Auxiliary slides for seminar at Rochester Institute of Optics June 19, 2018

Relawavity:
Helping to clarify Quantum Theory and Relativity
by effecting a wavy marriage
between this enigmatic pair



Bad Suzy!

Relativity and Quantum Theory
need to be unified 1in one book
half the size of those old tomes!

We call that a Relawavity book.
(It’s a lot lighter!)

(Why a Men In Black candidate shot little Suzy)
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Introducing Doppler shifting and why c 1s so constant (and so slow)
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| .
A= 1.00wm 0.50pm  0.33wm (inverse wavelength x=1/\)
K= 1-10%m 2:10%m 3-10%m
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Years of spectroscopy rule out ‘phony’ 600THz blue-green that do not have wavelength A\=0.5micron.

The only choice 1s C.



Introducing Doppler shifting and why c 1s constant

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

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

>
7}

= e
A really fast Alice shines herv=300THz laser

Fig. 7 Alice’s 300THz laser approaches Bob.

(b frequency V=w/2T
(a) Bob sees v=600THz.

(Inverse period v=1/1)

ggz (b) What A=1/k does Bob measure?
700 And, 1s he seeing a ‘phony’ green?
THz 600 — - 600THz line
500 Sj 7 f
N O

300 %\QJ $\0Nq@ |

WY :

/ : : cwavenumber ¢c-x=ck/2m

A= 1.00wm 0.50pm  0.33wm (inverse wavelength x=1/\)
K= 1-10%m 2:10%m 3-10%m

Years of spectroscopy rule out ‘phony’ 600THz blue-green that do not have wavelength \=0.5micron.

The only choice is C.  Also the only possible 600THz light speed is C=%=%=3 10°m-s™



Introducing Doppler shifting and why c 1s constant

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

U 4 Alice: “Well, what is its wavelength \, Bob!”

61t . /ﬁﬂtﬂ} 4

A really fast Alice shines herv=300THz laser e 7

(b frequency V=/2T
(Inverse period v=1/1)

Fig. 7 Alice’s 300THz laser approaches Bob.
(a) Bob sees v=600THz.

(ggg (b) What A=1/k does Bob measure?
700 And, 1s he seeing a ‘phony’ green?
THz 600 — - 600THz line
500 S. 7 f
N (O

300 %\QJ $\0Nq@ |

WY :

/ : : cwavenumber ¢c-x=ck/2m

A= 1.00wm 0.50pm  0.33wm (inverse wavelength x=1/\)
K= 1-10%m 2:10%m 3-10%m

Years of spectroscopy rule out ‘phony’ 600THz blue-green that do not have wavelength \=0.5micron.

o . . : _0_60010" _2.1N3,7.c"]
The only choice is C.  Also the only possible 600THz light speed is c=¢=""-—=3"10"m"s
Actually: 2.99792458-108m-s-!



Introducing Doppler shifting and why c 1s constant

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

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

Fig. 7 Alice’s 300THz laser approaches Bob.

(b) frequency V=w/2T
(a) Bob sees v=600THz.

(Inverse period v=1/1)

;gg (b) What A=1/k does Bob measure?
700 And, 1s he seeing a ‘phony’ green?
THz 600 ~ - 600THz line
)00 Q a7 f . .
ool & 2 ...and Dispersion-Free!
/4 :
/ :  cwavenumber c-k=ck/2T

A= 1.00um 0.50pm 0.33um (inverse wavelength x=1/\)
k= 1:10m 2:10%m 3-10%m

Years of spectroscopy rule out ‘phony’ 600THz blue-green that do not have wavelength \=0.5micron.

The only choice is C.  Also the only possible 600THz light speed is C=%=%=3 10°m-s™

Actually: 2.99792458-108m-s-!



- Bob: | see Doppler Carla: | see Doppler
Alice: Hey, Bob and Carla! Report your ( , (C .
Doppler shift ratios (B|A) and (C|A) b Blue shift to va=600THz(green) Blue shift to vc=400THz (red)

S0 relative to my va=300THz (infra-red) beam. (B|A)=2 and Pua=In(2)=+0.6931  (C|A)=4/ :’iand Peca=In(4/3)=0.2876

