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Qua??&um Mechantes: T(‘h ’,1’, ()= H.L({) Rﬂ\fﬁ'rvr‘r . | like relativity and
: \) quantum theories

el /- .10-34 -
5 1=6.6260696-10-"ds8eC. \ Because | don't under-

h=h/2m (J,UV -~ R-{IRS/"/ stand them
6=299,792,458m/sec. and they make me feel
as if space shifted
i about like a swan
that can'’t settle,
refusing to sit still and
be measured:
and as if the atom were
an impulsive thing
always changing its
mind.

—0D. H. LAWRENCE
From Jargodzki and Potter
“Mad About Physics”

The Pleasure
of Finding #2&
Thing

Drawing by’
Harry McDermott Esq.

Bob: Don’ worry Alice, I don f understand
this relativity or the quantum theory, but | bet
the professor doesn't either.

“If you think you understand quantum mechanics, you don't...”
Quote from R. P. Feynman in “Character of Physical Law” University Lecture o PT HIEH AR]] P FEYNM AN

WORKS

The quote, exact words, "If you think you understand quantum mechanics, you don't...” in Google hits about 16,500 pages. But I can't find anywhere that actually gives a written source! What to do?

Possibly, originated with Niels Bohr: "Anyone who is not shocked by quantum theory has not understood it." Similar problems with checking a much older quote “Only 12 people understand relativity...”
My personal opinion about my first graduate advisor: I doubt he meant to attach a Catch-22 to understanding physics.
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Current understanding of relativity and QM at UAF
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Current understanding of relativity and QM at UAF e wono

[1] D. F. Styer, M. S. Balkin, K. M. Becker, M. R. Bums, C. E. Dudley, S. T. Forth, J. S. Gaumer, M. A.
Kramer, D. C. Oertel, L. H. Park, M. T. Rinkoski, C. T. Smith, and T. D. Wotherspoon, CNine Formulationsj
(of Quantum Mechanics’DAm. J. Phys. 70,288 (2002).
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Current understanding of relativity and QM at UAF uua e won
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NWAT photo by David Gottschalk

Can we clarify? ...and simplify?
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Current understanding of relativity and QM at UAF uua e won
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Level 1 SeCretS(which really shouldn 't be secrets at all!)
Some have forgotten... Special relativity and quantum mechanics
are very much a story Of
the geometry of light-wave motion

looks worried?

Need to review...

* Where Galilean relativity fails for light waves,

. ) Galilei Galileo
...and where 1t doesn’t. L ea 1640

and then see...

* How to make sense of light-wave 'SPEED axiom(s)

LIMIT

299 (7:9? 458 Good approximation:
,m/s’ ¢ > 300 million m/s

< ) 300 Megameter/s

(We’ll use frequencies divisible by 3)
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Some have forgotten... Special relativity and quantum mechanics
are very much a story of
the geometry of light-wave motion

looks worried?

Need to review...

* Where Galilean relativity fails for light waves,

. ) Galilei Galileo
...and where 1t doesn’t. L ea 1640

and then see...

* How to make sense of light-wave 'SPEED axiom(s)

LIMIT

by comparing Einstein Pulse Wave (PW) axiom C=

: Good approximation:
- with 299,792,458| "7 0(1)”1’ P
, : m/s c = million m/s
8 Evenson Continuous Wave (CW) axiom . ) 300 Megameter/s
in space-time and inverse space-time (We’ll use frequencies divisible by 3)
- ) =

K. M. Evenson}J.S. Wells, F.R. Peterson, B.L. Danielson, G.W. Day, R.L. Barger and J .L.lHall, Phys. Rev. Letters 29, 1346(1972).

THE SPEED OF LIGHT IS In 2005 the Nobel Prize in physics was awarded to Glauber, |Hall, pnd Hensch'' for laser optics and metrology.
299,792,458 METERS PER SECOND!
Kenneth M EvenSOI’l \ ) \ J|TT The Nobel Prize in Physics, 2005. http://nobelprize.org/|
1932-2002

Thursday, April 7, 2016 8


http://nobelprize.org/
http://nobelprize.org/

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

And, HE-eee-rRE’S Albert! Cc=

299,792,458
.S J
Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c
It’s going -c. It’s going c.

It’s going -c. It’s going c.
| (Of course) . _(Of course)

Albert Einstein

1879-1955 \

Pulse wave (PW) train

I

It’s going -c. It’s going c.
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Albert Einstein

1879-1955
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Einstein Pulse Wave (PW) Axiom: PW speed seen by all observers is c

It’s going -c.

It’s going -c.
(Of course)

It’s going c.

* How do you make sense of light-wave

[ SPEED

LIMIT
C=
299,792,458

\. S J

axiom(s)?

It’s going c.
_(Of course)
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It’s going -c.

Pulse wave (PW) train

|

.

It’s going c.

A “road-runner” axiom
is a “show-stopper”
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* How do you make sense of light-wave

Albert Einstein

[ SPEED

LIMIT
C=
299,792,458

It’s going -c. It’s going c.

It’s going -c.
(Of course)

\. S J

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

axiom(s)?

It’s going c.
(Of course)

¥

SRl
IM/

\e———

A

1879-1955

d

It’s going -c.

Pulse wave (PW) train

A jcos WttA,cos 20t+A 3c08 30+A ycos 4ot

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

% ' Is cartoon
2 W .

Y772227 - = T / /4 /"ﬁfr{ [ p hy SICS

beepémeep! a

It’s going c. reality?!

PW Axiom is

complicated

|

|

.

A

A

..though it has a Newtonian “FPlace for everything & everything in place” feel.

A PW peaks precisely locate places where wave is.
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* How do you make sense of light-wave (i ] axiom(s)?

C=
299,792,458

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

It’s going -c. It’s going c.

Albert Einstein

A “road-runner” axiom

It’s going -c. It’s going c. is a “show-stopper”
| (Of course) . (Of course)
£%/ ﬁ;\\\\\\‘ | WA\ —
s . &
1879-1955 \
It’s going -c. It’s going c.

Pulse wave (PW) train PW Axiom is

A A )\‘ A2cos 05 40t ... complicated
¢

..though it has a Newtonian “Flace for everything & everything in place” feel.

William of Ockham

N Using
R Occam's
V.
=% Razor

1285-1349

& . A PW peaks precisely locate places where wave is.

Continuous wave (CW) train

¢

(and Evenson’s lasers)

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

Kenneth Evenson

1932-2002

Cut a PW to just one Continuous Wave

= [
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Albert Einstein

1879-1955

William of Ockham

Using
Occam'’s

1283;]34‘9“d RaZ or

(and Evenson’s lasers)

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

Kenneth Evenson

A

i il
F'*
] it

1932-2002

It’s going -c.

It’s going -c.
(Of course)

* How do you make sense of light-wave

It’s going c.

[ SPEED

LIMIT
C=
299,792,458

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

It’s going c.

_(Of course)

@\\\\\\\ MR\
IEEEEl TEN

\ It’s going -c.

Pulse wave (PW) train

|

|

.

A

A

T

It’s going c.

oS 401t+...

axiom(s)?

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

PW Axiom is

complicated

..though it has a Newtonian “Flace for everything & everything in place” feel.

A PW peaks precisely locate places where wave is.

Continuous wave (CW) train

l

It’s going -c.
It looks red!

l

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

600 THz

. @

¢

It’s going c.
It looks blue!

It’s going -c.
It looks blue!

source

It’s going c.
It looks green.
(Of course)

Yees Doppler red shift

It’s going c.
It looks red!

CW zeros precisely locate places where wave is not.

Simpler 1CW coherence

is more “/en-lke”

Can be made

and productive

more self-evident

Cut a PW to just one Continuous Wave (1Cw) that changes Color if you accelerate!
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* How do you make sense of light-wave (i ] axiom(s)?

Continuous wave (CW) train

C=
Albert Einstein 299’;9/?458
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. S going C. . “ _ ”
| (0f course) N [(ofcourse) is a “show-stopper
1879-1955 \
It’s going -c. It’s going c.
Pulse wave (PW) train First Of_ all it’s
. Complicated
William ockham . Azcos 201 tAzcos-3mitA7Tos F0i ... _though comforting to the
Ty S an L ¢ “A Place for everything and
> ‘ \ 4 4 A PW peaks precisely locate places where wave is. everything in fts place”
J_ \‘5’ OCCClm S . : v v ’ v crowd.

CW zeros precisely locate places where wave is not.

: w34
1285-1349 RaZOr l/\l l/\i l/j__ Simpler1CW coherence
(and Evenson’s lasers) \2/ \/ \/ ¢ It’s “Zen-like”
Can be made

Evenson Continuous Wave (CW) axiom.: CW speed for all colors is ¢ = ;e self-evident

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

| and productive
, —— t’s going c. 5 : :
It's going -c. It looks blue! / It's going c. 1 CW i1s affected b?

It looks green. It looks green.

(Of course) 600 THz (Of course) 1st-order Doppler
; Blue shifts b =e¢*?
m
= and

Doerredsiit | Red shifts r =e

It’s going c.
M/ of frequency v

and wavenumber K

It’s going -c. | “oWce

It looks blue!

1932-2002

Cut a PW to just one Continuous Wave (1¢w) that changes Colorif you accelerate!”

CW also stands for “Cosine Wave” or “Coherent Wave” or “Colored Wave” (all helpful things!)

-
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. fepeen .
* How do you make sense of light-wave (i ] axiom(s)?
C=
299,792,458

\. S J

Albert Einstein

A major objection to relativity/QM theory:
It’s the only major theoretical development
that starts with 279-order nd ders vasnowsi effects.

William ‘ ckham U .
&
Y Using

’
'@ 38 Occam's
: '- CW zeros precisely locate places where wave is not.

2 -_1,285_]34-9.;:‘: RaZO 7 l/\l l /\i l /j__ Simpler1CW coherence

(and Evenson'’s lasers) }/ \/ \/ ¢ It’s “Zen lie”

Continuous wave (CW) train

. . . Can be made
Evenson Continuous Wave (CW) axiom.: CW speed for all colors is ¢ = ;e self-evident

| and productive

5 - t’s going c. ; .

It’s going -c. / It’s going c. :

It looks green. It looks blue! It looks green. ICW 1S affeCted by

(Of course) 600 THz | (Of course) l St-order DOppl r
Blue shifts b =e*?

and

X@ Doppler redshift | Regf shifts r =e

It’s going c.
M/ of frequency v

and wavenumber K,
Cut a PW to just one Continuous Wave (1Cw) that changes Colorif you accelerate!

CW also stands for “Cosine Wave” or “Coherent Wave” or “Colored Wave” (all helpful things!)
.

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

source

It’s going -c.
It looks blue!

i
Wy

1932-2002
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. fepeen .
* How do you make sense of light-wave (i ] axiom(s)?
C=
299,792,458

\. S J

Albert Einstein

A major objection to relativity/QM theory:
It’s the only major theoretical development
that starts with 27?-order Gnd ey veb e it €ffects.

So lets try doing first-things first!

D 4 ,
g 2 Occam'’s

W, ) CW zeros precisely locate places where wave is not.

W RaZOr l/\l l/\i l/}__ Simpler1CW coherence

(and Evenson'’s lasers) }/ \/ \/ ¢ It’s “Zen lie”

Continuous wave (CW) train

. . . Can be made
Evenson Continuous Wave (CW) axiom.: CW speed for all colors is ¢ = ;e self-evident

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

| and productive
; - t’s going c. ; -
It’s going -c. / It’s going c. :
It looks green. It looks bluel It looks green. ICW 1S affeCted by
(Of course) 600 THz \ (Of course) lSt-Order DOppl r
Blue shifts b =e**

; and
lerredshift | Red shifts » =e™”

Sees Dopp

It’s going c.
M/ of frequency v

and wavenumber K,
Cut a PW to just one Continuous Wave (1Cw) that changes Colorif you accelerate!

CW also stands for “Cosine Wave” or “Coherent Wave” or “Colored Wave” (all helpful things!)
.

It’s going -c. | “oWce

It looks blue!

1932-2002
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. fepeen .
* How do you make sense of light-wave (i ] axiom(s)?
C=
299,792,458

\. S J

Albert Einstein

A major objection to relativity/QM theory:
It’s the only major theoretical development
that starts with 27?-order Gnd ey veb e it €ffects.

. So lets try doing first-things first!
~ < Using ...and start off by dealing with this sucker.—

Y 2%

’
'@ 38 Occam's
: '- CW zeros precisely locate places where wave is not.

-‘1,285_]34-9.;:‘: RCZZ o1 l/\l l /\i l /j__ Simpler1CW coherence

(and Evenson'’s lasers) }/ \/ \/ ¢ It’s “Zen lie”

Continuous wave (CW) train

. . . Can be made
Evenson Continuous Wave (CW) axiom.: CW speed for all colors is ¢ = ;e self-evident

Kenneth Evenson It’s going -c. - - and prOdUCtiVG
4 It looks red! It’s going -c. It’s going C" It’s going c. 1CW i fF. db
‘ It looks green. It looks blue! It looks green. IS a eCte y
(Of course) 600 THz (Of course) ISt-order DOppl r

Blue shifts b =e*”
ez’ goer and
Sees Doppler red shift Red Shlfts y =e’l

It’s going c.
M/ of frequency v

and wavenumber K

It’s going -c. | “oWce

It looks blue!

i
Wy

1932-2002
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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

v=4/5

Yo

\\\\I\\’

1 1 2
| -% /2 Y4 A 7 ¥ | |
\\\\I\\\\‘r\\\I\\\\\\\\J\\\\\\\\
B wavenumber wavenumber k
1 -
- K=3/2 (waves per meter)

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

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave

Thursday, April 7, 2016
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(r,0)-graph Hime (A 7)-graph

frequency v
(waves per sec.)

inverse temporal values

: per—time versus time
Heinreich
o Press a key to get a wave

"y

1857-1894 ] \ Z
1Hz=1sec™! e

‘frequency : i

3 -V 1 - /- 3 1 i 2
|\\_é\|2\\_é\\fi 4|2A|J|

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

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

Jean-Baptiste

Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

frequency v

(waves per sec.)

per-SPACETIME U= Greek“n” for number
(K, 0)-graph....~of waves per second ;. .
or Hertz (Hz) =1/T

inverse temporal values

L

: per—time versus t1me
Heinreich
o Press a key to get a wave
)
1857-1894 ] \ Z
1Hz=1sec™! e
‘frequency : i
s ;
3 -/ 1 - 72 3 ! i 2
|\\_é\|\\_é\\fi\4\\|\\A\\|\\\\J\\\\|\\\\
:_1/ C\/avenumbel’ wavenumber k
P\ k=3/2 (waves per meter)

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

Jean-Baptiste

Joseph Fourier
1768-1830

Thursday, April 7, 2016
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T =Greek “t”
for time =1/v



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

frequency v
(waves per sec.)

Heinreich
" Press a key to get a wave
ertz Z/?
1857-1894 i \
1Hz=1sec! e
‘frequency : i
3 -V 1 - /- 3 1 i 2
| | \-é\ |2\ \-é \‘7 \4\ | |2\ \A\ | | L1 1 \J I T | I T

T T
\S)

per-SPACETIME U= Greek“n” for number
(k,0)-graph....-of waves per second time

or Hertz (Hz) =1/T

y Cvavenumber
4

wavenumber k

K= ?/ 2 (waves per meter) 1 Verse spatial values

SPACETIME

(\7)-graph

%avelengl'h ....................................... A — Greek “L i3]
A=2/3 :1/’3 for Length =1/k

....................... T :Greek ((t_))
for time =1/v

space

x =Greek “k”

for Kayser
(or “kinks”)=1/)\

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

Jean-Baptiste
Joseph Fourier
1768-1830
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs

per-SPACETIME

(K, U)—gmgﬁ,....---

v = Greek“n” for number

“of waves per second time
or Hertz (Hz) =1/T

frequency v
(waves per sec.)

T T
\S)

Heinréich
Press a key to get a wave
Hertz -z
1857-1894 z NNy )
e Isec] - N, (Lperioa )
Al ‘
‘frequency \ | |
- ;
Y B 0, yi i 2
|\\_é\|\\_é\\fi \4\\l\\ﬁ\l\\\\#\\\\l\\\\
:_% Cvavenumbel’ wavenumber k . .
_ - \K=3/2 J (wavespermeter) jnverse spatial values
s [einreich

SPACETIME

(\7)-graph

%avelengl'h ....................................... A — Greek “L i3)
A=2/3 :1/’3 for Length =1/k

T =Greek “t”
for time =1/v

space

v =Greek “k”
for Kayser
(or “kinks”)=1/)\

Kayser
1853-1940

IKayser=1cm!

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave
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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

o Z@
I \
Al
‘frequency \ |
&

period T
(sec. per wave)

SPACETIME

(\7)-graph

RV 0, 1 2 1 1/ 1 2
| | \_%\ | | \_é \ 4 \4\ | | | \%\ | | [ \J [ | [ | | \_%\ | | \_%1\ | | 7\34\ | | L1 L1 | Lol
i Y wavenumber wavenumber k wavelength wavelength N
- 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

How to understand waves
and
wave velocity Viave
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The “Keyboard of the gods” or per-space-per-time graphs versus

per-SPACETIME
(r,0)-graph

frequency v
(waves per sec.)

)

(and hold)

\ Z

>
y

|

|

|

|

|

|

|

|

~

‘\\l\\\\l\\\\l\\\\l\\\\

!

A

period T
(sec. per wave)

Press a key to get a wave (a 1-CW)
A Z

space-time graphs
SPACETIME

(A, 7)-graph

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

2y)s )| Ly
3 -/ 1 - 72 3 1 2 3 1 - /2 1 2
| | \_é 1 \_é \ 4P 4\ L \A\ | | [ 1 | \J\ L1 | | 1] | | \_é L \_é A /AN 4\ | ml IR IR | L1l

wavenumber k

B y Cvavenumber
=-/4
B (waves per meter)

K=3/2

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

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave
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A=2/3=1/x
|
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wavelength X
(meters per wave)
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The “Keyboard of the gods” or per-space-per-time graphs versus

per-SPACETIME
(r,0)-graph

frequency v
(waves per sec.)

)

(and hold)

\ Z

>
y

|

|

|

|

|

|

|

|

~

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

!

A

‘frequency :
&

VA %

period T
(sec. per wave)

Press a key to get a wave (a 1-CW)
A Z

-y

Y

space-time graphs
SPACETIME

(A, 7)-graph

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

...That “continues”
everywhere..

3
|\\_é\|\\_%\\f \ﬁ\l\/ﬁ\l\\\\#‘\\\l\\\\

B » wavenumber
- K=3/2

wavenumber k
(waves per meter)

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

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave
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wayelength
A=2/3=1/x
|

wayveloghgth 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.)

period T
(sec. per wave)

)

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

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

SPACETIME

(A, 7)-graph

“1-CW" means
“single Continuous Wave”

? A
1 \; erioa
AL T o, T=5/4 =1/ )y . '
. | N ...That “continues
v=di> JIp " | i everywhere..
"2 i % 1 : 2 > 1 B 1/ 1 2
| | \-é\ | | \-é Nf \4\ | | | \A\ | | [ \J\ [ | [ /\l | \_é\ | | \_4\7 | \4\ | | \/Z\-\l [ \m\ | J/-\\/\/\/\
i Y CVaV@numbei’ wavenumber k \/ wavelength \/ wyyelgngth X
- K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
I

period T
(sec. per wave)

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves

r

5

N
<

Q

and
wave velocity Viave

Thursday, April 7, 2016

aveleh
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 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,

\ 2, A
perloa

~

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

N e N . \1=5/4=1Nh . , .
N 1 N ...That “continues
v=4/5 JIt " | ' - everywhere..
LY i % 1 i 2 > 1 i 1 1 2
| | \-é | | | \-é Nf | 4\ | | | \A\ | | [ \J\ [ | [ /\l | \_é | | | \_é WV 1 4\ | | \/Z\-\l [ \m\ L | J/-\\/\/\/\
i Y CVaV@number wavenumber k \/ wavelength \/ \/ wyyelgngth X
| -7 K=3/2 (waves per meter) A=2/3 =1/ (meters per wave)
i I

r

period T i
(sec. per wave) |

N | 4

=

N

...at a speed of:

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves
and
wave velocity Viave

Wavelen gth wavelength N

A=2/3 =1/ (meters per wave)
| 7
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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)
A -2,

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

\ 2 A
1 . perloa
AL 'A . 7=5/4 =1/v e . .
. | N ...That “continues
v=di> JIp " | ' i everywhere..
7R | = A 2 A YR AP 2
| | \-é\ | | \-é Nf \4\ | | | \A\ | | [ \J\ [ | [ /\l | \_é\ | | \_4\7 | \4\ | | \/Z\-\l [ \m\ L | V\W\/\
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) | | _ll

Jean-Baptiste
Joseph Fourier
1768-1830

time period
A 2/3 8 m.

~~71 5/4 15 s.

