§gg(t:2(g)
-Lagrangian o)
-L(u) = BEsech(p)= ,@0

3sinc

Phase Velo ity
/u = Beoth(p)=Besco

M+ M2+
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS () Legendre
[ ] hd——hkd——hw pZ’——E px—FE = EDM—HZL transformation ]

dt dt dt

(Compare Lagrangian L 2 A
(S=L=ndy - Mcz\/l -— = —Mc"sechp =—Mc*coso
C

with Hamiltonian H=E

2
H =ho = —Mcz/\/l—z2 = Mc’coshp = Mc’seco
=Mcz\/1 +sinh’p =Mc2\/1+(cp)2
J

(Deﬁne Action S =h€[>)

" hv,=Mc*=hcic, | Prior wave relations ( nw ,=mc?=tck , h
hv phase= E = hv 4 C(.)Sh p |—linear Hz  angular phasor—| % phase=E = hao , coshp
hCK phase=Cp =hv 4 sinhp ) format format _ fick p,=cp =ho 4 sinhp |
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS dD dx dx Legendre
[ ] h——hk——hw pd——E px—FE = EDM—HZL transformation ]

dt dt dt

(@S = [dt = hd@: hkdx —hwdt = pdx— H dt (POincare Invariant action a’iﬁ‘erentialj

_ Y
(Compare Lagrangian L > A
: - u
(S =] = hCI)): — Mcz\/l -— = —Mc? sechp = —Mc’coso
C

with Hamiltonian H=E

2
H =ho = —Mcz/\/l—bct2 = Mc’coshp = Mc’seco
=Mcz\/1 +sinh’p =Mcz\/1+(cp)2
J

(Deﬁne Action S =h<I>)

" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hv phase= E = hv 4 C(.)Sh p |—linear Hz  angular phasor—| % phase=E = hao , coshp
\hc;(p hase=CP =hv 4 sinh p ) format format _ Tick ,),50=cp =hw 4 sinhp
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS dd dx dx Legendre
[E ZZJE hE — th_ ho = pE— E= p)'c— E E[Du — H =L transformation j
Use Group velocity :u =%:c tanhp
(@S =1ldt=hd (@: hldx —hodt = pdx—Hdt (POincare Invariant action a’iﬁ‘erentialj
a_S — p a_S :_H (Hamilton—JaCObi equations)
dx o ot "
e Y,
(Compare Lagrangian L 2 h
(S=L=ndx - Mcz\/l —— = —Mc’sechp =—Mc*coso
C
with Hamiltonian H=E ”
H=hwo=-Mc/ ,]1-— = Mc’coshp = Mc’*seco
C
=Mc’\/1+sinh >p =Mc’\J1+(cp)’
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hvphase: E=hv,coshp [—linear Hz  angular phasor— ha)phase: E=hw,coshp
\hc;(phasech =hv , sinhp ) format format . thphase:Cp =hw , sinh P,
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Poincare [nvariant Action dS=Ldt=p dq-H dt=nd® (phase)

Hamiltonian H(p,q)=pq -L

VS.

Lagrangian L(qq)=pg-H

Contact transformation: (slope,-intercept) of 1 (or L) tangent

determines the (X Y coordinates) of L (or /7).

(Also, called a Legendre contact transformation which 1is a special case of a
Huygens transformation that uses contacting tangent cu7ves instead of /ines.)

(a) Hamiltonian

slope is
group velocity u:

H(q.p)
HII

/

and zei

AN

y4
s has

H//

Light cone u=1/=c
infinite\H

o L

Momentum p

Here slope is group velocity u=¢g
Y-coordinate 1s eneroy [H=h®

(b) Lagrangian

radius = Mc? ()]

L(q,q)
Velocity u=q

ii)z'

_H/I

i

slope is
momentum p:

dL

Here slope 1s momentum p
Y-coordinate 1s phase rate L=h®
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4—

Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

hw =E(cp)

Relativistic optical transitions |kigh)=|w,) &/ |mid)=|e,) = |low)=|o,)