/= Also, rapidity Pza and Pca relative to me, A

T . G, l; & -
and Carla’s rapidity Ocs relative to Bob. f‘“ i . \ ‘J@éJ

'.ff.}:"/ @ 't{“t-' J,,A/ g /ﬂ" " 4/

A really fast Alice shines her v=300THz laser V. P — A

o 3001t — — e
v,=1200THz V=400THz
" Doppler ratio: . .
< R| S>  Vrpcemer Bob-Alice Dop]%ler raélé)(:) ) Carla-Alice Dopplezl 1(‘)a(§io: A
— _YB _ _~ (V]
Usource <B|A> o v, o 300 - 1 <C|A> = vc = 200 — E
— A
Prs = ln<R | 5 > Bob-Alice rapidity: ) Carla-Alice rapidity: 4
or: p,.=In(B|A)=In==0.6931 Pea=In(C|A)=1n"=0.2876
<R|S> — ePrs = o~ Pk | 3
Definition of Rapidity B 1 B
: Drs | p,,=In(A| B)=In 5——0.6931 =-p,,

Introducing Doppler Arithmetic and rapidity p



Bob: | see Doppler Carla: | see Doppler
( )Blue shift to vc=400THz (red)
C\A> ‘4/3 and Pca=In(4/3)=0.2876

_ Alice: Hey, Bob and Carla! Report your (b)
@; Doppler shift ratios (B|A) and (C|A) Blue shift to va=600THz(green)
/%0 relative to my va=300THz (infra-red) beam. (B|A)=2 and Pia =In(2)=+0.6931
7N "j " Also, rapidity Psa and Pca relative to me,
‘ i and Carla’s rapidity Ocs relative to Bob.

A really fast Allce shlnes herv=300THz laser

SUUXCE

v ,=300THz 5 /ER RECEINVER
v,~1200THz O =400TH:z
" Doppler ratio: )
(R|S) = (D — Bob-Alice Dop]%ler raélé)o ) Carla-Alice Dopplezl 1(‘)21610 A
- B — _B - _ UC o
Psoucr (B14) v, 300 I (Cl4)= v, 300 3
Prs = 1n<R | 5 > Bob-Alice rapidity: ) Carla-Alice rapidity: 4
or: p,.=In(B|A)=In==0.6931 Pea=In(C|A)=1In—=0.2876
<R|S> — epRS — e_pSR 1 3
Definition of Rapidity B 1 B
\ Drs ) p,,=In(A| B)=In 5——0.6931 =-pP,,

Carla-Bob Doppler ratio:

Galileo Galilei V. _ V.U, 41 2
| (cB)=2e =22l aya )= 35 =2
Galileo’s Revenge (part 1) U U U
Rapidity adds just like Carla-Bob rapidity:
Galilean velocity el = pPc pPas — oPcatPas
& 7 Pa=Pcst P | > 0oy =P ot P = 0.2876-0.6931=-0.4055
1564-1642 Pxa Ecr > CARLA'S FRAME — 1n£ + lnl — ln%
BOB’S FRAME 3 o 3

ALICE’S FRAME



(a) Sum of Wave Phasor Array
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Node L@r 210

\

k=3
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(b) Typical Phasor Sum.:

Red phasor?/ ,
WB:eIB

—

Iy

N

PLUS ~

T
S

Green phasor

EQUALS: ¥,.5=

(c) Phasor-relative views

A moves relative to B

Sum: W p=V, Ty

//
/
/
[
\
\
\ ~
Link to Animation from
Pirelli Challenge

Geometry of the

Half-sum
Phase/'
and
Half-difference X
Group\

Happy now?

“w
B >

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


https://www.uark.edu/ua/pirelli/html/phasors_2_3_zoom_anim.html
https://www.uark.edu/ua/pirelli/html/phasors_2_3_zoom_anim.html

right-moving CW laser Colliding 2CW laser beams left-moving CW laser

ct l//R:eile:ei(ka—ooRz) Ct ct oy, = il — ik x=0,1)

W] N X
Ak S 22 b l'in 111‘{213 alishellz 18\ é% & 313‘ 40{415{23‘:13 1205 s 3z 18| T ;S%js 32 10 11"12_53 4415 6"7118\1
ANSasaavascasanav | BANVANSRAERAES ANy R VadaanaaVaanaaEn
. . Frequency o> .
right-moving wave 4 QWU left-moving wave
acetime (x,ct acetime (x,ct
pacetime (. 2 4 1200THz pacetime ( |
____________________________ 3 900THz ..eev"" " owmme=m" 7T
. left-moving wave ] ._- T right-moving wave
Per-Spacetime
(k) (ckr,wr) (ckr,wr)
Ck,w
L=(-2¢,2) R=(+2¢,2)
5 -4 3 2 4 5