How to understand waves
and
wave velocity Viave

wayelength wavelength \
A=2/3 =1/ (meters per wave)

wave-speed equals slope-to-vertical Mt in (\,7)-graph
Thursday, April 7, 2016 28




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

i per-SPACETIME i SPACETIME
frequency v [ ( K, ’U) -grap h period T i ( )\, T) -7 aph
(waves per sec.) f— (sec. per wave) [~ /
z | /
—2 -
L (and hold) - / [-CW” means
| Press a key to get a wave (a I-CW) i / “single Continuous Wave”
i A \ <4 i
— 1 erioa _
- 7=5/4 =1 ‘e , '
Freauenc I Ty =Y ...That “continues
7 K h
i everywrnere..
3 -/ 1 - 72 3 1 : 2 3 1 /2 1 2
| | \-é | | | \-é \\77 \4\ | | | \A\ | | L1 \J L1 | L1 /\l | \_é | | | \_é VYV 1 \4\ | | \j/g\-\l L1 \m\ | V\W\/\
i ” Cvavenumber wavenumber k \/ Wavelength \/ wyvelgngth X
B ! K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-horizontal v/k in (k,v)-graph ...for
period T i
(sec. per wave) | _ll
N\ time...

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves

wayelength
A=2/3=1/k

and
wave velocity Viave

Thursday, April 7, 2016

wavelength X
(meters per wave)

wave-speed equals slope-to-vertical Mt in (\,7)-graph
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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)

2

N\

1
AL ‘ 1y
v=4/5 )| | K
S | e A
|\\_\4\|\\_\4Ni \4\\|\\4\\|\\\\J\\\\|\\\\
:_1/ C\/avenumbel’ wavenumber k
-\ Kk=3/2 (waves per meter)

period T
(sec. per wave)

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

SPACETIME

(A, 7)-graph

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

...That “continues”
everywhere..

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

(" wave-velocity formulas
distance wavelength  frequency
time period wavenumber
v A _M v 1t
T 1N K 1/A
_2/3 415
54 302

How to understand waves
and
“Ist quantization”

Thursday, April 7, 2016

3 1 B 1/2 ] 2
/\l‘\_éwlwféwr mlmﬂm
\/ wavelength N/ wxelghgth \
A=2/3=1/k (meters per wave)
I
...for
period T i
(sec. per wave) | _ll
Ny - time...
3 - ...at a speed of:

distance _wavelengil

time period
B &_ 2/3 8 m.
T 5/4 15s.

wayelength
A=2/3=1/

wavelength X
(meters per wave)

wave-speed equals slope-to-vertical Mt in (\,7)-graph
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If a wave 1s confined to an L=17/m. box

—2
the “Keyboard of the gods " has its ;
wavenumber k 1s “quantized” to -
. equenc [ t=5/4 =1/v
multiples of 1/2L=1/2. i) N s
1 2 3 4 Y |
— s s s s Vs - % 1 : 2 [ h
2727272 Lo e ] (Wa"eengf
CvavenumbeD E_% zvavenumbef;; \ A=2/3=1/k
_ [ waves per meter wavelength X
K 3 / 2 ),:2 / 3 (meters per wave)
frequency v I per-SPACETIME period T SPACETIME
(waves per sec.) :_ (sec. per wave)
—2 perioa
- T=15/8 =1Ny
j
v=8/15) s
Ly
TN %y, f : |2 wavelength
(*How to understand waves — A=1 =1/
CvavenumbeD » wavenumber k
and K=1 : (waves per meter) wavelength X

“It quantization”
or K-quantization

1
34 I/Z

frequency v E
(waves per sec.) |-

RV I
| L

(meters per wave)

perioa
spPACeETIVME  \t=15/4 =1/

-SPACETIME .
per period T

(sec. per wave)

—2
— 1
- _ ‘?“
i el
A ST
B - |
|
1 \

avelength

w
C/1=2 =I/x

wavenumber k

wavenumber |
K=1/2 I

Thursday, April 7, 2016

(waves per meter) wavélength \

(meters per wave)
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If a wave 1s confined to an L=/m. box
the “Keyboard of the gods " has its
wavenumber « 1s “quantized” to

multiples of 1/2L=1/2.

9o _1/2

2 L

_%I_%:
L

3-quanta

pertoa
t=5/4 =1/v

v=28/15

k=1/2,1,3/2,2,.

\ wavenumber\ |-
K=3/2 -

frequency v E
(waves per sec.) |

wavelength
A=2/3=1/k

wavenumber k
(waves per meter)

wavelength X
(meters per wave)

per-SPACETIME SPACETIME

period T
(sec. per wave)

sHow to understand Waves
and
“It quantization”

or K-quantization

If wave velocity Vwave=8/1X 1s fixed
frequency 1s quantized 1n prgportion.

v=4/15

1 B

(Onehalf -wave)

B
- anta t=15/8 =1/
— (Two half -wave)
2 77777
K=—
— / 2
,,,,,,,,,,,,, - ‘?'—
| - // ‘
T \ 1
i I |
| | \_% \_Il/z\ \_1/\4 | P | 4\ | |/2\ \/ | I | ‘ | W%vﬁlqu/th
B =1=1/K
wavenumber\ [, wavenumber k
K=1 i (waves per meter) =1 wavelength X
— (meters per wave) per 100G
: per-SPACETIME , sPACETIME  \T=15/4 =1/
Jrequency v | period T
(waves per sec.) |- (sec. per wave)
—2
—  l-quanta

wavenumber |
K=1/2 I

Thursday, April 7, 2016

wavelength
A=2=I/k

wavenumber k
(waves per meter)

waveléngth \
(meters per wave)

32



If a wave 1s confined to an L=/m. box
the “Keyboard of the gods " has its
wavenumber « 1s “quantized” to

multiples of 1/2L=1/2.

-5

5 oo 5

3,
\_é\l\\_

-

3-quanta

pertoa
t=5/4 =1/v

uo |

\\I\\%\\l\\\\'\\\\l

(waves per

\ wavenumber\ |-
K=3/2 -

frequency v E
sec.) |

wavelength
A=2/3=1/k

wavenumber k
(waves per meter)

wavelength X
(meters per wave)

per-SPACETIME SPACETIME

period T
(sec. per wave)

- perioa
2-quanta c=15/8 =1
— (Two half -wave)
2 77777
v=8/15) | Pt
k=102, 1,32, 2. —
b b length
(‘*How to understand Waves [P o < P P Vel =1
J CvaverlzumbeD » wavenumber k
an K = i (Waves per meter) wavelength X
Z’: 1 (meters per ,wave) :
15t . . P perioa
13" quantization 7 P | - _perod
. . frequency v | period T
or K’quantlzatZOn (waves per sec.):_ (sec. per wave)
If wave velocity Vwave=8/1X 1s fixed ,
frequency 1s quantized 1n prgportion.
—  l-quanta
(Onehalf -wave)
. . . — —/ 1
*Amplitude A-quantization N T
is called F T
“ . . ’3) RVA = 1 |
2" quantization Lo o T CVf{‘leef 1l
wavenumber L, wavenumber x
K=1/2 | (waves per meter) wavelngth \

Thursday, April 7, 2016

(meters per wave)
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If a wave 1s confined to an L=/m. box
the “Keyboard of the gods " has its
wavenumber « 1s “quantized” to

-

3-quanta

pertoa
t=5/4 =1/v

multiples of 1/2L=1/2.

9o _1/2

2 L

_%I_%:
L

\\I\\%\\l\\\\'\\\\l

v=28/15

\ wavenumber\ |-
K=3/2 -

frequency v E
(waves per sec.) |

wavelength
A=2/3=1/k

wavenumber k
(waves per meter)

wavelength X
(meters per wave)

per-SPACETIME SPACETIME

period T
(sec. per wave)

k=1/2,1,3/2 2,..

) perioa
- anta t=15/8 =1/
— (Two half -wave)
L
— / 2
,,,,,,,,,,,,, - ,Q—'
g |
. \ |
= |
| | \_% \_Il/z\ \_1/\4 | : L |/2\ \%\ | I] ‘ L |2 Wavelength
A=1=1l/k

sHow to understand Waves
and
“It quantization”

or K-quantization
...as QUALITY (color)

versus
QUANTITY (

of

Number )
‘photons’

v=4/15

_1
-3 |/2

*Amplitude A-quantization
is called

wavenumber\ [
K=1 B

frequency v E
(waves per sec.) |-

RV I
Ll |-

1-quanta
(Onehalf -wave)
K:% 777777 - Q
- -7 !
T |
- 0] :

wavenumber x
(waves per meter)

wavelength X
(meters per,wave) perio -
per-SPACETIME period c=15/4 =1/

(sec. per wave)

“20 quantization”

Thursday, April 7, 2016

wavenumber |
K=1/2 I

wavelength
A=2=I/k

wavenumber k
(waves per meter)

wavelngth N

(meters per wave)
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As will be shown:

Light wave-velocity c is VERY fixed

c= 2KV VT 299 790 458™
T 1 x 1/A .

V,

ight:
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As will be shown:

Light wave-velocity c is VERY fixed

c=V VK _A_VT_ 199 792,458
k 1w 1t 1A s.

Vi

ight —

Then 1t’s convenient to use:

Dimensionless Light wave-velocity c/c=1

1 instead of:

Such graphs use c-units of per-time v:@ and length X:@.

View v Uk A 17

_ 2 _r_ —1
C cKk ¢l ¢t clh

Thursday, April 7, 2016
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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: Yopum) | (A cT)-graph
=V, 1s00tHz|— A,A -
IZOOTHZ;Z ““ T=10/3fs ;2
Press the 600 THz key to get a 600 THz I-CW) . :
00T Lo
- ck=lck, - O S I'A,
600THz e -2 , TN ,
B E . p E l‘::
i = Ll ©
i Ll A )
v=300THz|— 1/, PO =5/ f—1/p E o
] : 2 10§/m 3.10%/m 4-10%/m ] i N=Vapm Vgéljm Yapum 1/2tm
-7 - % : ' -V - % :
3 3 3
‘\\-é\l\\_%l\7\\%\\l\\A\\!\\\\l\\\\|\\\\ v\\-\4\ -% / Al/\ll/\
) c-wavenumbe _% D x-spacMngth A
: (units: 600THZ) *.. : (units: Yopum)=A,

Such graphs use c-units of per-time v:@

(Ways to quantify light waves (600 THz example) )

Thursday, April 7, 2016

~
~
-
-

and length X:@.
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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

=V, 1500mHz— A’A B
IZOOTHZ;2 “‘ =10/3 ;2
Pregs the 600 THz key to get a 600 THz 1-CW) \ -
900THz ; ‘\‘ T=5/4f5 ;
: L I
- ck=lcK, v A=14,
600THz [ of - momememomcee o . /35 o efle e g ,
— 5: Yo lj
- i = vl 9
i | i I
1):3OOTH2—1/2 E - T:5/6ﬁ‘\‘ 1/2 E l&)
] B 2 10§/m 3-10%/m 4-10%/m N=Vapum J/zj[fm Yapm 1/2tm
- - % ' 1 '
3 2 4! 2 3 | - 2 3 '
-, c-wavenumbe ' - x-spacMngth A,
. B 1tae N P B “ g L —
B (units: 600THZ) ., ‘ . ) (units: %pm)=A,
’:: ___________ g

(Ways to quantify light waves (600 THz example) >

Thursday, April 7, 2016
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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: "% /um) (A cT)-graph
=V, 1s00tHz|— A,A
1200THz ;2 T=10/3fs

Pregs the 600 THz key to get a 600 THz 1-CW)

900THz T=5/4fs

\\\\|\\\\|\\\\|\\\\
' DO

600THz

v=300THz

=AM Yaum Yapn 1pum

3-10%/m 4-10%/m

)i _1, 1 )
3 1 1 3 Z
‘ [ é | | [ é | | \A\ | | | \A\ | ! [ | [ | [ I/%\l

c-wavenumbe
(units: 600T

(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

frequency v
(units: 600THz)

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 /um)

SPACETIME
(\cT)-graph

=0, L L
Press the 1200 THz key to get a 1200 THz I-CW, .
1200THz :——2 ---------------- \ T=10/3f5 ;2
i CK:2'CKA ' % i
i = i
900THzf— % T=5/4f5 |—
i S, i
u % u
I : < = W -
| .: E |
600THz |— [ A ITS/% — ]/
B | B
B S | B
- i : A=V,
1):3OOTH2—1/2 T=5/6fs ——1//2---- f
; ~10m 2 10;/m 3-10%/m 4-14%/m ] P;I/*/”” % /”” Ypum 1/2”"
-2 7o : | -V - Yo
_3 _1 1 3 3 1
’A1|A1A1A1||1|Al\f\ll \\\\m\\m\\\\\\
- l~>
- c'wavenumbe R fm \/ x%ce angth A,
N (units: 600TH> ] ! (units: Vopm)=A,

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

Thursday, April 7, 2016
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
SPACETIME
(A cT)-graph

frequency v
(units: 600THz)

= vA 1800THz
Press t
1200THz

900THz

600THz

v=300THz

per-SPACETIME
(cr,v)-graph

c-time period cT
(units: 72 pm)

cT, FA,
he 1200 THz key to get a 1200 THz 1-CW,
.......2 ................ > =10/3fs
- T=5/4f5
— ]

\)

; 2 10;/m 3-10%m 4145/m
—1 I
‘-%l/Q_% %\\l\\%\\|\\\\|\\\\1\\\\ [ I
-A c-wavenumbe x-space angth A
: (units: 600THZ . (units: Yopum)=A,
................... S

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

Thursday, April 7, 2016
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The “Keyboard of the gods” or per-space-per-time graphs versus space-time graphs
SPACETIME
(A cT)-graph

frequency v
(units: 600THz)

_ UA 1800THz

Press

1200THz
900THz

600THz

i
v=300THz

1 _1
’ | \_%\ |/2 \_%l\

h

“&‘l““

per-SPACETIME
(cr,v)-graph

e 300 THz key to get a 300 THz 1-CW)

N}

3-10%/m 4-10%/m

2:10%m

YA

c-time period cT
(units: 72 /um)
cT, FA,

T=10/3f
-
=
w
=
% T=5/4fs
>~
ITS/% Ji
T=s/6fs =14

\\|\\\\|\\\\!\\\\|\\\\
N

Vopum Yapm 1iun

T

c-wavenumbe
(units: 600THzZ

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

( Ways to quantify light waves (300 THz example) >

Thursday, April 7, 2016

ace wavelength A

(units: %pm)=A,
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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, 1s00mH2— CTA:A'A |
Press\the 300 THz key to get a 300 THz 1-CW) i
i i A=2A,
1200THz— 2 T=10/3fs e P mm e
i = i
: & :
900THz|— G T=5/4f5 |—
B S, B
i =, -
i S - i
600THz|— Ji T=5/3s
— ck = )/ ck
v=300THz|—L/p-+-- T=5/6f5
] F166m  2:105/m 3-10%m 4-10%m ] - Yapum Lpm
1 I , 1 = '
R 2y, 2y, | | L/ 2 i LA % |/
[ | [ | | [ [ | [ [ [ | [ [ | [ [ | [ [
i - B
-, ;;N c-wavenumber ck y -y, ace wavelength A
S R (units: 600THz) A (units: Yopm)=1,
D SN S
R )

( Ways to quantify light waves (300 THz example) )

Thursday, April 7, 2016
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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
= UA 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— 2 R R N =103 N— )
i .%w i
: ’690 B
900THz|— G}é T=5/4fs |—
i % i
B : - B
600THz |— ] & IT5/3/:e
| i LN i
wy ol i
ek ==/ k| 13 B
- 0=300THz— L/ f =56 =1/
; B k=10%m  2:10%m 3105 4-10%m ; B NV %;m Yipum 1/2tm
1l u 1 , _1 = 1
% Z8 1/4/2%| § | -%/2-1%/2%
\\\\I\\ \\\\\\\\\\\\l'\\\\\\\\v\\\\l\\\\\\\\\\\\\\\\l\\\\\\\\
_14 c-wavenumber ck A x-space wavelengih.\,
(units: 600THz) - (units: %pm)=A,

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

( 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: Y2 pm) (A cT)-graph
=U4 1800mHz|— ct,=A, [Atom traveling along wave
i | sees lessywave “hits”/sec.
i ~ (that 1s: Poppler red-shift)
1200THz— 2 =17 i?lil‘ 02 ‘

Christian

Doppler
- 1803-1853

900THz|—
600THz p=——

v=300THz —1/2 .
2-109/m 3-10%/m 4-10%/m

L

1
‘\\_%\|\\_%\ /2

1 3 A
\\/4\\|\/1\\!\\\\|\\\\|

| c:-wavenumber ck
= (units: 600THA)

Move fast enough this way) then the
“oreen” wave gets redder and redder

until i1t dies
1] hit 1]

/

Moving along a 600 THz 1CW could Doppler red shift it to 300 THz

requency mplitude
decrease exponentially
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The “Keyboardjthe gods” or per-space-per-time graphs versus space-time graphs

per-SPACETIME SPACETIME
(crk,v)-graph (\cT)-graph

frequency v

B c-time period cT
(units: 600THz)

(units: 72 pum)

= Vs 1s00THe— ct,=A, |Atom traveling along wave
} g ; sees less,wave “hits” /sec.
i : : that 1s: Doppler red-shift

2 Atom traveling agains\wave ( PP )

o " H
sees more wave “hits’’Vsec. it

(that 1s: Doppler blue-s 'ft/

900THz|—

"hit" 545
I P Christian / \Tc n i
Doppler N
- | 1803-1853 hit

v=300THz

; i C105m 2:108/m 3-10%/m 4-10%/m
1 | 1
’-%-l/Q_%l/zg‘/il
_14 c-wavenumber ck
- (units: 600THA)
" hl‘z. "
Move fast enough tﬁis way then the Move fast enough this way) then the
“oreen” wave gets bluer and bluer “oreen” wave gets redder and redder
until YOU die until 1t dies
Frequency AND Amplitude "hit" Frequency AND Amplitude

increase exponentially

/

decrease exponentially

Thursday, April 7, 2016

Moving against a 600 THz 1CW could Doppler blue shift it to 1200 THz

\

n7T . n
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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 ;

Thursday, April 7, 2016

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\b’- 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 [isit 4.9 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.

7. / = . : ’ . . .
& N Alice: “Well, what is its wavelength A, Bob!”
A really fast Alice shines her v=300THz laser b 7
: j‘ \{;1 é\
\“\:\ = 4

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!”

A really fast Alice shines her v=300THz laser b 7
\Q:,H,,' Al

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

Thursday, April 7, 2016
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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.

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

A really fast Alice shines her v=300THz laser

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/k=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!

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

CW Light carries ne birth-certificate!

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

*for each beam and polarization orientation \_

~N

Thursday, April 7, 2016



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!”

A really fast Alice shines her v=300THz laser

frequency v

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

If bluer waves were even 0.1% faster (or slower) than redder ones

900 I :
200 then each flash from a 5-billion light-year distant galaxy shows up
200 dispersed over 5-million years. (Goodbye galactic astronomy!)
THz 600 600THz line

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

A | 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 X for each v.*
“All colorsgoc= v =v/k”
. L Then £'venson S axiom holds:

or each beam and polarization orientation \_
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Easy Doppler-shift and Rapidity calculation

Alice: Hey, Bob and Carla! Read off your Doppler

ALICE'S 72 shift ratios (B|A) and (C|A) to my 600THz beam.
LASER / Bob: | see Doppler . Carla: I see Doppler
GAUNTLE lue shift to 1200THz W Red shift to 400THz

:% S I got (C|A)=2/3,

- STHZ_ » v A=6OOTHZ>'

SOURCE
- v =600THz - RECEIVER T
v,~1200THz v ~400TH
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S)= (B|A)=—L= == =C=—— =
Usource v, 600 1 v, 600 3
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Easy Doppler-shift and Rapidity calculation

ALICE’S 7 Alice: Hey, Bob and Carlal Read off your Doppler
/f;"*“’“ shift ratios (B|A) and (C|A) to my 600THz beam.

Blue shift to 1200THz
e ———1got (BlA)=2,

Bob: | see Doppler )Car/a: Isee Doppler

¥ oue00TH, RECELYE EENEE
v,=1200THz DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
Usource v, 600 1 v, 600 3

IMPORTANT POINT:
Evenson axiom says Blue, Green, Red, etc. all march in lockstep and

so all frequencies Doppler shift in same geometric proportion (R|S).

C C
Upe=—"" 0 +Z

9
Y .
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Easy Doppler-shift and Rapidity calculation

.. Alice: Hey, Bob and Carlal Read off your Doppler
/// " shift ratios (B|A) and (C|A) to my 600THz beam.

Bob: | see Doppler ___Carla: I see Doppler
Blue shift to 1200THz ) /// “Red shift to 400THz

—/ got (B|A)=2,

-,  ~600THz - : AR~
—12OOTHZ DC—4OOTHZ
Doppler ratio: Bob-Alice Dopoler ratio: Carla-Alice Doppler ratio:
pp
_ Ugecever _ UB 1200 2 <C| > — UC 400 %
(R|S)= (B|A)= =
Usource U, 600 1 Uy 600 3

IMPORTANT POINT:
Evenson axiom says Blue, Green, Red, etc. all march in lockstep and

so all frequencies Doppler shift in same geometric proportion (R|S).