R
%
(2
%

w, sinhp P/

T 50—._€{"'C‘/e

=m,le/ P=w,

nt

W | &

+
w, e =3 =w,

2 _
Doppler RED factor: 3=¢ p

3

Doppler BLUE factor: 5

hck =cp
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4—

Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

+
w,e =3 =w,

4 / -
3 =,,e P= COK
| /" | | | I
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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4

Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

Initial stationary
UE K thing thMh,cz

.+.
D€ F= 3 = @y,

®,, coshp

4 yi -
3=0, =0 0
| /" | | | I
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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4

Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

On=

Initial stationary
UE K thing wh—Mhlcz

+
w,e =3 =w,

4 / -
3 =,,e P= COK
| /" | | | I
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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Review of Thales geometry @
relativistic hw(ck) or E(cp)-spaee

Initial stationary
UE K thing wh—Mhlcz

4

a)h;- a\

=

It

C)_p: a)g ,"

W |

L4
L4
L4
L4
24
L4

2 _
Doppler RED factor: 3=¢ p

Doppler BLUE factor: =

;’ _ P hck =cp
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)

4 . )
hw =EL(cn) m
. 4 by emitting an
Review of Thales geometry @ oppositely c-moving
relativistic hw(ck) or E(cp)-spaee Y ELLOW Kpm “photon” whm=c| k,, |Fwmsinhp
R
Initial stationary gy N |
UE K, thing wy=Maic? X KinSe, -
X \& Feynman
v di
_ iagram
T p D/ | (scaled down)
M- T pecirgy,
of
| emission
process
- y,

w, e =3 =w,

w | &

| | [ | | |

hck =cp

2, 3 4p
Doppler RED factor: 3 =e Doppler BLUE factor: 5 =e
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)

Sunday, November 2, 2014

4
hw =EL(cn)
. 4 by emitting an
Review of Thales geometry oppositely c-moving
relativistic hw(ck) or E(cp)-sp YELLOW K “photon” wim=c| k., [Swnsinhp
iy . W, = / / R
Initial stationary g
UE K, thing wy=Maic? K, khm‘ﬁg‘ K;
\E Feynman
diagram
. @®,,sinh p Y/ (scaled down)
GREEN K, thing p_— of
| | Tm A emission
N process
I 7\ 4 T ake-away point 1 | N )
e § o || Classical (and spectroscopic) 0, letP=3 = w,
' ‘8: Energy-momentum conservation|
1 ! is due to
4 S conservation
3" e "=, quantum.—phase space-time
“wiggle-count”
\ Y,
| R | | |
—p 3_ +p hck =cp
Doppler RED factor: 3 =e Doppler BLUE factor: 5 =e
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Revie

Thales geometry of

relativistic k) or E(cp)-space

Relativistic optical transitions |kigh)=|w,)

4—
hw =E(cp)

<

-

lake-away point 1.5

It’s very easy to compute
recoil rapidity p
or recoil velocity u

- (Unr(')_ ,0: 605

w | &

I | l

0, P =y

Key recoil relations:

w, e P=3 =w,

Q
"

Ky ) AN
S

p=1In My/M,,
or:

u~clnMy/M,,
Photons are more
like “rockets”

than “bullets”

2 _
Doppler RED factor: o= e P

Sunday, November 2, 2014
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Doppler BLUE factor: 5 =¢€ 7

2

hck =cp
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Relativistic optical transitions |kigh)=|w,)

4
hw =E(cp)
Revie Thales geometry of /
relativistic k) or E(cp)-space
Take-away point 2 )
e Emission photons
are more like
rocket exhaust than bullets
_ ( Vbwrnour=c exhaustln [Mnitial/ M, ﬁnal])
- Y,
"‘“n{‘_._
L Key recoil relations: o
‘ 3 _2' (Dme_p = Wy W€ "= 3 = Wy,
) \
4 _p Y or.
3~ Ome =0 u~cIn MyIM,,

Photons are more

like “rockets”

than “bullets” |

I | | | | |
2 : 3 4 p hck =cp
Doppler RED factor: 3 =e Doppler BLUE factor: 5" e
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Relativistic optical transitions |kigh)=|w,)
4

hw =E(cp)
Revie Thales geometry of

relativistic

/.

lake-away point 2.5 h
Emission photons
are more like
rocket-exhaust than bullets
( Vbwrnour=c exhaustln [Mnitial/ M, final ])
Same for absorption processes
except those rockets suck.