-
b
- "
.-
-

f | : Bohrlt Web Simulation 2
G—l/z(R- ) Wavevector k| cw ot vs x Plot (ck = £2)
CK—

IrCK

Click the 'Controls & Scenarios' button to set vars and run preset scenarios
Set the right & left-ward k values with clicks near the dispersion curve or ck axis.



http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-130022
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-130022
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-130022

| g 'Aei(kx—a)t) |
—1-CW left-to-RIGHT —
_ 600THz

" 600THz®
S SQUR

yamicron (m)
e e '; P :

S5

3

=

S

S 2 3 T
|||I||||||||||I|||
L X units of )/, lum

(b Standing wave
(x,ct) - grid

v =Ae

G =4(R-L)

P=7(R+L)

Introducing optical
space-time grids and
per-space-time
“baseball-diamonds™

«— LEFT-from-right moving 1-CW /

(ck = +2)
www.uark.edu/ua/modphys/markup/

1200THz

900THz

L a AN
r .1
\,.w‘ &‘J

5 {/
x ﬁax{‘

7\

i (kx— aft)_I_A i(~kx—wt)

HH

(C*

- y4. My
OU .:-‘!{%I %
) "{ luf "7”'\

Aei(—kx—wzj

— <« LEFT-from-right]-CW
_ 600THz
- < \ N

N

AN
>y

N\

X units of Y, km

units of
300THz

4.0

3.0

1-CW moving left-to-RIGHT —

CK
units of
300THz



http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-130022

—/X
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53 J

2 3

R ) | A
X units of )/, lum

]

Standing wave w,, %

(x,ct) - grid 3,_, ,!55

i (fx— a)t)_I_A z( kx—at)

HH

(b

v =Ae

(d)
Introducing optical
space-time grids and
per-space-time
“baseball-diamonds™

«— LEFT-from-right moving 1-CW /

A ol (Chx—ot) ;
«— LEFT-from-right]-CW

600THz

7N
VAR WA

I

\

w]

AN

>

3 <

M

X units of Y, km

units of
300THz

4.0

1200THZ

900THz | 3.0

600THz

2.0
P={(R+L)/
/

AL l l l
2 (e 2 te
R+L

2 Zcos
=2 "‘“tcoskx

= wphasewgmup
R=k,x-w,t and: L=-k, x-w,t
= kx - wt -kx - wt

2)

CK
units of
300THz




right-moving Doppler blue shifted wave

Ve :elR:ez(ka—a)Rt)

ct

R/

left-moving Doppler red shifted wave

i(k,x—w,t)

..1Blue shifted wave

yming at him and...

Web Simulation
1 CW ct vs x Plot

(ck = +4)

5 9007 Hz"

.
o 4%
L4 ’

left-moving wave ;;'5b0T Hz
(C ki, wr ) '},:,,
(-1c,1)=L'\

-3 -2 -1

1 1 1

S 3

l//L=€lL:€

ct

3 4 5

...Red shifted wave |
behind him. \

. X

A E & | & B holli o] a%s i6l17hs

I AACCW W W W W N R

________________________ Frequency o '/' ,-* right-moving wave Web Simulation

___________________________ Ry 1 CW ct vs x Plot
00T e (chipor) (==l
4 Z e T
P R'=(+4c,4)

L I
Wavevector ck



http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=30004
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=30004
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=30004
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30001
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30001
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30001

right-moving Doppler blue shifted wave

Y p= e _ez(kx W)
Cl
R/

left-moving Doppler

red shifted wave

l//Le—

N
i s é
o 2
M ¢ -~ w/" ey
/ / \\QZ_’;_‘” N

Rapidly moving Bob Sées

..transformed (', &) grid

ct

el(k X—W,t)

I N x
ali 12 halkalis iz ha |\ 1 N /E_Q;Hl;’ 2 13 a/tys e a7 i | (LB % k e Jdo & B Boll is hath 1&51{\6 57‘13\
ANBaaangay dAEhdNan/imNt ARZaaaanaaaaaaaas N
Frequency right-movipg wave
(CkR,{wRr)
] ] 4 1200THz
...Doppler shifts give R/=(+lc,4)
Lorentz transformation
3 900THz

of both these grqphs

Per-Spacetime

(ck,w)

left-moving wave

Q
.
g
’ e .
Q . o
g . .
;e ’
s S
’5
5 ’
— .,
— .
’
Q
.
’
’
Q

(ckr,wr)
(-1c,1)=L' G'=/4(R'-L)
-4 -3 -2 3 4 5
l : : l : Wavevector'ck

Bohrlt Web Simulation
2 CW Minkowski Plot
(ck=-1,+4)



http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30104&xPhasorFactor=0.5
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30104&xPhasorFactor=0.5
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html?scenario=-30104&xPhasorFactor=0.5