C C
uRS:__ 0 +_

If Alice sends v4=600THz  Bob sees: vp=(B|4)v4=1200THz

If Alice sends v,=60 THz Bob sees: vp=(B|4)v,~120THz

If Alice sends v.4+=6 Hz Bob sees: vp=(B|4)v4=12 Hz %
(B|A4)=2 for any frequency Alice and Bob use
while they maintain their relative velocity.
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Easy Doppler-shift and Rapidity calculation

Alice: Hey, Bob and Carla! Read off your Doppler

ALICE’S y/ ;’;%r? shift ratios (B|A) and (C|A) to my 600THz beam.

Bob: | see Doppler
Blue shift to 1200THz

__Carla: I see Doppler
S\ /f{fﬁed shift to 400THz
4V lgot(ClA)=2/3,

| got (B|A)=2,

e

v =600THz

Doppler ratio:

(R|S) = Urecever
USOURCE

g rapidity: )

Prs = loge <R| S>

Definition of Rapidity,

Rapidity is most convenient!
l1eV proton has
u=0.999995598-c (Pain in theA)
or. <R|S> =2131.6 (Better)
or: prs=7.6646 (Best)

For low velocity u<<c rapidity prs approaches u/c

Thursday, April 7, 2016

0, 1200TH; o400
Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(B|A>—UB—1200—% <C|A>:UC:4OO=%
v, 600 1 v, 600 3
IMPORTANT POINTS:

Evenson axiom says Blue, Green, Red, etc. all march in lockstep and
so all frequencies Doppler shift in same geometric proportion (R|S).

C C
. _ +—
Geometric phenomena tend to Ups 4 0 4
involve logarithmic/exponential
functionality!

¢

/

Y
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Easy Doppler-shift and Rapidity calculation

.. Alice: Hey, Bob and Carlal Read off your Doppler
g ."_.,g, shift ratios (B|A) and (C|A) to my 600THz beam.

ALICE’S
Bob: | see Doppler
Blue shift to 1200THz

Pt I got (B|A)=2,
and Pra=In2 ——

,_ ‘)Car/a: I see Doppler

-l  ~600THz - . il
0,~1200THz v ~400THz

Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
<R|S> _ Vrecaver <B| >: Uy _ 1200 2 <C| >: Ve _ 400 %

Usource v, 600 1 v, 600 3

S N _ o

rapidity: Bob-Alice rapidity: )
Prs =log (R[S) pan =log, (B A4) =log, -

Definition of Rapidity,
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Easy Doppler-shift and Rapidity calculation

Alice: Hey, Bob and Carla! Read off your Doppler

f‘; shift ratios (B|A) and (C|A) to my 600THz beam.

ALICE’S

Bob: I see Doppler ‘ Carla I see Doppler
Blue shift to 1200THz ) ;

I got (B|A)=2, 4
——and Psa=In(2)—— ;' =

L] v =600THz - REE
DB—12OOTHZ v ~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
Usource U, 600 1 Uy 600 3
g rapidity: A Bob-Alice rapidity: Carla-Alice rapidity:
= log, (K]3) ’ :
Prs =108, Py, =log, (B|A>:10geT P, =log, <C|A>:10ge§

Definition of Rapidity,
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Easy Doppler—shiﬁ and Rapidity calculation

Alice: Hey, Bob and Carlal Read off your Doppler

ALICE’S "‘"

" Bob: I see Doppler Carla: | see Doppler

Blue shift to 1200THz MM// Red sh/ft to 400THz
k! | got (B|A)=2, £ )=2/3,

w3 and Psa=In(2) —— Ag;(;\ and Pca=In(2/3)

e T =+0.69— / =-0.41

- v =600THz - ) .
0,~1200THz DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S) = O rrcever (B|A) = vy 1200 2 (C| A) = Ve _400_2
Vsource U, 600 1 Uy 600 3
S N . .
rapidity: Bob-Alice rapidity: Carla-Alice rapidity:
= log, (K]3) ’ .
Prs = 108, p,, =log, (B|A)=log,— pes =log,(C|A)=log, 3
(tlme-reversed)1
Pz =069  (s0:p,,=-0.69) Py =-041
Definition of Rapidity,
(Blay=22=2
v, 1
18 time-reversal of:
(A]B)=22==
V, 2

hate us?

( Mnemonic:You can think of rapidity Osa as “R” for “Romance”... (+) positive on approach, (-) negative on reproach ) Do the stars
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Easy Doppler-shift and Rapidity calculation

; /@ Alice: Hey, Bob and Carlal Read off your Doppler
ALICE’S %1;& shift ratios< |A) and (C|A) to my 600THz beam.

Bob: | see Doppler Carla: | see Doppler
Blue shift to 1200THz ;:«4.?(/// Red sh/ft to 400THz

#f*‘“’ *ﬁ | got (B|A)=2, L1 )=2/3,
and Psa=In(2)—— Mg«{% and Pca=In(2/3)

=+0.69— / =-0.41

- v =600THz - : e
0,~1200THz DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
<R| > (D) — <B| >: UB 1200 2 <C| >: UC 400 %
p Usource N v, 600 1 v, 600 3
rapidity: Bob-Alice rapidity: Carla-Alice rapidity:
—log (R|S 2 2
Prs =10g, (R|S) p,, =log, (B|A)=log,— Py =1log, (C|A)= logeg
(tlme-reversed)1
Pz =069  (s0:p,,=-0.69) Py =-041
Definition of Rapidi
: ];B|A> v]; 5 Y Carla-Bob Doppler ratio:
:U_:T _UC_UC UA_
is time-reversal of: <C| B> L. v L. <C|A> <A| B>
()] 1 B
(4B = 2=
V, 2

( Mnemonic:You can think of rapidity Osa as “R” for “Romance”... (+) positive on approach, (-) negative on reproach )
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Easy Doppler-shift and Rapidity calculation

. Alice: Hey, Bob and Carla! Read off your Doppler
/7 shift ratios (B|A) and (C|A) to my 600THz beam.

7/ dadil ] - , Bob: I see Doppler  Carla: | see Doppler
7 | Also rapidity Pz and pPca relative to me. Blue shift to 1200THz N /// Bed sh/ft to 400THz
e M. o\ ——lgot(BlA)=2, iy i
2% “«_QVOW Carla, what's your rapidity Pcs relative to Bob’b \ fb and Psa=In(2)—— 'ﬁ,;

and Pca —ln(2/3)

P =+0.69— " 7 =-0.41

- v =600THz - _
—12OOTHZ v ~400THz
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S) = (D (B|A) = vy 1200 2 (C| A) = Ve _400_2
p Vsource N U, 600 1 Uy 600 3
rapidity: Bob-Alice rapidity: Carla-Alice rapidity: o)
=log, (R|S) _ oo 2 =log, (C|A)=log,=
Prs =108, p,, =log,(B|A)=log, T Pca =108, 087
SO:
(R|S)= el p,, =069 (so0:p,,=—0.69) p.,=—041
Definition of Rapidi
S JZB|A> v]; Py Carla-Bob Doppler ratio:
= 1y, V-V
v _ Yo _ YUy _
is time-reversed <C| B> . v, U, - <ClA> <A| B>
v, S B : S
(4]B)= v, Carla-Bobi rapidity:

epCB — ePC;ePAB

Thursday, April 7, 2016 63



Easy Doppler-shift and Rapidity calculation (I cm—cimam—@aiiz-1s

and Pcs = Pea+Pas =-1.10
We're in Splitsville!

" Bob: | see Doppler ~ Carla: | see Doppler

Blue shift to 1200THz
#;;«W Q\

\

t_ -'///ﬁed shift to 400THz
| got (B|A)=2, Vo 4)" I got (C|A)=2/3,
and Psa=In(2)—— -a-z and Pca =In(2/3)

5 ‘it

\, =+0.69— =-0.41

v, -600THz : el
v,~1200THz DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S) = Vrrcrver (B A) = vy 1200 2 (C|A) = Vo _400 2
p Usource N v, 600 1 v, 600 3
rapidity: Bob-Alice rapidity: Carla-Alice rapidity:
=log, (R/S) ’ =
Prs =108, p,, =log,(B|A)=log, i pes =log,(C|A)=log, 3
or:
(R|S)= e’ = e P P, =0.69 (S0:p43=—0.69) Py =-041
Definition of Rapidi " ’
: JZB|A> v]; Ly Carla-Bob Doppler ratio:
- V- U,V
v _ Ve _UVc Y,
is time-reversed <C| B)= v V. L. <ClA> <A| B)
v, R B ‘ '
\AlB)= v, Carla-Bobirapidity: ) : :
€ Pz — — € pCAe Pis implies: 0 = Py + Pig
— ePcaTPas =—041-0.69=-1.10
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Easy Doppler-shift and Rapidity calculation

Alice: Hey, Bob and Carla! Read off your Doppler

ALICE’S 'f“‘ f shift ratios (B|A) and (C|A) to my 600THz beam.

I got (C[BY=(C|A)(A|B)=(2/3)(1/2)=1/3,

and Pcs = Pea+Pas =-1.10
We're in Splitsville!

LASER /@& il . . Bob: | see Doppler Carla: | see Doppler
G AUNTLE «.“ Also, rapidity Psa and Pca relative to me. Bl.",,’e shift to 1200THz *«\.@(/ = Hed shift to 400THz
ey lgot (B|A)=2, ;% J’ "I got (C|A)=2/3,
9 8 T and possin—— | OnY)
S ST e Oy P

=+0.69 A ‘iw - =-0.41

T

v ~600THz :
v,~1200THz
Doppler ratio: Bob-Alice Doppler ratio:
(R|S) = Urecever (B|A) = v, 1200 _ 2
USOURCE UA 600 1
. N
rapidity: Bob-Alice rapidity: )
Prs = log. (R]S) P =log, (B|A)=log, T
or:
<R| > ePrs Pr =0.69 (so:p,,=—0.69)
Definition of Rapidity,

D Carla-Bob Doppler ratio:
< B| A> =5 Happy now,Galileo? D DD
< time-reved | (C]B)=—=——=(C|A)}(A| B)
1s time-reversed D TED)
D . B A VB
(4]B) =22 - N
v, e @ Carla-Bob rapidity:

ePCB —_ ePCAepAB

implies:

Thursday, April 7, 2016

 Galileo’s Revenge (part 1) )

-

DC—4OOTHZ

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

Carla-Alice rapidity: 7
pCA — loge <C| A> = loge g

P, =—041

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 [CW 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
Dimensionless Light wave-velocity c/c=1\ y = A.ei(kxfa” ) — A-cos(kx — wt) + iA-sin(kx — wt)

@ ang L,llar T phase-angle
ck units
S— Amplitude
Wl[”lkS angular frequency :@ =21V A
“ki;;/l ks’ \angular wavenumber :k = 21K
k =wavevector Imagi nary

axis

k=+11w=Ic

.}00 THz laser || laSel’-phaSOVS W(x,1)

(nfrared) (P33 5 SRS S G S BN 35,

Real y=Rey ~ |
[maginary/E ey %M

y=Im

Wavelength \=2n/k=1/
(lum = 10°m)
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[CW Laser-phasor wave function
Dimensionless Light wave-velocity c/c=1\ y = A.ei(kxfa” ) — A-cos(kx — wt) + iA-sin(kx — wt)

@ ang L,llar T phase-angle
ck units
S— Amplitude
WZﬂkS angular ﬁequency 0 =271TD A
“ki;;/l ks”’ \angular wave number : k = 21K
k =wavevector Imagi nary

axis

w=1Ic

k= +1

.}00 THz laser || laSel’-phaSOVS W(x,1)

(nfrared) I (A AT S I T BB

Real y=HRey D> “W‘ 7
[maginary/E “ 3 ey " M 3
y=Im ' | -
Imagination|precedes Reality by exactly Pne Quarter!

Mantra for most of the US
publicly traded corporations

Wavelength \=2n/k=1/
(lum = 10°m)
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[CW Laser-phasor wave function

Dimensionless Light wave-velocity c/c=1 Y y = At gt) — A-cos(kx — wt) + iA-sin(kx — wt
V”'gh’: A _ V@ angular ' phase-angle -3/ phase-angle

c cT cCK ck units

Amplitude
cy = 2mj A

n
“inks”’ ngular wg#e number : k = 21wk

“winks” [ angular freqy
a

Amplitude
A

k =wavevector

!

300 THz last

. Exampleé
Infrared
( Reaal:, CraZY'Thlng of Crazy Things

. Theorem: W mimy/T
If (v )°=-1 -
Then: ("'):[H Oj
. (one of four Hamilton quaternions)
e(t/*=1cosaz + ((y*-)sin

Imaginary,
y=Im
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[CW Laser-phasor wave function

Dimensionless Light wave-velocity c/c=1
\]light_ ﬂ‘ v

_V [ angular

C CT CK

ek units

((Wl"’/lks )
€€ o n )
kinks a

ngular wg#e number : k = 21wk

Amplitude
cy = 2mj A

angular freqy

300 THz las
(Infrared

Real vy
h

Imaginary,
y=Im

Thursday, April 7, 2016

k =wavevector

Crazy-Thing
Theorem:
If (v )2 =-1
Then:
e(v)"=1cos

+ (- )sin

and even crazier thino:
e(iv-)*=1cosha+(iy* )sinh

W = A-ei(kxiwt) = A-cos(kx — ot) + iAsin(kx — ot
phase-angle 5”7 phase-angle
Ima
=

7 S (kx—mt)

</

Examples
of Crazy Things

(v)=i=V-1
(v

(one of four Hamilton quaternions)

ANREYA U WA .Av

even crazier thing
(

o Py 0 =i
(l L )_\ +i O ]
1s Pauli matrix oy

(one of three)
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[CW Laser-phasor wave function
Dimensionless Light wave-velocity c/c=1\ y = A.ei(kxfwt ) = Acos(kx — wt) + iAsin(kx — t)

® angqlar T phase-angle

ck units

Amplitude N\O @ N\
Q: Where is phase=(kx-wt)=0? 4
A: It is wherever this is: £ =% Imaginary
t ok axis
k=1+1 w®=Ic - {
— laser-phasors vy

2N ey o Y Y oYy Y Y Y Ry A Ak

Infrared - ,
( ) \ AN XN 2 I N N IO MRS
/
/ I/Iﬁ W
p /
/
2T/w=1/0

fst 3.33-107175)

Space x

Thursday, April 7, 2016

71



[CW Laser-phasor wave function

Dimensionless Light wave-velocity c/c=1\ vy = A-ei(kxfwt ) = A-cos(kx — i)+ iA-sin(kx — wt)
o angular T
ck units

phase-angle

(o g 9 Amplitude N N\~
WlﬂkS angular frequency:® =210 A
“ki,;/l ks”’ \angular wave number : k = 21K
k =wavevector Imaginary
axis
o=Ic  [gser-phasors vy
300 THz laser ||ff 1 g
(Infrared) Y YR o AR Y Y Y Y Y Ry A
X RN REHE N SN AKX XN

A'Qs’A

4

b
A 20

/g

" a® ;3’
'Av‘»y % AN 4

205
\J
- o5

N
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[CW Laser-phasor wave function

Dimensionless Light wave-velocity c/c=1\ vy = A-ei(kxfa” ) = A-cos(kx — i)+ iA-sin(kx — wt)
o angular T

phase-angle

ck units

S— Amplitude — N\O @000 /T~
WlﬂkS angular frequency :@ =21V A
“ki,;/l ks”’ \angular wave number : k = 21K
k =wavevector Imaginary
axits
laser-phasors vy
300 THz laser 7N
(Infrared) AR P AR AR SR A AR S & &R —
R NN NN Y/ Llock velocity u=
Real vy = /‘V requency 300TH.
] : :‘é’é { v:}ﬁ[' 0 extremes give
maginary P ot X ) 4% :}‘1@ identical phasor
& ?AARV é"% :‘:"é clock (x,ct) array
NP g xS .
A /3 N4 &)/ Clock velocity u~c
LA\ TEVAN G A\
A/ / N ) frequency~0.0 TH.
\ W 4 RS /g .
Ol ?A 2T/0=1/

S
- st 3.33-10°5)

X\
\»

(Vv
LLTN
'A'ﬂlv
NV

10
'
4

\»

\

\ Space x

-
\
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[CW Laser-phasor wave function
Dimensionless Light wave-velocity c/c=1\ y = A.ei(kxfa” ) = Acos(kx — wt) + iAsin(kx — t)

- angl“.tlar T phase-angle
ck units
S— Amplitude
Wl[flkS angular frequency :@ =21V A
“kl',;/l g’ Qngular wave number : k = ZnKj
k =wavevector Imaginary
axits
k=1+1 w=lIc | = | & x,1) .
— laser-phasors v W
p R < YR .
(Infrared) e Ly L L A& X AV ek vetocry =
Real w=Rey /‘V requency 300TH:
S ' Xwo extremes gi
1 AN Al » give
Imaginary %“!{:ﬁv / 4& L 0 identical phasor
y=Im A ?AA‘ %‘% 3 clock (x,ct) array
W 4 S 2
3

a; Clock velocity u~c

\ > YR
o %]L% 2 p frequency~0.0 TH.
T/MW=1/V
3.33-10 %)
Other Doppler versions

N/ =c=v"/K/
must match this phasor
clock-(x,ct)-array, too.
That's gauge invariance!
kx-vt = k'x'-0't

Space x
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/5 Alice: OK, Bob. Colliding 2CW laser beams

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

Right—movmg wave e\ (x-0Y

Leﬁ-movmg waye e’( 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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'..:E_;"'}' zght—movmg cw e’(kx -0 Lefi-moving CW e!(:/x-00)

'/,‘ § ye-laser
7Ny /8| 600 THz e

//‘//'///n /////////M////\ N WK A e r///f/\
\!\\\\\\quf \h)\\\\\\\\\,,,, *7Imw\~\\\\\\\\\\w\\ e T

-
Wavelength 7»=21t/ k=1/K
(1/2um=0.5-10"m)

%(M ffffffffffffffffffffffff
= W§ Bob:

Cool!

®
i3

made me =
a space-time
graph out of

real zeros.

Howd it
do that?

Thursday, April 7, 2016

k=-2  ®=2c =4 )
CW Dye-laser | ,“"%
600 THz | ‘

Easy!

" You get zeros of any wave-sum e'“+e?
by factoring it into phase and group parts.
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lght—movmg CW ei(kx-o1)

//‘ '/'f/fng%// //////

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

\k\A\\\\\\\, \\\x\\\\yqufqnmjﬁf

Leﬁ-movmg CW il

NS | k=+2 ®=2c =-2 _0=2JcC
' g 7 :n i CW Dye_laser
AN s 600 THz

/‘/}///7 28 Z/'/‘
\\ \\\ \\ \

made me =
a space-time
graph out of

real zeros.

Howd it
do that?

Thursday, April 7, 2016

o

Space x

CW Dye- laser A ?""\Carla
600 THz _| ™
AWK AG O o Easy!
\ LTy 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
So, half-sum 92  plus half-diff > gives a,

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

kx-ot -kx-ot

Iy
()= ol | o
.a+b .a-b .a-b

—ol 2t et 2
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zght—movmg CW !0 Leﬁ-movmg CW ei(lo-oy
N k=+2 ®=2c =2 =2 P A
770 TR cw Dye-laser CW Dye- “laser N ) \Carla
, 1600 7H: 600 THz _ | £
/‘ / W /" / N )/ > i / . ';/o Easy,

ALk \*  You get zeros of any wave-sum ¢4+ ¢’
@ by factoring it into phase and group parts.

8 J Remember your algebra? Exponents of
S products add.
~ A
Wavelength A=21/k=1/K So. half ath lus half-diff a=b
(1/2um=0.5-10"m) o, half-sum a—%b pis alf- 1. %bg{ves a,
and half-sumemus half-diff £=° gives b.
2
Presto! b (e ath
You factor e“+e'b intoe * | e > +e 2
************************ Space x ~ Red phasor ,
: W
ﬁﬁ Bob: kx-ot -kx-ot cosp
Cooll 3 Typical
ooll 3 ia ib
You guys © e” +e PLUS ~  Phasor Sum:
g y S St Al Al ~ //V\
made me 3 lC”b T -b i a-b: N\
a Space'time _.e 2 (e 2_|_e 2 : cf))éocsm ‘ /// \\\\
graphoutof . SR . SR 0  TTTTTTTTnToToTonmnoens &\/ /(o)
real zeros. Green phaso /(a_B)/ 2
. e (oc—B)/?,/
How1d it ST
ALS: Y pmVatv =
do that? EQUALS: Fa vty

"
L/
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(a) Sum of Wave Phasor Array

Group|or Beat: Node lso)if’ VACIOK
\

\_/
@/\ Y YANYNYAAYA AAYARY YA N
VA A ANAWA VAN VAW ANANAS N A % A WA/
(b) Typical Phasor Sum. (c) Phasor-relative views
Red phasor » A moves relative to B Geometry of the
A -~ Half-sum
cosP | Phase/
\J and
Half-difference
PLUS > Group\

Happy now?