(Raman-Compton processes

are not rocket science.)
\_ J

Key recoil relations: i
(Dme_p = My Dl "= 3= Wy,

p=1In My/M,,
or:

u~clnMy/M,,
Photons are more
like “rockets”

than “bullets” |
| I

2, 3 4p
Doppler RED factor: 3 =e Doppler BLUE factor: 5" e

I | |

hck =cp
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2nd Quantization: NEWS FLASH!!

hv is actually hNv

(10 pas=E=hv sc0sh p) is actually (RN phase=E n=hNV 4coshp with quantum numbers)

A 15t Quantization:
0 Mode quantum number n of half~waves
S o~
S, v e
L VN TN Vg E=hN,v,
n N, =12 N,=6
e r—

il
W
\

Energy

\

\z_
\
"
\

N=1,2.3,..
— A\
= o Ry
E=hN — 4U4
Nyma T T~ N3

/

20d Quantization:
Photon number N oscillator quanta

2 i : :
cp=hcx | cp [ | P
W e | _ A
o \ / Take-away point 3
; < 7 : :
} ~~/  c-Momentum = hc-Wavenumber Cavity quantum electrodynamics
Boosted wave mode J/ (CQED)
] J Boosted cavity
R f—
=8 J wave ~— — and spectra are analogous to
| has invariant : : :
| g molecular rovibronic dynamics
| 7 mode number n X .
| 7 photon number N, Lorentz with
/ / contracted . . .
) / o cavity length rotation-vibration algebra
/ ; L:32
/) ) , / Proper length replaced by
s 7 e =40 | Lorentz-Poincare-Dirac algebra
o 4 [
/ \ \ ® / \
1 ‘ y and geometry!
/ v | \ |...'fl|.|]3||||[‘f=.(.]:m |||:+.I|| H%..Iﬁ..ﬁlulx \_ ( g ry) J
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2nd Quantization: NEWS FLASH!!
(hv phase=E=NhV 4cosh p) is actually( hNv

>

2"d-Quantized Amplitude (“photon” number)

red photo?zs

N =1

\
—

=
—

n=1

red photon

N,=0

—

n=1

ckn=1-00

N =2

2

> green photon

N,=1

n=2

n=2

green photo

N

n=2

hv is actually hNv

E=hNv,coshp  (N=1,2,..) )

—f

phase™
N=1| .,
violet phot
N=0"= "1
N,=0 |-

Zero-point energy

15t-Quantized Wavenumber (“kink” or momentum number)
ck =2-®
n

ckn=3-(x)

ckn=4°0)
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mirror

spectrum

mirror

'IME

| G&omethgal Cﬁmps szas: Accelerated Minkowski Grids /f

Coharent wa\xgs make’ Space- _time “eoordinates of accelerating ship & tmllef(s)
. for region inside aSymptotzc ‘event horizon” 7

. . | ", Y ™,

. .\"H.-,L "'\-._ e ) - -~
E , .‘...L '\-\.x -\.\_h "'H. '\-\_ o . :: r ; g A s ..__.- :__.
| : b . \ \\ Lab view of/ L
: ﬂ . : - v
L , . ., Lorentz Ship has received 10
; - . L .
EE""-\. Hﬂ"‘\-. Shlp view Of Nx“'x contractin A green waves
" invariant " 8 |7 - ’
“, ; G
proper HH separa:zon.;. 2
", . Tl
- Separation® e
. . 3 (T
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Fig. 8.2 Accelerated reference frames and their trajectories painted by chirped coherent light
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