ﬂ eioc "”’

o "M
cosx

Green phasor&/

/ Ttz Galileo’s Revenge (part 2)
; Phasor angular velocity
adds just like
\ / Galilean velocity
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zght—movmg CW ei(kx-o1)

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

by /! / e k=+2 ®=2c =-2 w=2c
270 T CW Dye-laser
/ R 600 THZ
a f M VV_VVYT d

Time ct

Leﬁ-movmg CW ei(lx-0p

CW Dye- — /4
600 T. HZ ‘

/‘/}//////?//‘ y} Y /A% f/ \_ o
\\\\\\\ ~NpL '

Easy!
You get zeros of any wave-sum e'¢+e'?

r’ \ l k by factoring it into phase and group parts.
J Remember your algebra? Exponents of

\\,,\\\\ AN x\ \

products add.
a+b a-—>b
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 e“+e'b 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?

Thursday, April 7, 2016

-----------------------
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B iR ght—movmg CW ei(kx-00) Leﬁ-movmg CW e!-x-01) o i
k=+2  ©=2c =2 w=2c 0\ I
75 T CW Dye-laser CW Dye- laser N )
Ny N 600 THz 600 THZ = \
N A Easy!

< N, j'\‘*\ \ T You get zeros of any wave-sum ¢'“+ ¢
@ by factoring it into phase and group parts.

I { ‘
\ .

1;/‘ / //y‘/' /

8 J Remember your algebra? Exponents of
Sl products add.
&~ - Iy
Wavelength 7»=27t/k=1/1< aro _a-b
(1/2um=0.5-10m) So, half-sum 7  plus half-diff 5 gives a,
and half-sum %minus half-diff “—° gives b.
2
Presto! b (e ath
2

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

Space x Alice 1CW phase: a= kx— wt

—r-\é'l N — —
ﬁﬁ Bob: ot-w? ~fox-ef C2Ma 1CW phase b kx — ot
Cooll = ) , _ a—>b
You guys N (x,t)= em elb Bob’s 2CW Wgyg-phase. +hk=—
SA ABEA ANB 0 Ly .
made me = .a+b’ .a-b a-b p ;
3 space-tim? Group wave: € + k% =3 cogjy

graph out of
real zeros.

Howd it
do that?

Space x
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zght—moving CW !0

k=+2 ®=2c
R CW Dye-laser
‘ AN 600 THz

-
Wavelength A=2m/k=1/K
(1/2um=0.5-10"m)

Spvace x

Left-moving CW (/-0
k=2

0=2c

600 THz

CW Dye-laser | %~

Space

T Mo,
e
A0
{ Wav N )
2\ )

ex Alice 1ICW phase: q =

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

Remember your algebra? Exponents of
products add.

a+b
So, half-sum »

and half-sum %minus half-diff

a—>b
plus half-diff > gives a,

a—b gives b.
2

.a—b

l—

e ? +e

a+b

2

Presto!

.a—b
You factor €'¢+e'® into e 2

kx — wt

Bob: Let’s plot this in per-spacetime?! by - Carla 1CW phase: b = —kx — t
~ot -fox-

Cool!" 3 — em + elb Bob’s 2CW Group-phase: +k=@
You guys %’ (X,‘li)_: ................. Wave ' o)
made me 3 l ia b I raby . prikx | p-ikx _

a space-time _.e 2 (r‘e 2_|_e 2)' Group wave: € + €™ =2coskx
graphoutof | Wl Bl reemeeettmmmmmmeeeeeees * is standing wave (does not vary with time ) b
a-—+
real zeros. . . . ‘ =g iot szx +e J Bob’s 2CW Phase-phase: —(0=———
oy Wave 2
Howd it phase gltoup it
do that? factor factor Phase wave real part: Re(€™"*")=cos(WI)

Thursday, April 7, 2016

Space x

ﬁ) 1s “instanton” wave (does not vary in space X)
Wi, )= cos)x
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e -
Wavelength A=21/k=1/K ;’ Period 1=21t/0=1/0 It looks like &
(0.5um=0.5-10"m) § (1.67fs=01.67-10""°s) baseball diamond
B~ with
_ . P at Pitcher’s mound
: : - and
G at the Grandstand”.
‘{’(x, 0 = (e'iwt) (Zcoskx) :ei(kx'(ot) —|—ei('kx'0)0 I'm on 1st base! (R)
s *Thanks,

Standing 2CW in per-space-time ™
Frequency 4

W=2TV 1500
THz

Standing 2CW in space-time  woody!
phase  group |y
factor factor group

aaa

Phase vector

Time ct

T 1/2-sum:
—p— R+L Bob: / ‘
900 phase 2 The P and G ReWphase-zer: g
THz vectors are B )
scale models . @ ¢
=Ko R=K,, Iof.zero-grid | RS g %
attice vectors roup =
L=P-G R=P+G  (butP andG g

switch places)

+4
Wavevector

Group vector 0 R-L
1/2-difference K /gG=_ ck=2mxKc

0o SI
[8o1119A-0)-2dO]S g
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T 4

Wavelength A=2m/k=1/K
(0.5um=0.5-10"m)

.

Period

. (1.67f5=
h

Time ct

No, Carla
you’re on 3,
I'm on 1st. My

laser points Right
Yours points Left!

Standing 2CW in per-space-time

Frequency
W=2TTV 150 5
(" The ) THz S
ond
(v;K) 1200kase Phase vector Y
“Baseball . 1/2-sum: E
\ Diamond” ) =P=' R+L Bob:
900 p, The P and G
3d base THz 1st base vectors are
(Carla) 600 (Alice) scale models
=Ko N R=K,, of zero-grid
lattice vectors
L=P-G R=P+G (but P and G
switch places)

+4
Wavevector

ck=2T1Kc

Thursday, April 7, 2016

T=21/0=1/V
01.67-10‘15s)

Ay

W (x,t) = (&) (2coskx) = (-0 + gi(-hx-01)

It looks like a
baseball diamond
with
P at Pitcher’s mound
and
G at the Grandstand®.
Ok,I’'m on 3@ base L.

. ) . *Thanks,
Standing 2CW in space-time  woody!
phase  group |y
factor factor group
0
3
.o
¢
3
S
=,
9

0o SI
[8o1119A-0)-2dO]S g
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Continuous Waves (CW) trace “Cartesian squares’ 1n space-time

CW Laser
600 THz

(a) CW squares.

Time
ct -

TN S
h lr"J
/ b

\ e "‘I.
-~ I‘ '
'y \ J."
I | f
i i
i 3
y
i f

A

.-

1 femtosecond 1.0 fs— Pf?fj; _

1.0 fs=10"15s - I

[ micron : l

1.0 um=10"5meter

Pulse Waves (PW) trace
v Time
\\\Cf -
(b) PW diamonds - _

PW laser

Wavelen’;g'

>,

0.5 um ]0um
S

/

._ / 4
\ / «

CW Laser
600 THz

/
/

/ P((D Vs Ck)
G(Ct vs X) R‘ g

/

“basebalk c

Thursday, April 7, 2016

\/ \/

7N\

7N

G((D Vs Ck)

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

\
N
AN
AN
AN

'

PW laser

'b Space

i




— Right-directed 1CW (") — Left-directed 1CW ' 5*9Y

CW green-lase W green-lase -
600 THz Doppler blue shifted Doppler red shifted 600 THz

Vs to 1200THz to 300THz , 5 o
/Y Imy_, Rey | E— W
v N
Alice: S -
Now our 600THz lasers
move left-to-right. My , (

< AN
A S
Wavelength N=2m/k=1/x
(Ium=10"m)

1200THZ or \=1/4 M@ @: 300THZ or =1 um )
M ob:That UV burns!

600THz laser is going Wavelength A=2/k=1/K
so fast its beam blasts (1/4um=0.25-10"m)
you with UV 1200THz. ———

Carla’s 600THz laser is
going away So you get

Thursday, April 7, 2016
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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 A2/ k=1/K
(]/4].Lm =0.25-10r 6m)

Carla: My |
UV 300THz L/

3rd baseline
is a lot nicer!

Frequency — 2CW per-Spacetime Plot Bob: Sunglasses help.
N 1500 [, . Wow! Your 1¢t baseline R/
| < +P—
(units of T | hD = o oppler blued up by €172
Va=O00THE) o0 e = €' ok =20Ry o/ s
7 R= :
C / :
L / :
1 // ------- I
: s |1y —i,tP
[ / .0 QJ\\ =20
/ & -
J/ o N =1200TH?
/ QJ{\
&
gg\@
+10°  4+2:10° +3-106  +4410°
llll‘lllll.llllOllll'llll‘lllll'llll2|||||

Thursday, April 7, 2016

Wavevector cx’
(units OfCKA=2'106/m)
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b

7/ Y \H—H:
vector is fierce! Carla: My /,
You’ll need glasses UV 300THz L'
to see P’ and G’ 3rd baseline

lines or coordinates. is a lot nicer!
(and half as long.)

Alice-OK. Wavelength \=21/k=1/K Wavelength \=2m/k=1/K — v
My UV 1200THz R’ (1/44m=0.25-10""m) (1um=10"m) . —— P,

Frequency - 2CW per-Spacetime Plot Bob: Sunglasses help.
v 1500 & New 4 Wow! Your 1¢t baseline R/
_25 : Sl e L +p: :
(units of THz [ / 1st base 7’ ﬁ‘*@oppler blued up byle_ _____ 2.
- / I U S e s e e .
v, =600TH:z = 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.
: / 7 4 | ieeaaa- : g o TEEEEEEEEEEEEEEEEEEmEEEEEES" -I
| 1.5 / , .
- / .5@%_1{\@\”’ v, _§e+va ;
- / .0{{\ %QJ\\J :EZUA E
\ O (. .
C / ¢ 9 .
J/ o N =1200THz:
C & :
05 / ) @0 :
E S :
+100 42100 +3-105 +4r10°
dlllo[sllll‘lllllllsllll2||||| :

e e mmmm - 1

---------------- Wenvevector ik
(units of ¢k ;=2-10%m)
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€ (

Alice:OK. ke=1/x
My UV 1200THz R’ ( 1/4W” =0.25-10"°m)

vector is fierce!
You’ll need glasses

to see P’ and G’
lines or coordinates.

v, Z N S -
r ¥/ RSl
/T & i 0~
,,' ¢ 3 it
.".‘ / f ‘\\\ =3 7‘_-“', ]
A\ e il
A T S
, il \:A\\ i i A
" ,". Ll N 4
Wavelength \=2m/

Wavelength \=2m/k=1/K

exX

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 1st baselme__}_} _____ i | R4T.
(units of 2 1st base 7§“'@Qoploler blued up by e*P=2.! phase™
— (Allce) A
O O00TH)  h00E ok, = e = 20k, RLK . | But, Carla’s 37 baseline 1. is, | New “Bitcher-mound” P'(Phase pt
K+4 Doppler red shifted by'ep 1/2 is 1/2-sum ;R +L )/2\
....... 2-1/2
V, =§e+PUA . CK'phase v,[ 2 v, —1/2 >
------------ : ' , + =V,
New —Dy, | Ve | 202 ) 2[ +1/2 2+1/2
3rd base T e E 2
/a[/a) = IZOOTHZ: 3/4 \ )
/ .
L=Kg . : ‘1 5/4
: e—p_l
T |_‘2| T r|2 T HO|6| ||+2‘ 1|OT |+|3|1|06| | ‘1|06| ] E
| 0! | 2 ;
oL Do e B IPavevertor vk === '
s 2. (units of ¢k ,=2-10%/m)

Thursday, April 7, 2016

89




Alice:OK.

My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P! and G’

lines or coordinates.

Frequency
v’ 1500 [
(units of THz

Vv, =600THz)

(1/4um=0.25-

Wavelength A=2m/

10%m)

kzl/Kl

Time ¢

— 2CW per-Spacetime Plot

New
1st base
(Allce)

Doppler red shifted by'e P= 1/2
------------------------------------ P —oP
UA = €+pUA i CK;)hase . UA P n UA _e—p —D 2
New = %inhof =20, v’ B 2 +p 21 4¢7° A ePteP
care) | ooorr | e
arla) - < sinhp 3/4 | /
/| = : =v, =,
L_.-- 1 - : coshp 5/4
 ov= 5
D |_ 2 +106 ' 106 E
||||h||| | ll||||||‘1|||||||||‘2""| :
: _Z—p: it S Wavevettor vk ==""""" '
s 2. (units of ¢k ,=2-10%/m)
v.=e "v,=—v, =300THz
90

Thursday, April 7, 2016

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

UV300THz L’

+ 3rd baseline
is a lot nicer!

(and half as long.)
......... / / R+L
Kphase

exX

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

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




Time ¢

Wavelength \=21/k=1/K I

(1/4um=0.25-10"%m)

Alice:OK.
My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P’ and G’
lines or coordinates.

Wavelength \=2m/k=1/K

UV 300THz L/

o X’ 3rd baseline

7/74

is a lot nicer!

. Mﬂﬁﬁk (and half as long.)
Frequency — 2CW per-Spacetime Plot [ Bob: Sunglasses help.
v 1500 |, . New N &~ Wow! Your 1¢t baseline R’ / ! R4T.
(units of T — 1sthase =<« 718"Hoppler blued up by e+p=2 K hase=P=
_ u , Alice ST
L, =600THz) 1200 ;2CKA=+p _____________________ :(R/= ‘ /"% But, Carla’s 3 baseline _I_J_/_iés_' New ‘fitcher—mounCJ;” P’/(Phasept.
Kig : Doppler red shifted by,e?=1/2.: Is 1/2-sum ;R +L )/2-'\
B N o S - 2—-1/2
‘ ’U; _§€+pUA i CKphase UA 2 N v, —1/2 . o)
=Dy, Ve 2\ 2 ) 20 4172 | M 2412
_______ = 1200THz; 3/4 . 2
I:: : d ; Al 554 New “Grandstand” G’/( Grgup pt.)
3 A/ 4 ' is 1/2-difference (R"-LL )<2:
1 ' / E 1
2 ... 1100 4,52-106 +3-106  +4410° , 2+1/2
TR TR |1 ml_l_lq\él__l_l_l_‘llul_l_l_l_}s_lul_l_luzl |||\ i CK e vf 2 ) v, -1/2 _, 2
E_e_p=75 avevecior cx Uj,ohase | 9 ol 110 Al 912
by <L _300TH 5/4 .
V-=e¢ "V,=—V, = Z
-2 “3/4

Thursday, April 7, 2016
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Wavelength A=2m/
(1/4um=0.25-10"%m)

Alice:OK.
My UV 1200THz R’

vector is fierce!
You’ll need glasses

to see P! and G’

kzl/Kl

Time ¢

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

UV 300THz L/

+ 3rd baseline
is a lot nicer!

exX

lines or coordinates.

(and half as long.)

Frequency — 2CW per-Spacetime Plot -- \1 . Bob: Sunglasses help.
Y 1500 [, New = g~ Wowl! Your 19 baseline__R_’___.
(units of THz [ . 1st base f‘x-;%ﬁ__;_'_;,—_-f.?'?"i§*'-Qopp/er blued up by e+p=2
_ | , (Alice) o -
DA 600THZ) 1200 :_29(?.4-.?-??__1) _____________________ R/= / i But’ Carla’s 3 basellne- _];J_/_i;s_' New “EltCheI’-mOUI‘IO;” P,/(Phasept.
I(-I-4 : Doppler red shifted by.e?=1/2.: is 1/2-sum (R*+L").2: \
_______ P pememsoeccecceccencaibiooooo.d P _oP
01,4 = :e+pUA i CK;)hase _ UA TP UA _e—P ~D 2
=20, V' pase 2 '’ 2 +e* |oePte
= IZOOTHZ/E y R/+I: sinh p \ 2 J
g d Ko hasd P= = New “Grandstand” G’ (Group pt.)
L R 2 h
- ' coshp is 1/2-difference((R’ -L)s2: \
: / : Py ,=P
: e’ +e
2. ... 100 w2108 +3-105  +4k106 . i’ (., . -
T T LT T L T L T T T[T 5T 11T . sor | _V,| e D, —e . 2
;_e—p:%l A avevector'ex'|| vl 2{ ¢ ) 2| e | Y eP—e?
1 G o G o , RLL/ ( cosh p 5/4 | \ 2 J
’—,Pay — 2y — roup vector K  |lgt K- = . =
Ve Vs ZUA SUOTHz 1/2-diff vector sronr 2 . L sinh p 1 3/4
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Wavelength A2/ k=1/K
(1/4um=0.25-10"%m)

Frequency — 2CW per-Spacetime Plot
v’ 1500 [, &
(units of THz

v ,=600THz)

T a
R=K.q Bob: The spacetime // g / ,/ / '/_ s

b

N
A S
Wavelength \=21/k=1/K
(1um=10"m)

N Time ct’ [~
{’ﬁ"”{%&__ ) \ (units of | _
A =12um) |—2

wave-zeros replicate V] / e A
N\
the same pattern. >

/ Space x’
-2 - 1100 Ww2:100 +3-106  +4-106 (units of
||||_‘1||||_0'5|||| |||O|.5||||‘1||||115||||‘2|||,|| KA:]/ZMm)
Wavevector cK T 1T ‘
. _9.710n6

(units of ¢ ,=2-10°/m) q ). ) ). 1 1.5 )

/v w/ / o/

Phase vector P K’ . =P/= R+ Group vector G ng mup=G/= R-L

1/2-sum vector ~ P"%%¢ 2 1/2-diff vector 2
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P

‘ AN
h %
Wavelength \=21/k=1/K
(1um=10"m)

2C WMinkoWski—Spacetime Grid

Frequency — 2CW per-Spacetime Plot , s Time = 2CW Minkowski-spacetime gr
v’ 1500 1, 5 NS of
(units of THz — ,{f P \ — ) R
'UA:600THZ) 1200: ) R/_ y —
M Bob: The spacetime // / y {

wave-zeros replicate / Y s/ \
the same pattern.

(Except P/-phase and
G’ -oroup indicators

/ get switched again.) Péﬁihase
L= J g A c ///
Let’s measure these §»
' : ful detail! @4 , {
-2 - 106 42106 43105 +4-10° in-care ' ~ \ ‘ Z -,
T T T T T T T T T T T T T T 7T ) 2 Space x
| | Wavevector cx’ P , am 1T ‘
; =2.7()0 7 g / /
(units of ¢ ,=2-10°/m) 1 ). 0 eST 1.5 )
/ /

Phase vector P K/ =P/= R/+ﬂ Group vector G K/ . —GL R-L
1/2-sum vector  P95€ 2 1/2-diff vector group 2

Thursday, April 7, 2016 94



The 16 dimensions of 2CW interference Time ct’ [~
(units of
kA=]/2um)

Start with the
Dopplers

Frequency [
) —
Vo as00 [
(units of THz [~ y g ,
v, =600THz) | 7 ' 1(9ace ;C
1200 |- / / / units o
TH S 2 / R_KI-4 A (=172um)
| /
| / /
%0{0_1'5 . f ||‘||||‘
Z\|_ / /
C B ev,=20, 1.5 2
il A : /
/
600 ,
/ 300: ---------------- 7 l
[ ( ; Doppler
= [ /
A "
2105 -10 1100 4 {0100 i +3-108 +4-10°
AR AN RN AR U SRR Jp Dover
-1 _p,-05 0 05 | 115 2, RED
e UAZEUA Wavevector cX' ([ rapidin
: p
nits of cx =2-10/m)
value for
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The 16 dimensions of 2CW interference Time ct’ [~

| — Start with the
(units of | _
\ h=1/2um) 2 Dopplers
R ( sinh p \ ( 3/4 H ...then do-the
= ")A = ’!)A
P C Ve | coshp | L 5/4") // / / ‘ / pHlse waves
Phase frequency  flips Phase period T SNy //’ / ///
() phase_UACOShIO 5/4 to Tphase_TAseChp 4/5 /
=125 =0.8
T bk /
Frequency [ —msech S
( v’ flSOO I //
units of THz [~ ‘ ’
— 2
v, =600THz) | / Space x
1200 [~ 9 P4 (units of
TH / A =1/2um
= // A/ — A “ )
0 - / - ANPRERN
E B /e+va 2
600 /
THL | //
/ = oigie=1.23
C /o -
22:106  -108 1100 W 2-100 ¢ 43106 +4:10° \ 1 1
T T g T T TP TT LT T T STOUp - oo IV , Deppler
_ 0.5 : : BLUE RED
e’ UA_EUA Wavevector cX' \[“wim ~ \ o
. B p o e sechp coshp €
(units of cx ,(=2-10°/m)
valne for %: 0.5 %:O.BO %:2.0
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The 16 dimensions of 2CW interference Time ct’ _: Start with the
(units of | _
kA=]/2um) —")

/ )

Dopplers
K e sinh p 3/4 ..then do-the
[ e ||

P, (v;hase ] VAL\ coshp /J VAL 5/4> // / /L

-

priase waves

Phase frequency  flips Phase period T SNy
() phase_UACOShIO 5/4 to Tphase_TAseChp 4/5

P

=1.25 =
Frequency [—
) B
Vo as00 [
(units of THz [ y g ’
v, =600THz) |- 7 pace x
1200 [~ 9 / / (units of
TH N / = kA=1/2um)
| /
| / /
by f ANERERN
C Pay =
L / e'"v,=20
=y 7, 2
/
600 ,
THL | 3| /
/ = =1.23 ) T v
L [ 0.5 /o Doppler phase phase Doppler
AR THz: // phase | by, r v, by e
/ :

2106 -10° 10 W A2:100 ¢ 43108 +4-10%f| I I
T T LT T T LT T T T T ETOUP | = Dappler Doppler
-1l —p, 05 0 05 1 115 2, brue b ren
e’v,=-0, Wavevector cK' |[“radn - »

. B p ) e sechp coshp e
(units of cx ,(=2-10°/m) l 3 5 ;
e for | == 0.5 —=0.80] =125 Z=20
o 2 4 l
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Time ct’ [~
Phase wavenumber flips Phase wavelength \ =1/x , . —
K’ phase=k.48inhp=3/4 zﬁ N phase=Aacschp=4/3 x(in]lgii ) __2 \
A

\ g, .
(K e ]_\v( sinhp | | 3/4)] 5"

P's J Neoshp |~ {574 aN] 7 >

phase
Phase frequency  flins Phase period T =1/v / /'
U,phase:UACOShp:5/4 tO T,phase:TAseChp:4/5

- T phase
Frequency = =T48€echp
V' 500 [ =4/5
(units of THz _—2'5 / q ’
v, =600THz) [ // ]?age ;C
1200 - / / / QMLS O
2 - ,
TH B / / R K|_4 : L 12um)
/-' / Fw
& / / \ AT LT
900 |
2| =0.79 PK )/ ( / 1‘ 5
e / -1 X J 1 ° 2
600 X
85745 /
- =125 b
/ L 300 [ 0,5 / \ { hase b Doppler K phase T phase v phase b Doppler
T THz|— / RED BLUE
- C / \K K4 Ty v,
/ N 1
22-10  -10° +10° w2105 +3-105 +4-10°f o N\
DopRler Doppler
l-‘ll | |-0.5| L1 OI | |0|.5| R hl | lllsl L1 2,| bBEIK‘ boerr
Wavevector cK iy [ \ sinhp | sechp coshp P
(units of cK =2-10/m) " 1 5 5
pad” | ==05 —=0.75|| ==0.80 —=1.25 ==20
2 4 5 4 1
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Time ct’ [~

Phase wavenumber flips Phase wavelength \ =1/x , . —
Wse—rsinhp=34 10 Notase=\iaschp=43 "0 o
— 4 - —ﬁschp—>

CCK phase ] { Sinhp ‘ { 3/4 ) ——

P v T oo 7050 ) \ VA

Phase frequency  flips Phase period T =1/v 4 % X 9 s
-

U,phase:UACOShp:5/4 tO T,phase:TAseChp:4/5

- T,phase L
Frequency [C =T48echp Al
Vs — =4/5 /
. — 2.5 -
(units of THz [— y T/phase:0-8 ,/'/ Space v
v ,=600THz) — // - ‘ : |
12001 / R/_ / / » (yetts of
TH S /// — "/ i’ 1 5 L 12um)
ﬁ - - Fr
900 | A ./ o/ I‘IIII‘
mz| =0.73 p/ y ) 1.5
>/ / -1 U ' U - T 2
600 / \
THeL = /
/_ 300 :0. 5 e 1. ‘/25 D hase b Doppler K phase T phase v phase\ 2’ phase bDoppler
A THz: / RED K, T, v, ;LA BLUE
/
2-100  -10° 1106 W, 02106 +3-106 +4-10° 1 group. Lgroup  Dgrouy R group 1
group o) er 0, er
l-‘ll | |-0.5| R OI | |0|.5| L1 hl | lllsl R 2,| bnglg ngg’l
Wavevector cx ’“p;di’y e sinhp | sechp coshp \ cschp e
(units of cK =2-10/m) " 3 2 s = >
;‘;";j;“” —=0.5 —=0.75 | —=0.80 —=1.25 —=20
2 4 5 4 3 1
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. Time ct’
Phase wavenumber flips Phase wavelength \ =1/k

/&’M=nAsihhpv=3/4 to N e=)\/ﬁwhp'= 4/3 K(Iin]lg:gi) _—2 N aiase
;) | 8 ﬁmhp—»
, K ppase | ) ( sinhp )_1) ( 3/4
P o T oomp T 57
Phase frequency  flips Phase period T =1/v /

U,phase:UACOShp:5/4 tO T,phase:TAseChp:4/5

o

(- =
-slope=Vpnase/c
p, pce phase/
Uowse coshp 5/4 5 ,
W, = B - =75 | T phase b N
Frequency — |c Kpmse SIRP  3/4 3 | =7 sechy | :
Vo s [ =4/5 / 5
: 2.5 - :
(units of THz [ y 7 on W/ : ’
- phase , - '
v, =600THz) | / | i S](aace ;c
1200 — / / / P 5 HLs O
2 R= > .
TH / N ; —
- // K-|-4 1/ |35 /' =.33_ , | f |1/|2u|m)
900 / / ‘
THz| & 75 /4/ // / 1‘5
) / -1 . 2
600 /
THL | //
n =125 -
/_ 300 [ 0.5 / oppler K phase T U hase A’ hase V hase ppler
=K THZ l // phase | by —/"/ ’;‘ :’)'f ;"—‘ % by
2100 -1 1106 w2106 +3-108 +4-10° omn | N\ 1
T Ol AAFRRRRRNRRRNRRRN 2,I grouj pome 2 \_ poumir
Wavevector cK | - — N ol m o
(units of ¢k ,=2-10%m) P ‘ SIMMp | SeCip COMP | © op| e
waesor | 1_ 5 3075 | 22080 =125 | 2133 2=167)| 2220
=31 2 4 5 4 3 |
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| Time ct’ |~
Phase wavenumber tlips Phase wavelength X\ =1/k .. or

K phase=K.18inhp=3/4 10  Npiase=Aacschp=4/3 " i) 9 Nopoco
AN 4 I— =
p’ (HKppase | [ sinhp | [ 3/4) — =
T T
V' ase J coshp 5/4 \ 7_/phm:_o_gzﬁz/5 Z >
Phase frequency  flips Phase period T =1/v \OQ@ C
U,phase:UACOShIO:5/4 to T,phase:TASeChp:4/5 %Q\{\QS b(\’b ///”3
( — \ 1 e//
P-slope=Vphase/c s
V. coshp 5/4 5| <ot o
7 - - =75 | T phase Z '
Frequency ¢ & phase sinhp  3/4 (3 =T148ech ‘ﬁ\\
N i =4/5 WAL
. 1500—5 5 : %
(units of THz [ y l T/phase_0-8 S ) ’
v, =600THz) | 7 pace X
12001 ) R/ / E (yptts of
/ — : _
THZ/_ / // X =1.33 ] A—]/Z].Lm)
K phase 7 / HERER
=875 5 S s
>/ J/ -1 . . T . 2
600 )/
THL = /
£ —1.25
/ — 300 [ 0.5 1 ] /‘/2 hase | b Doppler K phase PINge v phase A’ phase Vplmse b Doppler
= THz: l / , pnase RED / 3 v, )“.1 " BLUE
2105 -1 100 w000 3108 taa0ffl 1 N\ l
T T LT T T T T T T 8TOUP | = o — — }; Do

BLUE \ RED

Wavevector cK’ |
(units of cK =2-10/m) .

value for
B=3/5

e’ sinhp | sechp coshp &h{ cothp | ¢

~05 3_075 | 2080 2=125| 2=133[ 2=167]| 2=20
4 5 4 3 1
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The 16 dimensions of 2CW interference 7Timesct” [~ Start with the
(unijts of
A A /2um) —2 Dopplers
/ CK oy ) ( coshp ) ( 5/4 | - /.thendot
=1 =1, 7 ‘-
G (Vywp | | sinhp |7 3/47) phase wgbes
Group frequency \flips Group period T =1/v £ ' / .then the
[v’ group=U48i0hp=3/4 | to T group=Tucschp=4/3 — //
N\\=0.75 =1.33 | Srp waves
Frequency [—
( v’ ; 1500 [,
units of THz [~ ’
_ N 4 Space x
v A—600THZ)1200 N p o ' ](Qu nits of
[ /
TH S 2 / R=K|_4 A (=172um)
| / 4
900 - ) % , | ‘ NN ‘
THz | _ B/ / i / . \ 1 5
» k! : // -3 . U . T 2
roup — /
AL =125
= 4 : h A v
/_ 300 0.5 /: hase b}le)ggpler K-Phase M M phase _ phase bgLOP]])Eler
- e ek — /é/:groupzo- 75 ! K4 T4 v, Ay ¢ 0
/ :
|'2‘.1|OT| N |T1|OT | ﬁz"l?6|*+|3'|10|6| Frscou — s |l — -
-1 -0.5 0 05 1 !5 2 \bf;)f{}’;er L, b}?ggp er
Wavevector ¢ |[ rapiainy "~ <inh T
p | sechp coshp | cschp cothp e
(units of ¢k ,=2-10%m) ’ . ~ 1 5 1 5 5
ratiefr | —=0.5 2=075| ==080 ==125| ==133 ==167 | ==2.0
> ( 4 ) 5 4 3 3 1
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The 16 dimensions of 2CW interference Timesct’ [~ Start with the
(unijts of
A F2um) —2 Dopplers
CK oy ) ( coshp ) 5/4 | /.then do t
G/ =1
O I LT W D phase wafls
Group frequency  flips( Group period T =1/0/8KF7 4K N/ SN / .then the
() group—UASIHhIO 3/4 tO 7- group TACSChp 4/3
=0.75 =1.33 E S waves
/ =
o L T group h
requ,ency — :Zﬁgsc P - group_] 33
( v ; 1500 [, =
units of THz [— ,
— /
o ~600TH:) | 7 “pace x
1200 - y / =/ units o
2 .
TH S / R K|_4 kA=1/2um)
C /
o[- / ARRARRN
THz [ / / / [ \ 1 .
: P / _ \ . \/ ' 'v T 5 2
600 froup /
T
| Y A A l
/ L 3005 /E hase bDOppler o K-phase Tphase vph e phase _ phase bDoppler
=K. THZ_ ) 4U /:group: 0.7 5 P RED K v, )LA : BLUE
7o
2100 -10° +10° %2-106%3-106 +4-10° group 1 Veroup N T eow 1
| ‘ll | ] | | R OI || |0|.5| N hl |1 lllsl 1] 2| bgLoZz;ler v, T, b}?ggpler
Wavevector ck e ! sinhp | sechp cos}\Q cschp  cothp | ¢
(units of cK =2-10/m) " 3 2 s N 5 5
‘gl:lgjsfor EZ 0.5 Z=O75 §=080 22125 . 52133' 52167 TZZO
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Timesct” [ :
Group wavenumber Group wavelength A =1/k e or [ Stayt with the

/ . 4 — L == == [
o 5 [ coshp | [ 5/4) / v —__/ /..then do thg
=7 =D 177N\
v J "INsinhp | 3/4 / */ ' hase waghbes
8oty J L L?L_# P

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

N then the

140 waves
=0.75 =1.33 Sy
/
- T group
Frequency - =T74Cschp
V' 500 [ L
(units of THz _—2'5 / g ,
v,=600THz) | 7 ](mce ;C
1200 |- / / / units o
TH S 2 / R=K|_4 A (=172um)
L /
o[- / ARRARRN
THz | _ P/ / i / : 1 5
| / . \Y, J . °
600 roup /
T 4 :f 2 7\
Y A/ 4 \M K \ v A 1%
/ 300 05 /o bDoppler phase ase phase phase phase bDoppler
= : : pP RED BLUE
= THz[ Voo =0.75 K T v A c
B // :group \\ A A A A
2105 106 +106 %2-106;%3-106 41000 oo | — Boow | [ Keow | Zorow I
l-‘ll || |-0.5| | OI || |0|.5| ] hl || Illsl | 2,| bgzglger v, K, T, bgggpler
Wavevector cx S sinh p\ chp coshp | cschp cothp | e’
(units of cK =2-10/m) " 3 2 2 s 5
alieor | =05 2=0.75 | 2=0.80 [==125]| Z=133 2=167 | ==2.0
> 4 5 4 3 3 1

Thursday, April 7, 2016 104



Group wavenumber
/i/grouszJACOShp=.§/g5

Group wavelength \ =1
)\/groupz)\AseChp=4/5
=038

5

( coshp | [5/4

G+

=0, . =D,
V.rou J k sinhp J k 3/4

>J

v

Time,ct’ [~
/ (unjts of | _
F12um) 2

Stayt with the

4sechp

| /

Dopplers
=4/5 = .then do t

phase waghbes

, , 7
/Group frequency flips Ciroup period T =1/V\f / then the
() group:UASIth:3/4 tO T group:TACSChp:4/3
140 waves
=0.75 =1.33 sTPP
/
L T group
Frequency - =T74Cschp
V' 500 [ =4/3
(units of THz _—2'5 y g ,
v, =600THz) | 7 1(9ace ;C
1200 |- / / / units o
2 —
TH S / R K|_4 kA=1/2um)
C /
o[-, 4 v TTITTT]
THz [ P // B 1.5
roup — /
ankly o Kk
/. 300 i;)-; [ S - -/- : phase Kphase\ 2’phase phase Jp Doppler
AN THZ_ /U/:groupzo- 75 K, )LA - BLUE
/ :
_2,106 _106 +106 /_{2106¢+3106 N06 group Ugroup Tgroup 1
. Doppler
l-‘ll | ] |-0.5| 1] OI | ] |0|.5| |1 hl |1 Illsl 1] ‘2,| v, T, bREgp
Wavevector cK api sinh p cschp  cothp | e
(units of cK =2-10/m) " 3 1 5 )
zilgjsfor 5 Z=O75 —=0.80 —2125 52133 52167 TZZO

Thursday, April 7, 2016

105




Time,ct’

Gmup wavenumber Group wavelength A =1/6 4 or [~
. e = B
K group=K.4c0Shp _3/ g 5 A group=Aasechp - g/g A F12um) —7)

coshp 5/4

-
Group frequency  flips Group period T =1/v f
’U group UASlgrlhp 3/4 tg T group TACSChﬂ 4/3

sinhp | 4| 374 /7 ) / /’

Stayt with the

jg"é chy Dopplers
=45 /.then do t

phase waghbes

.then the

140 waves
=(.75 =1.33 TP
G— sl.ope_ Vgroup/ C|_
group
Frequency [I— Uyop _ Sinhp _3/4 3 =T14¢sChp
Va0 K Keow “coshp 5/4 5)=4/3
(units of THz [— / ,
v, =600THz) |- / Space x
1200 (— 7 Y / (units of
TH S / R= A (=172um)
/
900 [ / / | \ HBEE ‘
1.5 // /
THz | _
(S Sy L5 )
600 roup /
T “ f
Y A 4 . A Vv
/ L 300 0.5 / ; hase b Dopp Kphase Tphase vphase phase phase b Doppler
e THZ: /é/:group:a 75 P KED \ K, T, v, /1A C BLUE
7w
- 106 _106 +106 /4{2106¢+3106 + ()6 group 1 rVgroup Ugroup )“group group Tgroup 1
| ‘ll | | ols | L1 OI | ] |0|.5| I 1 hl I Illsl |1 ] 2,I bgfzzger c v, )LA K, T, b}?ggpler
Wavevector ck | e? | tanhp sinhp | sechp coshp | cschp cothp | e’
(units of cK =2-10/m) " 3 3 1 S 1 S 5
wlelr | =05 | =06 —=075| ==080 >=125|—-=133 ==167 | ==2.0
2 5 4 5 4 3 3 1
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G b G length \ =1/ Time/ct n
roup wavenumoer roup wavelieng —=1/K -
/ilgrouszJACOShp=5/4 )\/groupz)\AseCh,O=4/5 }L(un]/;:f;) __2 )\, roup
=125 =0.8 : :iASGChIO
(Ko | | coshp | [ 5/4) =4/5

/ ) =7 , =D /B 4 -~/
G Vogroup J Ak sinhp J Ak 3/4 /// ;/ /%¢

7
Group frequency  flips Group period T =1/v f
U/group:UASIthp:3/4 t(I)) T/group:TACSChp:4/3 /

=0.75 =1.33

g )
-slope=Vgroup/c|
v, inhp 3/4 3 | oW
Frequency [ Zerow _ SIMP _ /% _ 3 | =7 cschp
’ I ’ E—
Vs Klecgmup coshp 5/4 5 )=4/3
(units of THz [ y
v ,=600THz) [= //
1200 (— 7 Y / (units of
TH S / R= kA=1/2um)
B /
s S S BARRRRN
B P/ ’ // 1.5 2
B f ,
K grou /
600 /4
T ‘ 252 /
C 44 . ‘ : A Vv
/ L 300 0.5 / ; h ase bDopp o m / M vphase phase _ phase bDoppler
- e THZ: / /U/:groupzo- 73 ! " " Ka Ty U, A4 ¢ e
/ :
_2.106 _106 +106 /4{2106¢+3106 NO6 group 1 rVgroup Ugr D )“group Kgroup Tgroup 1
l-‘1| | ] |-0.5| R OI || |0|.5| N hl |1 IIISI [T ] ‘2,| bgzzzger c / ;LA K, T, b}?ggpler
Wavevector ck | e? | tanhp /sinhp | sechp coshp | cschp cothp | e’
(units OfCKA=2'106/m) " = B 1 5 1 . 5
zil’;‘j;‘” —=05| —=06| —=0.75 | —=0.80 —=125| —=133 —=1.67 | —=2.0
2 5 4 5 4 3 3 1
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[Lorentz transformations...

Time ct’

units o
(write G’ and P’ in terms of G and P using coshp and Sinhp\ Kj= ] /2!;; ) o
/ crcgmup coshp 5/4 -
sinhp { N\ S
O .
coshp+v, X sinh p
cosh p+ P sinn P
P / K" hase sinh p 3/4
V' ase coshp 5/4
0 q )
sinhp+v, coshp DACE X
1 (wigls of
sinh p + P coshp A J12um)
N - TF TT]
- ; - C - 2
L K p h ase b I?ggpler C Kphase Tphase vphase )‘ phase Vphase b gzglger
- \ Vphase / KA TA UA /IA \_ ¢ )
group 1 Vgroup Ugroup )’group Kgroup Tgroup c 1
HARRE pDoppler c A, T v Jp Doppler
- BLUE \ / A A \ group RED
coshp sinhp | Lorentz transform || ™» | ¢ | tanhp sech p W cschp cothp | e
. 1 o)
sinhp coshp matrix sl o 1os(2 =o.6| 3075 | 22080 =125 | 2o133(2=167) 2220
X 2 S 4 5 4 3 3 1
7 =z 7
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Thursday, April 7, 2016

. / |
Two Famous-Name Coefficients 11m¢ct [
=T (units of | _
If you can’t explain it simply, you N — =,
don’t understand 1t well enough. // // % /,
Albert —~ "~ L\1" o
FEinstein ' 7l / / X
1859-1955 . ,.:r
This number
is called an-Einstein
time-dilation Space x’
(dilated by 25% here) (units of
This number X 71/2um)
is called a:L.orentz T T T 1]
length-contraction 1 ‘ = - 1.5 :
( cantacted by 20% here) phase | b2 c Kopse | Torase [ Vpase e pse | oo
G5 V ase K, T, v, A, c
.-‘;:_:,‘\ﬁ"{ endrikA. 1 VI"OM v rou, rou, K rou T rou C 1
VoY ‘ : LOI’entZ grOI/lp bDoppler — — — — V bDOppler
B, 1853-1928 BLUE ¢ U, A K4 T4 group RED
. . . il e ” | tanhp  sinhp |(sechp’)(cosh ) cschp  cothp e’
Old-Fashioned NotatzonE | B B B 1 | 1 | e
) o | \14B 1 B2-1 1 [i—p? 1 B 1-B
v 05| 2206 =075 @:0.89 (§=1.25) 2133 o167 2220
2 5 4 5 4 3 3 1
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Thales Mean Geometry (600BCE)

helps “Relawavity”

Thales of y
Miletus \ " . Rl
024-543 BCE Pep-[Time T Iansforme Per-Time
w - axis W’/ axis
| Slope—to vertical 41
F'1 ecgz(z)enc ;mt. 3 ngu c= 3/5 = e

IS s
Arithmetic Mean
3coshp = (1+4)/2
=5/2
‘ence Mean
mhp (4-1)/2
=3/2 Per-Space
- - - CK- axis
2 éBI" =Be»—lc Bb 2Be #4
Red shift = Blue shift =
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Thales Mean Geometry (600BCE)

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

Thales of ,

Miletus

624-543 BCE Pey-
w -

Frequency‘unit:
300THZ

-2
Red‘&luffnl

Thursday, ‘ATpriI.7, 2016

Time T Iansforme Per-Time
axis | W'/~ axis
Slope—to vertical 41
_Vgrou c=3/5 =Tl

This leads to a convenient

GBT —Be»_ Bb Be

construction of geometric means
d relativistic hyperbolas.

qoshp (l+4)/~2
=52

erence Mean
£sinhp = (4-1)/2
= 3/2

Per-Space
L% CK- axis

—.§

*p

Blue shift =
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Thales Mean Geometry (600BCE)

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

»

Thales of y
Miletus \ / R’
624-543 BCE  Per-[lime Transformed/Per-Time
w -| axis w'/~ axis
Slope-tg vertzcal
Frequency‘unit: '
300THZ 3 V4

Thiz~eads to a convenient
constructrs of geametric means

d relativistixiyperbolas.

| §
mhp (4-1)/2
= 3/2 Per-Spage
- L% Ck- axis
2 Br BC»_BZ) Be+pé
R¢ d*sl11ff-J Blue shift = /
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| Thales Mean Gedmetry (600BCE)

_helps “Relawavity”

_ Thales of
Miletus— o
624-543 BCE .-

Per-Time

L \e
U
B,
L’ : 'ith"};;eti " Mean ,."/’
\J (1+4)/2
5/2 ',«’
|
Pen-Space (ck)
2 -1 0 1 C 3 4
Br ——] '
Red shift
Thursday, April 7, 2016

|
Bb =
Blue shift
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)
toa [Transverse®relativity parameter: Stellar aberration angle O

*ewis Carroll Epstein, Relativitatstheorie, Birkhduser, (2004) gatier Engish version (1985)-

We used notion O

Observer fixed below star sees it directly overhead. for stellar-ab-angle,
. . . . 66ﬂ d t’)
Observer going u sees star at angle in u direction. ](fpstelﬁlp o ?Etere’it)ed

i /
- ~y in O analysis or in
' Stellar aberration angleO: *S A \) relglon of 0 and .

/

c tanhp=u=csinc

y

k()

114
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

toa 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=N(ct - (x')?

Coordinate FEinstein time dilation: _
x'=(u/c)ct’ =ut’ ct’=cT seco=cT coshp = C’C/\/ 102/

Lorentz length contraction.

L’= L sechp = Lcoso = L-\/I u’/c?

Contracted L’

L'=IN1-12/c2
\
L

Proper Time asimultaneity.

¢ AT= L’ sinhp = L cosc sinhp
Proper length = [ cOSO tan _
=Lsinc =1L /\/CZ/UZ-I ~ L u/c
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

toa 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) el
Proper time CT

ct=N(ct )*-(x’)?

Coordinate FEinstein time dilation: _
x'=(u/c)ct’ =ut’ ct’=cT seco=cT coshp = C’C/\/ 102/

Lorentz length contraction.

L’= L sechp = Lcoso = L-\/I u’/c?

Contracted L’

L/=IN1-u2/c?
\
L

Proper Time asimultaneity.

¢ AT= L’ sinhp = L cosc sinhp
= L cosO tan |
=Lsinc =1L /\/CZ/UZ-I ~ L u/c

Proper length

Epstein’s trick is to
turn a hyperbolic form ¢t = \/ (ct’)’ —(x')
into a circular form:

\/ (cT)* +(x")* =(ct’)  Then everything (and everybody) always goes speed ¢ through (x',c7) space!
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

toa Transverse relativity parameter: Stellar aberration angle 0
(a) Circular Functions '

sin(0) = 0.6000 — ——
tan(o) = 0.7500 P

sec(o) = 1.2500

tan(o) 'um( 0)

Y
sin(o) \tzn(n)

see(o)+

V
A

Total

circular O
sectors </
N/
area=o S/
O/
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Comparing Longitudinal relativity parameter:Rapidity 0 = log«(Doppler Shift)S ,

toa Transverse relativity parameter: Stellar aberration angle 0 s

(b Circular Functions

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

Hyperbolic Functions

| smih(p) =0.7500
cosh(o) = 1.2500

P —
tanh(p)="10 6000 ~——

’ sinh( Q) ~u nh(o)
: Total | ] anB(0)  \igh(o) -
hyperbolic !
[ sectors ] /

I
| _ I
| area=p L ',

S
1 | ! | ! ! /

l ’ -
‘ X
| |
\ |
\ |
\
\ |
Total \
circular | \\ ./
\ S/
sectors | \ &
area=o N\ N
— ) & N/
r 1S \\ \\/.
N/
\\y/.
N \ {)‘ >,*
: \\(\/’ </
\_ ~ (s
. L / \\ ’/
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J) = U.0UUU |

0) = 0.7500
o) = 1.2500 J

o) = 0.8000)
3) = 1.3333

| tann( p) U.0LULUU
sinh(p) = 0.7500

\oan) = 1.2500)
(s sech(p) 8000
csch(p) =1.3

0) = 1.6667

T

]

cot(o)

=csch(p)

coth(p) = 1.6?6?)

= coth(p)

-

< +—— co0s(0) = sech(p)

0.5

Thursday, April 7, 2016

05
L sec(0)

= cosh( :

sin(o) -‘t tan(o)

l
’

1
’
L
1
I
I

sinh(p) | = sinh(p)
- sinh(p)

1 1 1

15

~§
..
i
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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
d?@v (u/c=3/5)
o BSf'nh p ! Om\e ’ W C’ Bsinh p !
\ P’chw gl ;
e P
\O s
\QP B S “\(\ Q 0 P /B B k
— A , W Be —
'\"C\:@ o N Doppler 2
‘O, Y Btanh p blue-shift | A anhp sechp3 -
' stellar 3| stellar S E
L angle o § angle o QB
) o
<
Be? T S
Be® P Doppler q
Doppler e red-shift
red-shift //__/-" . , i ‘
Y : Y  J
Q - 1 O . O A / C
= Besch p > axis
<I—Br——J C
/ Red shift
120
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v/'= W o
axis An aid to
(Units of 300THz) ..
R pattern recognition:
L/ 4 A
, -
&
G Occam'
. Sword
L aC
3 S (u/c=3/5)
. L d . / . /
i anh p R {0 A / s C sinh p
,chw 1«( ol P b A Al
p | o0 <
P \0 -
— K i&\“ 0 e+p P / P k
Doppler
tanh p G' blue-shift | A|Btanhp sechp a
A stellar V4 Q| stellar S Q%
X = e B angle o 2
[ angle o_f = e S S
B - S P o
X / -P T %
-0 - e o
e o Doppler
— . - ‘ = red-shift
V v K T c
rou b Doppler group group group group group b Doppler / i
| &7ouP | Drep p v, 2, i T, Vo BLUE CR™ 4 \4
1 Y taxis 0 4" C
p hase 1 c K phase T phase v phase )‘ phase Vphase 1
b 555’2[” Vphase Ka Ty v, /IA ¢ b lle)ggpler =
rapidi - . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | e
stellar ¥V + . -
1/e”” | sinoc tan o COSO seco coto csco | l/e™”
e o Table of 12 wave parameters
u | [1I-B| B 1 1-p° 1 B>-1 1 1+f . . ..
e\ | 1 | 1 3| 1 B - (mcludes 1nverses) for relat1v1ty
1 3 3 4 5 4 5 2
value for o R S~ R i — — S—
B35 > 0.5 s =0.6 1 =0.75 5 =0.80 1 =1.25 3 =1.33 3—1.67 " =2.0 _and values for u/c=3/5
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Optical wave guide relativistic geometry aided by Occam’s Sword
geometry applies to (x,y) space-space
to (kx ky)per-space-per-space
Relativistic mode with near-c Veoup=c/2 and Vynase=2c . (Low dispersion.) to (x,ct) space-time

/
0=60° , ! Dispersion P !
) Jrequency \ function 7

1
! phase
---------------- ]

()] \.\ v=ck=Bcoshp
% % |
\\ Y
~ N \ -~ -
LT k
N ¢ N . . \
2 VCUTOFF
B - S
e =B=v, Al0=60
(AX1S
A AW AT ANT S S 2 - _ wavenumber
V~Y.'A - A I S e ";. WA T | k .
A A Y AVETAY S Sy e < , |
e e o e O v, B A v, = Z C
SN X/ 2 </ — phase™ rou— phase™
A AﬁAeAﬂg'frng",v’/ R V3ot TS
AL SIS I LT ) —/ PRI C/ -y %
N l&iagg;ﬁlé;ﬁ‘“ AN - p _» group phase
‘.."v—‘¥=¥-'=‘-'-‘='-v“‘¥.pvr VARN. ", s I =c tanh p =ccothp
/ - S ¥ A —esing] |-
phase ) 5 CCSCO
E ' A
KEY: 2 )‘phase ;
Re E phase k-vectors and rays wave-fronts | =Beschp | v =c2Y \ :
wave zeros upward downward crest trough —=p AUV 1 SR ¥ :
8 k() \ ' ¢ :
@ \N/ z
o , .
: A0 B P O L AC Ve
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(a) Spherical wave pair] ~ Spherical wave relativistic geometry

In Alice-Carla frame Also, aided by Occam’s Sword
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(a) Spherical wave pair | stellar angle o= sin (u/c) =——_ b) Spherical wave pair

In Alice-Carla frame

Thursday, April 7, 2016

1
r

. <
velocity angle v = tan-!( u/c*

Su

Joreweor EN

velocity [iie t—-4\

—Trackls each’ ==3<

1T

.

| —pxpanding /t==2

—cirgle-top

————

‘.u&%&xc

emitted at time t —,/5 «4

"1

In Bob's frame: u /c =-3/5 Occam
Sword
geometry
\in (x,y)
space-
space
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Spherical wave 7 >R
° ° ° 7~ , §J ) ‘\\
relativistic geometry 2 Y S, N A
% 3 & S, o
r 2y > \le’\ eﬁo
%, 5y s/ A o ctu
z, chJ1-u’lc’ < &/
T ' Occam
""""""""""""""" ¢ dilates to Sword
c|dilates to ¢ coship geometry
¢ coshp 1n (x’ y)
> T ¢’ —u’| Space-
— _ ) X :('SCCh/) Space
&'}\ _ R ilates to
LS A= i) N
: B
! P r’()/} /,
‘ ‘ "/1,
a’f' BB b"“ I f‘f{"’ u \

1§

ellipse major radius a=OFa=c

dilates to: ccosh p = ¢/\/1-u’/c’

Einstein dilation factor:

y =coshp= l/\;"l—u:/(':

ellipse latus radius FT=c(l-u’/c?)
dilates to: ¢(I-u /" )cosh p

’ ) Y
=cy/l-u"/c” = ¢ sechp

/
Doppler X
red shifted
wavelength
Doppler Red A=c+u ellipse focal length FO= u = ctanhp Doppler Blue A=c—u
: fc -u
dilates to: (c+u)cosh p = ¢, | LI dilates to: «coshp =csinhp dilates to: (c—u)coshp=c¢ P '
c—u
Applications of

Base height FTk=vc¢’ —u’

dilates to: V¢ —u coshp=c

(equal to ellipse minor radius b)

N

Thursday, April 7, 2016
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Using (some) wave parameters to develop relativistic quantum theory

1 2
——(V phase = Beosh py= B +5 Bp~ (for u<c —
phase : p zp() Coshpz1—|—%p2 B vA
(CKphase = Bsinh p) = Bp ___________ ( foru<<c) B=v,=cKy4
sinh p=p
At low speeds: -
D()ppler Vgroup vgroup )’gmup Kg oup Tgroup Vphase D()ppler
group | by - I byue
c v, A, o T, c
7
1 C K ase T ase v ase l ase C 1
p h ase bD()ppler V - - = ;fl V bD()ppler
BLUE phase \ KA TA UA A group RED
rapidit — . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | e
e o | 1€ | sinc  tano | coso  seco | cotc  csco | 1/e”’

c @ 1 B>-1 1 1-p3° 1 B 1-8

=0.5 g=O.6 E=O.75 i=O.80 §=1.25 i=1.33 §=1.67 %=2.0
5 4 5 4 3 3 1

value for

1
B=3/5 )
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Using (some) wave parameters to develop relativistic quantum theory
ACUphase = Bcosh @z B +% sz(for UKC)

................................ . coshp= 1+2p ~1+2 > b= Uy
CK phase = D'SInh ,0) ................ (for u<c) B=v,=cK,
7 g sinh P~P~
k_ = tanhp = (for u<c)
(5 :
At low speeds:--
—
gr ol p b}?ggpler ng:upj vgroup A’group K(g oup Tgroup VpZase b g[j)[,}%[er
hase | ¢ ¢ 1
! bgz)gger Vphase Vgroup bl?ggpler
r“”;;di’y e’ @nh ) coth p e’
SZZZ 71 1/e™ | sino cSCO 1/e’”
_u | (1B B 1 4B
¢ | V148 1 B 1-B
ol 1_0s5|2=06 2167 | 2220
2 5 3 1

Thursday, April 7, 2016
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Using (some) wave parameters to develop relativistic quantum theory
ACUphase = Bcosh @z B +% sz(for UKC)

B=1)A

e T T ST TR PR . coshp= 1+2p ~1+2 2
phase = Bsinh p) Bp (fOl‘ l/t<<C) B = V4 =Ky
. sinh p~p~
k_ — tanhp = pj - (for u<c)
C
T At low speeds:--
U hase = B+Ec_2u & for (u<c)
/v
g r Ol/tp b[?gg pler ng:wj vg”OL‘P M E [oup_ Tgroup VpZase b g[i,[,}%[er
hase | ¢ ¢ 1
P b | Vi Voo | o
r“”;;di’y e’ @nh ) coth p e’

\va .
stellar 1/e+p sino

angle ©

CSCO 1/e?

C @ 1

4 5 2

value for 3 —:133 —:167 —:20
3 3 1

1
B=3/5 EZ 05 5206
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Using (some) wave parameters to develop relativistic quantum theory

— ~ B++ Bp?
ACUPhase _ i COSIIII @~ f;+2 Bp gor u<<c; coshpz1+% pzz 1+%u—2 B=0y
= D SIn or uc C B=vVD.=cK
#phase P) P sinh szNM AT A
(T = tamhp = pj o orue) e
CE—_— At low speeds: 5
1 B B
Vphase = B+ Ec_zu & for (u<c) = K phase C—zu

——
V v T T %
tlm e b}?ggpler L groupj group phase ( phaﬂ group phase b gfggger
7:A TA C
1 group group A’ phase C 1
space —_—
p b]?l(,)l]}]l??ler 2‘A KA AA Vgroup b}?ggple”
e sech p @osh P)| cschp cothp | e
S;ff;‘l’er T Ve COSO seco coto csco | 1/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
gl | —=05 | ==06 ==0.75| —=080 ==125| —=133 ==167| ==20
2 5 5 4 3 3 1

Thursday, April 7, 2016
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Using (some) wave parameters to develop relativistic quantum theory

4(1) phase

= Beosh p)= B+, Bp” (for u<c) B=v,

u
coshpz1+% pzz 1+%—2

1
Resembles: const.+ EMMZ

—gphase = Bsinh p) Bp (for u<c) SmhszNZ B=v, = cK
|, T tanhp = Pj o orus) |
| B At low speeds: B
Vphase = B+ 0.2 u’ & for (u<c)= K phase 2 U Uphase and Kphase resemble

formulae for Newton’s
kinetic energy and momentum

Resembles: Mu

—
Vv () A K T Vv
group bgggpler L g:upj group group group group PZase bg[j’glger
L 1 C C 1
p ase oppler oppler
bl?L 51;;1 Vp hase Vgroup bI?Egpl
rapidi - "
v ty o P @nh ) coth p e’
SZIZEF Y| 1/e | sino csco | 1/e”
u| B B 1]
¢ | V148 1 B 1-B
1 3 4 5 2
whefor | —=0.5 | ==0.6 =133 =167 | ==20
2 5 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

1 2
—(v = Bcosh )~ B +5 Bp“ (for u<c _
phase — P 2 bp ( ) coshp= 1+2P ~1_|_2 > B V4
#phase—Bsmhp) Bp (for u<c) B=v, =ck,
sinh p~p~
k_ = tanhp = pj (for u<c)
C
1 B At low speeds: B
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
Rescale vphase by 11 500 M=—%- energy EMMZ and momentum Mu.
C
1
Resembles: const.+ EMMZ Resembles: Mu
/v
t l me b}?ggpler L‘/groupj vgroup 7:phase ( phaﬂ Tgroup Vphase b gff]]ger
T, T, c
Space 1 group group A’ phase c 1
b]?l(,)l]}]l??ler 2‘A KA AA Vgroup b}?ggple”

rapidity
p

sech p @oshp cschp  cothp | ¢

stellar ¥ +p
angle © 1/ €

COSO seco coto CSCO 1/e”

c | \1+8 | 1 g1 | 1 -2 1 B 1-B

=05 é=O.6 é=O.75 i=0.80 é=1.25 i=1.3>3 §=1.67 %=2.0
5 4 5 4 3 3 1

value for

1
B=3/5 )
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Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

_gphase = Bsinh p) Bp (for u<c)
7 sinh P~P~
— = tanhp =p (for u<c)
C
~ 1 B At low speeds:
2
C
hB
Rescale Uphase by 1 1s0: M=—-
C
1
Resembles: const.+ EMMZ Resembles: Mu
A K T Vv

group | b Ly Dgouwp group pz Lo
hase ! ¢ 1
P b l?li)l[;[ger ngup b I?ggpler
rapidit - +

pp ’ e’ COthp e’
SZZZZ 1/e*” CSCO 1/e?

_u | 1P 1| (148

e | V148 B 1-B
Py 1 o05] 2206 32075 | 22080 2=125| 22133 22167 2220

2 5 1

Thursday, April 7, 2016

B=1)A
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 /4
to match units.

134



Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

CK phase = D sinh p) Bp (for u<c)
7 sinh P~P~
— = tanhp = pj (for u<c)
C
~ 1 B At low speeds:
2
U phase = D+ 5—2u & for (u<c) = K phase =
C
hB
Rescale Uphase by 1 1s0: M=—-
| C
2
M ppase=hB+—-—zu”~ <for (ukc)=  hK 5=
C
1
Resembles: const.+ EMMZ Resembles: Mu
group | biu" P Kdw | Lo Vouwe | oo
C

hase ! ¢ 1
P b l?li)l[;[ger ngup b I?ggpler

rap ;;dity e’ coth p e’
SZZZZ 1/e"? cSCo 1/e”

_u| 1B 1| [148

e | 148 B -8
o %z 0.5 §=0.6 3075 | 22080 =125 | 2133 =167 %:2.0

Thursday, April 7, 2016

B=1)A
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 /4
to match units.
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Using (some) wave parameters to develop relativistic quantum theory
ACUphase = Bcosh @~ B +% sz(for UKC)

B=v
coshp= 1+2 p ~1+2 A
_gphase—Bsmhp) Bp (for u<c) c? B=0v, =cK,
7 sinh p~p~
Y~ tanhp = pj (for u<c)
- 1 B At low speeds:
U phase = D+ 5—2u2 & for (u<c) = K phase Uphase and Rophase resemble
¢ hB 5 (The famous formulae for Newton’s kinetic
Rescale Uphase by 1 80: M=—- or: hB = Mc™ s up energy EMMZ and momentum Mu.
C
1 2 So attach scale factor 7
N pase=hB + = ) u- &tor(uke)= K pue= o match units.

1
Resembles: const.+ EMMZ

group b gggplﬂ M & foup Tgroup VpZase b gli)[;;;;ler
hase | ¢ 1
P b l?li)l[;[ger ngup b I?ggpler
rapidit - +
o e’ cothp e’
S;ZZ Z 1/e"” CSCO 1/e”
_u | [P 1| 148
¢ | V4B B -3
1 3 3 4 5 4 5 2
wielr 1 —=05 | ==06 >=075 | ==080 >=125| —=133 ==167| ==2.0
2 5 5 4 3 3 1

Thursday, April 7, 2016
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Using (some) wave parameters to develop relativistic quantum theory
ACUphase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp (for u<c) o p B=v,=cKk,
= ~Om~—
Y~ tanhp = pj (for u<c)
C
- 1B , At low speeds: B
Uphase = B+ 5—2u & for (u<c) = K phase = 75U Uphase and Rphase resemble
¢ hB ¢ formulae for Newton’s kinetic
Cag . 2 (The famous Mc? |
Rescale vphase by 1 s0: M —C—2 or: hB=Mc”™ owsupherel) CNEIgy > Mu? and momentum Mu.
1 hB 5 hB So attach scale factor /%
h =~hB+——u for (u<c hx ~—1U .
Uphase 2 2 < tor ( )= Phase 2 to match units.
r» 1
h s~ Mc™+ > Mu* <for (u<c)= hK phase™= Mu
g rou p b}?ggpler 2’ group & oup_ Tgroup Vphase b glj)[,;%ler
A, T, c
p hase 1 T phase Z’phase C 1
bl?l(,)lljlger TA 2“A Vgroup bl?ggpler
e sech p cschp  cothp | e
sellar: V| 1 /e*P COSO coto csco | 1l/e”

angle ©

c @ 1 B>-1 1 1-p3° 1 B 1-8

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 to develop relativistic quantum theory
ACUphase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp (for u<c) o p B=v,=cKk,
7 ~O)~—
Y~ tanhp = pj (for u<<c)
C
- 1B , At low speeds: B
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
Cag . 2 (The famous Mc? |
Rescale vphase by 1 s0: M —C—2 orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
1 hB 5 hB So attach scale factor /
hv =hB+——u"~ <&for(u<c)= hIx ~—1U .
phase 2 2 ( ) phase 2 to match units.
) 1 Y L ucky coincidences?? * Cheap trick??
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
group | biu" P Ko | Toow Vowwe |y
A, T, c
p hase 1 T phase Z’phase C 1
bl?l(,)lljlger TA 2“A Vgroup bl?ggpler
e sech p cschp  cothp | e
selar v\ 1 /¢*P COSO cotc  csco | lle”

angle ©

c @ 1 B>-1 1 1-p3° 1 B 1-8

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 to develop relativistic quantum theory
A@Mase = Bcosh @~ B +% sz(for UKC)

coshp=1+3 p 21422 B=0,
— 2 2 9 2
CK phase = 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 o f ¢ , formulae for Newton’s kinetic
R le v by h so: M=—= or:hB = M62 (1he famous Me lM 2 and tum M.
escale Upnase DY : 62 : shows up here!) ~ €nergy - Mu* and momentum Mu.
1 hB hB So attach scale factor /4
U pase=hB + 22 u® &for (ukc)= hx phasezc_z U oteh units,
) 1 ''''''''''''''''''''' L ucky coincidences?? * Cheap trick??
hv ~ Mc "+ — Mu «=for (u<c)= hx ~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
g rou p b I?ggpler Tgroup Vphase b glj)[];%ler
T, c
phase ! Aptas ¢ !
bl?l(,){yllger 2“A Vgroup bl?ggpler

rapidity
p

cschp  cothp | €

SZZZ Z 1/e*”? coto cSCO 1/e’”
_u | 1P p7-1 1 | 4B
e | V148 1 B 1-B

5 2
o 1 o05] 2206 32075 | 22080 2=125| 22133 22167 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2
CK phase = Bsinh p) Bp (for u<c)
sinh p~p~
u
— = 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 E
A — . _ 2 (The famous Mc
Rescale vppase by 1 s0: M= ) or:hB = Mc shows up here!)
1 hB 5 hB
MU ,pase=hB + 5—2u slor(u<e)=  IKppge=—u
C C
2 .
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
hv
2’ roy, K ou, T rou V ase oppler
group | b | e T | e
1 T hase Z’ hase C 1
phase oppler - . oppler
bl?LII;I;?l TA 2“A Vgroup bI?Egpl
e sech p cschp  cothp .
e o | e COSO cotw /e ”
_u| 1| B 1 1-p° B 1 148 [|(old-fashioned
= I+ ﬁ 1 B_z_l 1 1 ﬂ l—ﬁ notation)
o 05| 2206 22075 | 22080 2:1.25 4133 é=1.67 200
2 5 4 5 4 3 3 1

Thursday, April 7, 2016

S Lucky coincidences??

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

Uphase and K'/phase resemble

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

So attach scale factor /4

match units.

* Cheap trick??
.. Iry exact Uphase ...

phase™ hBcosh p = Mc’ cosh P
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Using (some) wave parameters to develop relativistic quantum theory

1 2
) = Bcosh p)= B+5 Bp~ (for u<c —
phase __ @ 25p( ) coshp= 1+2p ~1+2 > 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v, =ck
sinh p~p~ A A
7]
Y~ tanhp = pj (for u<<c)
C
- 1B , At low speeds: B
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
Cas . 2 (The famous Mc?
Rescale vphase by 1 s0: M —C—2 orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
1 hB 5 hB So attach scale factor /
hv =hB+——u for (u<c hx =—1U .
phase 2 2 < for ( )= phase 2 to match units.
) 1 s L ucky coincidences?? * Cheap trick??
hv Mc™+ Mu &for (ukec)=  hx ~ Mu
phase™ ( ) phase .Try exact Uphase ...
_ _ 2
thphase— hBcosh p=Mc~coshp
P 1
Doppler A’group Kg oup Tgroup Vphase Doppler laan ( 900) M C2
group | by, 1 S . p byur = Total
A A
pce | T e 2oshase c 1 instein (1 905 )—T \/ l-u’/c?
P bgfglger T, A, V eroup bgggp fer . (old-fashioned
- notation
m”l’)d”y e’ sech p cschp  cothp . “ ; ]]Véa;fg P] ZSZ;/‘ oradion
e o | e coso cotw 1/e” Py o~ N _

_u| =8| B 1| 1= [1%{32—1 1| [+

c 1+ 1 B>-1 1 1_ﬁ2) 1 B 1-8

1 3 3 4 5
valefor | —_—05 | ==0.6 ==075| ==0.80 ==1.25 i=1.33 é=1.67 3:2.0
B=3/5

2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

pree Lucky coincidences??

Thursday, April 7, 2016

Max Planck
1858-1947

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.

* Cheap trick??
TI/:)/ exact Uphase

NV, qse=1B cosh p =Mc* cosh p
Planck (1900)

M 2
= Total Energy: E d

Einstein (1905)—T \/1— Jc*

U phase = Beosh p)= B+ L Bp? (for u<c ;
Rhdsey P 27P ( ) coshp= 1+2p ~1+2 7|
CK phase = Bsinh p) Bp (for u<c)
= sinh p~p~
Y~ 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 E
Cag ) 2 (The famous Mc
Rescale vppase by 1 s0: M= ) or:hB = Mc shows up here!)
1 hB 5 hB
M ppase=hB+——u" &tor (ukc)= K ,pu,~—5U
C C
r» 1
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
" Need to rer)lAan‘):t
/T with /IN to match
gromp | BT V sl €.m. energy density
RED c \gOE:kE :thUpha”)
phase ! < !
bl?L{?]I;?l Vgroup bI?Egpl
rap ;;dity e’ coth p e’
e o | e csco | 1/e”
_u| 1B 1 1+8
T 1+ B 1-8
o Lo05| 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 to develop relativistic quantum theory

= Bcosh @~ B+5 Bp*(for u<c)

v -
Rldsey coshp= 1+2p ~1+2 .. B=0,
= Bsinhp)= B (for u<c) ¢’
phase p|)=b5p B=v A = CK 4
T sinh p~p~
— = tanhp =p (for u<c)
L C Max Planck
B At low speeds: B 16081947
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB ot ¢, formulae for Newton’s kinetic
Rescale vppase by i s0: M=—" or:hB = Mc? (1he Tamous Me —Mu? and tum M.
phase DY : . : shows up here!) ~ €nergy - Mu* and momentum Mu.
1 hB hB So attach scale factor / (or hN)
h =hB+——u for (u<c hx ~—1U .
Uphase 2 2 —tor ( )= phase o2 to match units.
o 1, e Lucky coincidences?? cpoqp irick?
hv ~ Mc™+ — Mu &for (ukec)=  hx ~ Mu
phase ) ( ) phase .. Iry exact Uphase ...
" Need to remge):thv phase="1B cosh p =Mc*coshp
_ /i with /IN to mat.ch Planck (1900) )
group Jp Doppler Verou T oroup Vphas e.m.*energy density YT ¢ lE Mc
o ¢ T4 ¢ \€0E ‘E :hN /Uphas9 — ola nergy J \/
, 1 ¢ This motivates the Einstein (1905) l-u’/c”
phase boerter V e ‘particle” normalization
rapn e’ @nh p IR U qy=N ¥= %
e o | e | sino coso  seco | cotoc  csco | /e’
| BB (B (L Y B | 1B
e | V148 1 B2—1 1 -2 ) 1 B 1-B
o 105|206 2-075|2-080 2=125| 22133 2-167] 220
2 5 4 5 4 3 3

Thursday, April 7, 2016
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Using (some) wave parameters to develop relat1v1st1c quantum theory
ohase = Bcosh p)= B +3 Bp? (for u<c)

) —
coshp= 1+2p ~1+2 el B=v,
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
7 sinh p~p~
= tanhp = pj (for u<c) 47
[z, At low speeds: B 16960927
Uphase B + E_zu <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB 5 (The famoug Ve formulale for Newton’s kinetic
Rescale vphase by i so: M =C—2 orhB=Mc™ owsupherel) CNEIZY EMu2 and momentum Mu.
1 hB 5 hB So attach scale factor /4 (or hN)
=hB+—— for (u< K ~— .
M0 ppgse™=h ) 2 uw sfor(u<e)= K pqq 2 “ " to match units.
S SR S T Lucky coincidences?? cpeqp trick??
hv ~ Mc™+ — Mu &for (u<kc)=> K ~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
" Need to remgelzthv phase="1B cosh p =Mc*coshp
/T with /AN to match Planck (1900) )
— o ngmup . T oroup V sl €.m. energy density Mc
group | Ogpp L c T, cle OE:kE _h vaha”) = Total Energy J
, 1 ¢ This motivates the Einstein (1905) \/ l-u’/c?
phase poomter |y ‘particle” normalization
- — _ L Bi1 rry: Is not
rap;)dlty e P @nhp f \Ij \Ij dV= N V= hv g WO y .S .O
illator energy quadratic in frequency v?

sellar: V0 1/e*P | sino coso  seco | coto  csco | lle”
angle ©

HO energy=— A0’
u| 18| B 1|18 (1 YYBPt 1 | 3B 2

c 1+ 1 B>-1 1 1-p3° 1 B 1-8

Py i 1052206 22075 | 22080 22125 22133 22167 | 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relat1v1st1c quantum theory
ohase = Bcosh p)= B +3 Bp? (for u<c)

L _
coshp= 1+2p ~1+2 2 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
T sinh p~p~
— = tanhp =p (for u<c)
L C Max Planck
1 B At low speeds: B 16081947
Uphase B + 5—2142 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ ¢ formulae for Newton’s kinetic
A B . 2 (The famous Mc? 1
Rescale vphase by 1 s0: M —C—2 orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
hv =hB+——u for (u<c hx ~——1U .
phase 2 2 —tor ( )= phase o2 to match units.
o 1, Lucky coincidences?? cpeg, irick??
hv ~ Mc™+ — Mu &for (u<kc)=> K ~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
" Need to remgelzthv phase="1B cosh p =Mc*coshp
— /i with /IN to ma{ch Planck (1900) )
S v V o . T proup V 1| €. energy density Mc
group | Drrp L c T, cle OE:kE _h vaha”) — TOtal Energy J
A 1 ¢ This motivates the Einstein (1905) \/ l-u’/c”
phase boorrler V e ‘particle” normalization .
rapidity o P @nh D IR\ \If av=N Y= hv Blg WOITY. I.S I.lOt
- illator energy quadratic in frequency v?
e o | 1€ | sino cosc  seco | cotoc  csco | lle” . 2 2
. HO energy—EA v
1- 1 1-p? 1 -1 1 1 :
E% % ? [))_2 1 \/ 1ﬁ - ﬁz ﬂl E % RCSOlutlon and dirty secret. E, N, and Uphase arc all
1 . : y : / ] . . frequencies!
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

_ - 152 |
U phase = Beosh p= B +5 Bp* (for u<c) coshp=trh =111 1 B=v,
. 2K
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
sinh p=p=—
"~ = tanh f c
\; = ldan p - p ( or M<<C) Max Planck
1 B At low speeds: B 16581947
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
Rescale v by 7 so: M=— or:hBB = Mc? \ e Jamops ¢ —Mu? and tum M
phase DY : 2 : shows up here!) ~ €nergy - Mu* and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
h =hB+——Fu for (u<c hK =—1U .
Uphase 2 2 —tor ( )= phase 2 to match units.
L 7 s .
» 1 75 ; Lucky coincidences?? cpeqp trick??
hv =~ Mc"+—Mu~ <&for(u<c)= hx =~ Mu
phase 2 ( ) phase Tl’y exact Uphase and K:phase...
" Need to remgelzthv phase="11B cosh p =Mc*coshp
/T with /IN to match Planck (1900) )
g”'OI/lp bDoppler f‘/group vgroup A’group Vphas e.n. ener, g:y denS lly M C
RED L c v, A, (e OE:kE ) vaha”) = Total Energy. Ej \/ e
1 ¢ (Kol | Torase c 1 Einstein (1905) l-u”/c
p hase bD()ppler V K T V bDoppler 2
BLUE phase \ A A group RED hCK — hB Si nh :MC Si nh
e @nhp (sinhp) | sechp cothp | e | phase p p
e o | 1€ | sinc  tano | coso  seco | cotc  csco | 1le”’
| =Bl B 1 |18 (1 YNBt 1 | [14B
c 1+ 1 B>-1 1 1_ﬁ2) 1 B 1-8
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1

Thursday, April 7, 2016
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Using (some) wave parameters to develop relativistic quantum theory

U ppase = Beosh p)= B+3 Bp* (for u<c)
CK phase = D sinh ’OlN Bp (for u<c)

coshp= 1+2p ~1+2 2k Bt e
— YA T A

7 sinh p~p~
= tanhp = pj (for u<c) 4
B At low speeds: B 16981947
Uphase B + 5_21/12 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB The £ ¢ 1.2 formulae for Newton’s kinetic
Rescale Uphase by 1 s0: M=—5" orhB = Mc> (e o Me —Mu? and tum M
phase DY : 2 : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB hB So attach scale factor 4 (or hN)
MU ,pase=hB + 22 u- &tor(ue)= K a0 ~2 Utk units,
o 1, Lucky coincidences?? cpoqp rick??
~ Mc"™+—M for (u< K ~ M
hvphase ¢ 2 u <: O (u C) I h phase u Tl’y exact Uphase Ml’ K:phase...

g 2
Need to replace % /1D =hB cosh p =Mc” cosh
phase
— /i with /N to mat.ch Planck (1900) ’
group | b2 nga Vpop | Aoow  Kdow | Toow Vo] €11 energy density = Total Energy: E M
RED —
¢ A’A TA c \EZOE.E :hNUph
— 7
hase ! ¢ ( K phase L phase A phase C 1 Einstein (] 905)J \/1_ /C
P bl?l(,)lljlger phase \ TA A’A Vgroup bl?];gpler h K h B . h M . h
— C = S1n = C S1n
rap;)dlty e’ Gnh) (smh p) sech p cschp  cothp e P |_phase P P
e o | Ve | sino tanoi| coso.  seco | coto, ...csco | Mel | ... 1 . |
'-\ = \/ = 1= — (old-fashioned Cp =
| B (L )R B 1| [l | Vi e NI
e | V148 1 B21 1 1 B -8 ¢
o 1_0s5] 2206 22075 | 2=080 2133 2-167| 2220
2 5 4 5 3
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Using (some) wave parameters to develop relativistic quantum theory

1 2
U phase = Beosh p= B +5 Bp* (for u<c u?|
phase . P 2P ( ) coshpzl+%p2z 1+%—2 '.
CK phase = D sinh plz Bp (for u<c) | y ¢
77 sinh p=p=—
— = tanhp =p (for u<c) ¢ , |
L C Max Planck  Louis DeBroglie
1 B At IOW SpeedS: B 1858-1947 1892-1987
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB - ¢ , formulae for Newton’s kinetic
] by i so: M=—+ or:hB = Mc? (The famons M —Mu? and
Rescale Upnase by 1 s0: 2 : C shows up here!) ~ €NErgy 2Mu and momentum Mu.
1 hB 5 hB So attach scale factor % (or AN)
h ~hB+——u for (u<c hK ~—1 .
Uphase 2 2 < for ( )= phase o2 to match units.
2 1 :"'2' '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' lral Woave oc nSpl.]/'aC ExpenS.l.VlS? ?
., ~Mc+—Mu~ <<for(u<c)= hx,, .~ Mu + Creap trick?.
phase 2 ( ) phase Try exact Uphase and szhase...
" Need to remgelzthv phase="1B cosh p =Mc*coshp
— /1 with AN to mat.ch Planck (1900) 5
g rou p bDoppler Vgroup vgroup Vphas e.m.*ener gy denS lty A\ T 1 E . E _ M C
RED L . v, ¢ | BE ~hNUpse) |~ otal Energy: _f \/ -
phase | ¢ (K e ¢ 1 Einstein (1905) l-u”/c
bl?l(,){yllger V hase \ KA V rou bl?ggpler ° 2 °
— - — hck =hBsinh p =Mc” sinh
rapn e’ @nh@ (sinh p) cothp | ¢ |_up hase p p
e o | 1€ | sinc  tano': _coto_csco | e | 1 . _ Muc
. — = - (old-fashloned Cp =
u 1—'3 [3 [ 1 1 1_|_[3 \/ﬁ -1 \/1_u2 notation) \/1—M2/C2
=— — - — — C
1+ 1 2_ 1—
¢ B B>-1 5 B y . — Wi
sl L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220 omentum: ik phase™ 7 ™ 7, 9
2 5 4 5 4 3 DeBroglie (1921) l=u”lc
Thursday, April 7, 2016 14
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Using (some) wave parameters to develop relativistic quantum theory

U

= Beosh p)= B+, Bp (for u<c)

Rldsey coshp= 1+2p ~1+2 7|
CK phase = D sinh plN Bp (for u<c)
sinh p~p~
U
— = tanhp =p (for u<c) , |
\_C S g s
1B , At low speeds: B
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ ot , formulae for Newton’s kinetic
Rescale v by & so: M=— or:hB = Mc? (The Tamous 1o —Mu? and tum M
escale Uphase DY ; : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB hB So attach scale factor / (or hN)
h =hB+——u for (u<c hK =—1U .
U shase 2 & for ( )= phase B to match units.
2 1 I"'2'""""""""""""""""""""""""""""""I ---------------------- lralwoaveoc nSpilﬂaC ExpenSlee??
., ~Mc+—Mu~ <for(u<c)= hk,, ~Mu + Cirep Iric
phase 2 ( ) phase Try exact Uphase and liphase...
" Need to remgelzthv phase="1B cosh p =Mc*coshp
_ /T with /IN to mat.ch Planck (1900) )
gl"OI/lp bD oppler Vgroup vgroup Tgroup Vphas e'm'*ener g:y denS lty A\ T t 1 E M C
o ¢ Ty ¢ \€0E 'E :hN /Uphas& ota nergy J \/
, 1 c ”,,,W This motivates the Einstein (1905) I—u / C
phase boerter , | ‘particle” normalization I LB h M. - h
— Ve _ _ | & cK =hBsinh p =Mc?sin
rap;)dlty e—p Gnh) @ f \Ij \Ij dV N LP ]’lv phase p p
u
e o | 1" | sinc tano: Lcoto eseo | Mel N 1 . Muc
] —= (old-fashioned Cp =
u 1_'3 [3 [ 1 'B—z_l 1 1+[3 \/ﬁ 1 \/1 u2 notation) \/1—M2/C2
=— — — — — c
1+ 1 2_ 1 1—
c B B2-1 p p "y . — Mu
aneir | L5 1 2206 J_075 | 22080 =125 | 22133 2-167] 2220 Omentim. Kphase_ - 2, 2
2|5 4 5 4 3 3 1 DeBroglie (1921) 1-u"/c

Thursday, April 7, 2016
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Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) positive rest energy Mc?
o \¥ o ey
% Ny, Frerey N0
| . \\ E—h()) , , tachyon:
A | ‘ | r— ~ ’ imaginary |
. . 3 \ cr , .
H(p) = Boosh(o) S \\\\ .’ photon.
\ . , ’ ero ““
Rcsl)f En:lzjrgy N [ L7 E =+ cp
| . \\ Momentum
! | | Per-Space (¢p, | . . \ . X . . : .Cp.=h.c 1(_,_
Mass (resting) N AN N
ali% : 62 ing M ) | Bohr- Schrodmger Approximaio
U C — CK . "\';‘.
Energy ' ‘
MU yase= E = th Coshp 14 A& 36| | B =plem
1885-1962 \\
25
Momentum .
h =h h h h 16
CKphase Cp = CKA Sln p UA Sln p 9
Lnergy versus Momentum 9
2 2\ 2 % . "
E p— (MC ) COSh p Statee’:lgerg)

6443210123456\,
2\? . 1.2 2\? 2 2\2 2 2 p_2 6\
:(Mc ) (1+smh p)z(Mc ) +(cp) :>E=i\/(Mc ) +(cp) ~ Mc +2M

Thursday, April 7, 2016 150



Using (some) wave coordinates for relativistic quantum theory

(aNExact Einstein- Planck Dispersion
matter wave:
Energy (E) positive rest energy Mc?
N\ e Cg/l:?cz;ll(n;) @ \ E2 2 2 —(MCZ)Z
e Energy \ ,
o - / . \\\\\ E—hﬂ) . / {achygn:
[\ Frame imaginary |
I \ cr .
B i e Ny T | phoron.
Rest Enry E=%cp
O Momentum
' cp=hck

!

Mass (resting) .

“f] Per-Space (cp,

O NN N

oom —49007

Bohr- Schrodzﬁgér Approxmwzlb/v,7

| . N | | ! !
| 36 B =p22M /
\ | |

hB=hv, = Mc = hcK 4
Energy '
N pase= E = th coshp
Momentum
heK ppase=CD =heK 4 sinh p=
Lnergy versus Momentum

E 2=(Mc2 )zc:osh2 P

=(Mc2)2(1+sinh2 p)=(Mc

Thursday, April 7, 2016

hv 4 Sinhp ' | \ 196 /
N4
ene,;l’g ! / " energy
we 6443210123336\
7\2 2 2\2 2 a2 P low\speed
) +(Cp) :E:i\/(MC ) +(Cp) M+ 2M  approximation
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc?coshp

= hv
phase
Rest Mass Myes: (Einsteiéa 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc” sinhp
— — = 2
hB hUA Mc hCKA E = i\/(Mcz) +(Cp)2 — hCKphase
dv

VQIOCl.l‘y.' U :Ctanhp — d_
K

e What's the matter with Mass?

Shining some light on the elephant in the spacetime room
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mass Myes: (Einsteig 5 mass) Defines invariant hyperbola(s) momentum.: cp =Mc*sinhp
hB =hv, = Mc” = hek 2)\2 2

A A E = i\/(MC ) +(Cp) — hCKphase
NV ,hase NCK ppase  Rest dv
=M. . = velocity: u=ctanhp = —
2 rest -2 Mass i dx
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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 _ MrestCSinhp
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 Mass Mes: (Einsteig 5 mass) Defines invariant hyperbola(s) momentum.: cp =Mc*sinhp
— — — 2
B =y = Mc™ = hek E = J_r\/(Mcz) +(cp)2 = NeK ppase
hv phase _ M= hek phase  Rest o dv
2 restT 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
M, = P _ M, csinhp Limiting cases: M, ——> M,,.eP/2
u

ctanh p

\
M M mom U<LC >M rest
rest Momentum

[ = Myeq cOShp = Ji—u?/c®  Mass
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mass Myes: (Emstezn 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc? sinhp
hB =hv, = Mc* = hek 2)\2 2

A~ A E = i\/(MC ) +(Cp) — hCKphase
N0 e NCK phase  Rest dv
=M velocity: u=ctanhp = —
2 rest — -2 Mass i dx

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

p M restc Sinh p

M = = Limiting cases: M M. P2
mom u C tanh p Mm()m > \ M res
=M hp= Ml”est Momentum mom  y<c rest
= Mg COSNP = 5 -
\/ l-u”/c 4SS

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 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
— Mrest COShp _ rest MOAI”ZQI’UMM
\/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
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mc;jg M,»;:t (Em;;em ) 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 S : .

M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
— Mrest COShp _ rest Moj\n;enmm
\/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;;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;entum
\/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

csech? . 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;entum
\/1 202 ass

Effective Mass Mey (Newton s mass) Detined 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 3 L . X 3

Meﬁ — d_ =M,,, P ( =M, cosh”p Limiting cases: M off o M,,.e"/2
“ csech” P\ Effective Mass I, gy
eﬁ UZLC 7 rest
More common derivation using group velocity: u=V,,,,,= ‘f;;{’ j:;
M . = dp hdk h _ h_ M s
A T Py 312
du dV group id_w d o (1_u2/62)
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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 hygerbola(s) momentum: cp=Mc> sinh 0
VA ¢ =heka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase hCK phase  Rest . dv
=M o = > e Group velocity: u=ctanhp = o
C C _—_—

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

_p M, ,csmhp ST : .

M, = ; _ fianhp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Moj\n;entum
\/1 202 ass

Effective Mass Mey (Newton s mass) Detined 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
M = = =M,,, ( =M., cosh”p Limiting cases: M of M,,.e P2
. csech”p Lffective Mass M Y
of  u<c 7 rest
More common derivation using group velocity: u=V,,,,,= ‘f;;{’ Z’Z
pTTLT : ~
dp hdk h . h M 3
M 5 = = d do "5 =M ey cOSITP
dk dk ;g2 Effective Mass
' \_ )

----------------- da)

Igeneral wave formula to accompany Vo= P73
162
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Definition(s) of mass for relativity/quantum

How much mass does a y-photon have?

Rest Mass (a)y-restmass: M), . =0, N.evxton compla,l,med oabOUt .
e o his “corpuscles” of light having
Momentum Mass (b)y-momentum mass: M7, =£="2= = “fits” (going crazy).
c ¢
] Thi 1 ' f triple Schizophrenia.
E[fectwe Mass (¢)y-effective mass: MZ;?”: o0 (This would be evidence of triple Schizophrenia.)
hv _ _
M} o=—>=0(12:10"")kg-s=45-10" kg (for: v=600THz)
c
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Relativistic action S and Lagrangian—Hamiltonian relations

-t
-

-
-="
-
-
-
-="
-
-
-
-
-
- -
_____
-
-
-
-
-
-
-
-
-
-="
-
-
-

" hv,=Mc*=heic
h ,q50= E =hv 4 cosh p

\hCK phase
Thursday, April 7, 2016

=cp =hv,sinhp

-
.
-

Prior wave relations (

«—linear Hz
format

angular phasor—

format

L hck

ho =Mc*=Fick ,
ho phase

phase

~N

=FE=hw,coshp

=cp =hw 4 sinhp




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

dd dx h
L= h——hk——ha) h=—
dt .- dt 21
p = hk=Mcsinh p E =hw= Mc*cosh p
" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
MU pase= E =0y Co.shp «—linear Hz  angular phasor— hwphase E=hw , coshp f= i
\]’lCK' phase=CP =NV 4 sinhp ) format format thphase cp =hw, sinhp oY s
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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

Thursday, April 7, 2016

Prior wave relations{.

«—linear Hz
format

angular phasor—
format

E=hw= Mc”coshp

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 to define Hamiltonian H=E

dD dx dx Legendre
L=h—2= hk——ha) p——E px—FE = [DM—HZ L transformation
dt .- dt dt
p = hk=Mcsinh p E =ho= Mc*coshp=H
(" hv=Mc*=hex )| Prior wave relations . e ,=pc?=nck , A
WU pase= E =hv 4 coshp [—linear Hz  angular phasor— hwphase E=hw , coshp f= i
\]’lCK' phase=CP =NV 4 sinhp ) format format thphase cp =hw, sinhp oY s
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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 s
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
MU pase= E =0y Co.shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s
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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
dr  dt dt "
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p  E=ho=Mccoshp=H
L= pu=H =(Mesinh p)ctanhp)—Mc’coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
N pase= E =h0y Co.shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s
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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 = p)'c—E EEDM—HZ L transformation ]
dt dt dt Ix
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p  E=sho=Mccoshp=H
L= pu~H =(Mesinh p)(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
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp f= i
\hCKphase:Cp :hUA sinhp ) format format . thphase:Cp :ha)A Sinhp) 21T
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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 ]
dr  df dt i
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh 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 —-—i = —Mc” sechp
C :
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
N pase= E =h0y C(?Shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T
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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 =Tik=Mesinh p  E=hw=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 Lagrangian L 2 h
L=h®= —Mcz\/l——2 = —Mc’ sechp
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc°coshp
C
- J
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ hick . =cp =ho ,sinhp 2T
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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

d D 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=Mecsinh 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 Also: ep=Mc” sinhp
(Compare Lagrangian L 2 )
L=h®= —Mcz\/l——2 = —Mc’sechp
C
with Hamiltonian H=E ;2
H=hw=Mc/,[l-— = Mc’coshp
C
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
\ J
: h=h/21 ; .
" v, =Mc*=hcic, | Prior wavetelations ( nw =Mc?=hck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =hw , sinhp 2T
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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 — H =L transformation ]
dt dt dt dx
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p . E=hwo=Mc’coshp=H =csino
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc’ tanhp
sinh’p— cosh > YER
= Mc’ P P_ _ Mc’sechp ¢ Smo
coshp Also: ep=Mc” sinhp
(Compare Lagrcfngian L 2 \ =fick= Mcttano
L=h®d= —Mc’ l-— = —Mc’ sechp = —Mc*coso
C .
with Hamiltonian H=E ;2 Including
H=hw=Mc*/ J1-= = Mc’coshp = Mc*seco stellar
C , — , - angle o
=Mc \/1 +sinh “p =Mc \/1+(cp)
N J
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , A
N pase= E =h0y C(?Shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ hick . =cp =ho ,sinhp 2T
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i P 4

-Coordiﬁﬁté angle v=atan(u/c)
\ ‘\\'~

~aa
-

Stellar aberration angle o-asm(u/c)

Momentum L / 2 TNV T
cp “Bsinh(p)_ H/—,-M'c‘_‘_gg‘siljlp:Mc + Mu~
. =Dta | -
Phase Velocity I
Be/u = Beoth(p) ) —
=Bcs , / ] DeBroglie Wavelength
/ ; | />¥ Hamiltoqgian B\e = Besch.
./ / H(@) = Beosh(p)=Bseco © Zpesehie)
Rest Energy ST~ ] —/ _ coto
' ' £/ -Laqranman
-L( ) = Bsech(p) Bco o
" | Y,
. ONE
T :fl ' Yé’ 7 I'
Group V‘plocity>v Vf | 1) ‘:

u/c = Btanh(p)=Bsino

Phase Velogity
/U = Beoth(p)=Bgsco

=t |

L=—Mczsech,0 M+ MuP /2+...
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__~-_--- '\.\\\ \Vl
Stellar aberration angle o=asin(u/c)

\
|

|
- Momentum

S cp = Bsinh(p) (
N =DBta
Phase Velocity 1%
Be/u = Beoth(p) S =7
=Bcs NN 4 u P DeBroglie Wavelength

/"H(g) = Beo BA/c - ggg‘;g(g\)
-Lagrangian S

S A.(u) = Bsech(p)= &>

Group V:plocity>v v

p-circle u/c = Btanh(p)=Bsino
b-cfycle
|
/D Broglie Wavelength Phase Velogcity
Me = Besch(p)=Bcoto | Be/u = Beoth(p)=Bgesgco

L=-Mc? sechp M +MuP/2+...
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|e,) = |low)=|o,)
4
hw =E(cp)

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

S
.
%
<

(0;11 Sinh p p,

- —50-._€{-"C‘/e

-

+
w,e =3 =w,

4 /
3 . (l)m(,’ F= wﬁ
| | | | |
> 3 _
Doppler RED factor: 5= ¢ Doppler BLUE factor: 5 =€"” hck =cp
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Relativistic optical transitions |high)=|w,)
4

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

etP=13 = w,

2 3 _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7= e’ hck =cp
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Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

Initial stationary
UE K thing wh—Mhlcz

Op=

4

=

W |

n

C)—p: a)g ,"

®,, coshp

2
Doppler RED factor: —=e

3
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-p

Doppler BLUE factor:

3
2

€+P

hck =cp
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4

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

wll;' \

Initial stationary
UE K thing wh—Mhlcz

‘e+P: 3 = w,

4 i -
3=0, =0 0
' R | |
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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Relativistic optical transitions |high)=|w,)
4

hw =E(cp)
Review of Thales geometry @
relativistic hw(ck) or E(cp)-spaee

a)ll;- a\

Initial stationary
UE K thing wh—Mhlcz

€+p: 3 — a)h

4 / -
E ®,,€ F= 605
| R | |
2 3 _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7= e’ hck =cp
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)

4

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

3/

w,;

L

Initial stationary
UE K, thing wy=Maic?

hw

I Recoil from emitting an
oppositely c-moving
Y ELLOW Kpm “photon” whm=c| k,, |Fwmsinhp

/ R

| | I

,, e

Z_ P

Doppler RED factor: :

Thursday, April 7, 2016

3 4p
Doppler BLUE factor: 5 =e

K

Feynman
diagram
(scaled down)
of
emission
process

\_
+p: 3

-

:a)h

hck =cp
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)
4

hw

I Recoil from emitting an
oppositely c-moving
Y ELLOW Kpm “photon” whm=c| k,, |Fwmsinhp

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

Initial stationary i
UE K thing wi=Mhic?> K, khm“gs,, Ki
\e Feynman
diagram
@®,,sinh p Y/ (scaled down)
GREEN K, thing P of
| \« Tz~ emission
N process
I 4 T ake-away point 0 | ( )
e o || Classical (and spectroscopic) 0, letP=3 = w,
' "8: Energy-momentum conservation|
1 ! is due to
4 S conservation in
3 (0,,,C-’_p =, quantum.—phase space-time
“wiggle-count”
\ Y,
| R | | |
2_ - 3_ +p hck =cp
Doppler RED factor: 3 =e Doppler BLUE factor: 5" e
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)
4

hw =E(cp)

Revie Thales geometry of

relativistic k) or E(cp)-space

4 / d p
lake-away point 2

Easy to compute

recoil rapidity p

or recoil velocity u

m__~<

Key recoil relations:

w, e P=3 =w,

0, P =y

p=1In My/M,, Exact recoil rapidity

u .
or: where: —“ = tanh p
C

Q.
=

K/ o) N
S

_ FP_ '
~Wye =0, u~clnMy/M,,
Low-ttrecoir approximation where: p =

w | &

recoil

C

| | | | |
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,)
4

hw =E(cp)

Revie Thales geometry of

relativistic

lake-away point 3
Emission photons
are analogous to
rocket exhaust (not “bullets”)

( Vbwrnour=c exhaustln [Mnitial/ M, final ])

...and this process is reversible
\_ J/

S

\ |
v

Key recoil relations:

w, e P=3 =w,

0, P =y
AN

p=1In My/M,, Exact recoil rapidity
or- where:
u~clnMy/M,,
Low-ttrecoir approximation where: p =

w | &

. (!‘)IH‘ ]

recoil

C

|
| , |

hck =cp

| | I

2, 3 4p
Doppler RED factor: 3 =e Doppler BLUE factor: 5 =e
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(p.q)— coo;‘dzfgzates

rest frequency : “"rq‘pidity :

0, =0,e" p,=rp
Pp 4 T (Ckp’ q? wp g )

=,,e* (sinh pp, cosh pp)

o~ —

— 02—

All-rational-fraction lattice N )
defined by discrete sub-group | (14 ,/

of Lorentz Poincare Group |——@b __—

(Feynman path integrals defined
by group transformations)

-

C (p)-RL)
coordinate

transformations :
~ R-L  R+L
P=—"5d=

R=p+q,L=q-p

Doppler BLUE factor: % —e
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9

[ 4

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

= [
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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 1%t Quantization: N=1,2.3,..
c.:;‘ Mode quantum number n of half-waves
_ N
g /h\ hN " " n4 BN
L TRVNTANY, E=hN v E=hN v —hiv,V,
e r—— T T E i

il
W
\

Energy

~\\\\\““---__;__
\
-
\

\

cp=hcx cp
A
| 7N
| 7 7
| ) ¢ - Momentum
Boosted wave mode J/
9 | J Boosted cavity
EAN —
=8 — / wave —
| / has invariant
| 7 mode number n
| 7 photon number N,
//
7
/
/) )
/ .
Ny
| N -
/ v | \ ||||'ft|.|]3||||[‘7=..'.]:...
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\

S 7
hc - Wavenumber

X

\
/ \
£
+1 oo 43
ERIRENRERRNRE NERE

Lorentz
contracted
cavity length
L=3.2
Proper length
[=4.0

(|

20d Quantization:
Photon number N oscillator quanta

N
lake-away point 4

|Cavity quantum electrodynamics

(CQED)
and spectra are analogous to
molecular rovibronic dynamics
with
rotation-vibration algebra
replaced by
Lorentz-Poincare-Dirac algebra
(and geometry!)

\_ 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

Thursday, April 7, 2016

—

n=1

ckn=1-(0

N =2

2

> green photon

N,=1

fL/

§%$%
n p—

0
D)

n=2

green photo

N

n=2

hv is actually hNv

phase:EN: hNUACOShp (N=1,2,..) )

zero-point enere’

N =1

— — N
B e P

n=4

—f

violet phot

n=4

15t-Quantized Wavenumber (“kink” or momentum number)
ck =4

ckn=2-0)

ckn=3-(x)
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4

mirror

spectrum

mirror

'IME o

S
HES

G’nge}ﬁgal C;z“ikps Gi&é@Accelemted Minkowski Grids

i, . ., - . . -, . .
- Jor region inside asymptotic “event horizon”
.,

Trailer has received 10 / ,x’yjf;;f Al

moves 5
OUT )

-

Coﬁa;:ent w&\»&gs makexkghace-timé*&gordinates of accelerating ship & tmilgffs)

HM"‘\. x\“‘\. 1ﬂ\'\"'\-. \\"\\ S

™ '-\._‘_.‘ Mx'\. ", h\"\-\. ey
., ., y
- ", ", = -
.\ i
_‘ H"‘x RN“‘-\. x“"-‘x \ Mx& / P P
. '-\._._m --\._h '\-._h_‘ ) H""'-\. P _.»ﬁ::; y .
", x'\-\.x \"\-\._x ", ", .__.-'". .-E_.':": o J / Py A
| - lj ., ., \\ Lab view of L
ﬂ ., s ", : Ship has received 10 |
.. Ship view of . Lorentz Y P
“ variant 5 . contra(;{zngh ﬁf green waves. )
" separation y
proper . parat A BLUE->
-\.__'.. . \ .
.. Separation . = F CHIRP

A o -, f .-
o blue waves. g Ly i i \Jf”

“#1 Ship has received

- - o v
- ", ., o
-, ., .,
., -, - b
™ n, ", i + )
", ", R -~ 5
, ", oy o g
RS ., ., .-:_.- B
-, ., - o e
.. -, . - P 3
', ", ", .-.n' -._n' - by -l_-' o
., ., .
", ", -~ it b P
., - s
o .,

Trailer has received 5 - 7 ‘; #

Circular arc s :

- \S:VG
0

\res ults if

., . ",
. e J{_.:_'.C
H H"-\. RS .-"'-.. e - ¥ "
P T s s T @ B P
: ., --\._Rx__\_ R s J 5 B ”
B ., Ty ot - ‘ i . l h
N - SR g .
s e ; K T Bouncing light
iy o, -~ 2 ; -
F ety 5, _'-',;-'._-' .- w L —~ - -
P S, o =" .
Eoi T R S AE - & #* 1
Hivohih i —~ & | ) -
: o A - | . )
) eyt o g —

. &i‘&?ﬂ == 1T T 1
: Interfering light beams make Minkowski diamondls

A %

Hyperbolic
proper time T

@ —

) /_g,rlff

y\ /4 = ror
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Fig. 8.2 Accelerated reference frames and their trajectories painted by chirped coherent light
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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 pj——E px—FE = EDM—HZL transformation ]

dt dt dt

(Compare Lagrangian L > h
: 3 u
(S=L=ndxr - Mcz\/l —— = —Mc’sechp = —Mc’coso
C
with Hamiltonian H=E ;2
H=hw=Mc| [1-— = Mc’coshp = Mc’seco
C
=Mc’\/1+sinh >p =Mc’\J1+(cp)’
(Deﬁne Action SZH@D \/ P \/ (cp) y
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , A
hvphase: E=hv, C(?Shp «linear Hz  angular phasor— ha)phasez E=hw,coshp f = i
M€K jase=cp =hvsinhp | format format _ hick ;. =cp =hw,sinhp ) 27
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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

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

g Y,
(Compare Lagrangian L > h
: . U
(S=L=ndxr - Mcz\/l —~— = —Mc’sechp = —Mc’coso
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc’coshp = Mc*seco
¢’ 2 2 2 2
=Mc"\/1+sinh“p =Mc"\/1+(c
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
N pase= E =h0y C(?Shp «linear Hz  angular phasor—{ 7® ..~ E =h® 4 coshp f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T
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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
[Z ZZJE hE — th_ ho = pE— E= p)'c— E E[Du —H=L transformation j
Use Group velocity :u :%:c tanhp
(@S =1dt=hd (@: hlkdx —hodt = pdx—Hdt (POincare Invariant action a’iﬁ‘erentialj
a_S — p a_S :_H (Hamilton—JaCObi equatians)
dx o Qi "
s J
(Compare Lagrangian L 2 h
(S=L=ndx - Mcz\/l —— = —Mc’sechp =—Mc*coso
C
with Hamiltonian H=E ”
H=hw= Mc’/ [l-— = Mc’coshp = Mc’seco
C
=Mc”\/1+sinh*p =Mc*[1+(cp)’
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" hv,=Mc*=hcic, | Prior wave relations ( nw ,=mc?=tck , A
N pase= E =h0y C(?Shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
th](p hase=CD = hv A sinh P ) format format . thphase:Cp =7 A sinh P 2T
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Poincare Invariant Action dS=Ldt=p dg-H dt=nd® (phase)
(n,q)=pq -L  vs.  Lagrangian L(qq)=pq-

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 is a special case of a
Huygens transformation that uses contacting tangent cu7ves instead of /ines.)

(a) Hamiltonian H(q,p)

slope is - P /
group velocity u: H /

o _ e g

- = q a

P _
\M
\i‘ _ S .,
i 4 pif H
7
% H’

_1Light cone u=1I1=c
//7zas infinite |H

and zero L

/ Momentum p

Here slope is group velocity u=¢g
Y-coordinate is =ho

Thursday, April 7, 2016

(b) Lagrangian |L(g,q)

radius = Mc? () Velocity u= q
L &
L/ M
Q/V

-H .
slope is
17 momentum p:
H oL
o
_H/l

Here slope 1s momentum
Y-coordinate 1s phase rate L=h®
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Happy now?

Galileo’s Revenge (part 2)
Phasor angular velocity
adds just like
Galilean velocity

by Ot
phase 2

W _ W, — Wy
group 2
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Happy now?

Galileo’s Revenge (part 2)
Phasor angular velocity
adds just like
Galilean velocity

®,+w,
phase — 2

)

— —

4 N
I got (C|B)=(C|A)(A|B)=(2/3)(1/2)=1/3,
and pcg = pca+pas =-1.10

We’'re in Splitsville!
¥

Carla-Bob Doppler ratio:

7

Carla-Bob rapidity:
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