T
Alice’s laser
moving right Bob
at u=3c/5 stationary
tuned to e
Vy= 600THz f;");j 1;;

Alice’s beam _
is 1200THz /

hree scenarios that look the same to Bob

Carla’s laser
moving right

at u=3c¢/5
tuned to -
=600THz—,

Carla’s beam
is 300THz

Alice’s laser Bob Carla’s laser
stationary moving left at u=-3¢/5 stationary
tuned to - —— tuned to
v,=600THz -y — v,=600THz
Alice’s beam =+ [ m s beam
is 1200THZ { s 300THz

Alice’s laser Bob
stationary stationary
tuned up to o . Iﬁ
Alice’s beam S 3 z :
is 17200THZ / S

Carla’s laser
stationary
tuned down to
v, =300THz

Much cheaper (and safer) to do the 3 scenario!$!




(b Minkowski wave '{'p:f« (C)
(x.ct) - grid e/t
Aez(kxa)t)+Aez(kxa)t) z(kxa)t)

/A\12007 1N\ %\m/\,\\ ‘ l:jk\ 300THz P

Py P 5
, V' hase R 2(6 +e") coshp o 1
P'= ) =Z(R'+L")=v, N | b =V, or: U, 0
CKphase \ E(e —¢ ) St p 2 Bob's Alice's
View View
’ 1(pP—_ P : 3
, D, group 1 ’ ’ 2 (e € ) Slnh p 2 O
G'= =1(R-L")=v =D =D or: U
cK’ ? N Lol P “|' cosh s 11
group 7(8 Te ) p 2 Bob's Alice's
View View
. (d) v
units of
| 300THz
. R +L' .R’—L’ .R’—L’ 1200THZ 4.() o & 1-CW left-to-RIGHT —
i !/ 'Ll ',' ,"""
e +e" =e 2(.92+e2) ' - f
R+L 900THz | 3.0
r_L/ PR /" e
=€ 2 2 COS—— :oP 7 ( +L )
= 1/} w 600THz 2() ’ :
, phase gmu,p P":'l( A1) -
R=k,x-wyt and: L'=-k, x-w,t 2 G’ =4(R'™-L)
L' 300THz] 1.Q
<«— LEFT-from-right 1-CW CK
| ‘ g G =1(R-L units of
300THz

40 3.0 20 -0 0 10720 30 40 50



Doppler Jeopardy

" N .

L~000THZ (L.f‘«, v,=300THz
NN
EEETEREEREREREREY
(1.) To what velocity .+ must Bob accelerate so he sees beams with equal frequency . ?

(2.) What 1s that frequency ./ ?




Doppler Jeopardy

W"“% l--------

0p=000THz v,=300THz

(1.) To what velocity . must Bob accelerate so he sees beams with equal frequency ./ ?

(2.) What 1s that frequency ./ ?
Query (1.) has a Jeopardy-style answer-by-question: What 1s beam group velocity?

w w, —w w, —w
w, =V _ _group _ VR L _ o R L

i k group kR - k L a)R + a)L




Doppler Jeopardy

A5G
o )

(% f;ff v,=300THz
EETTRRERREREREY

(1.) To what velocity .+ must Bob accelerate so he sees beams with equal frequency . ?

(2.) What 1s that frequency ./ ? -

Query (1.) has a Jeopardy-style answer-by-question: What 1s beam group velocity? 900

=V =60g,,0up=a)R—a)L=ca)R—a)L v =Ca)R—a)L=C6OO—3OO 1

=—C
group k kR _ kL a)R + a)L sroup ) P + C()L 600 + 300 3

group




Doppler Jeopardy

#‘QL
I~

TITI11 1 11T
(1.) To what velocity 1/ must Bob accelerate so he sees beams with equal frequency . ?
(2.) What 1s that frequency . ?
300

Query (1.) has a Jeopardy-style answer-by-question: What 1s beam group velocity? 900

- =wgr0up=a)R—a)L=ca)R—a)L v =Ca)R—a)L=C6OO—3OO 1

=—C
group k kR _ kL wR + a)L sroup ) P + C()L 600 + 300 3

group

Query (2.) similarly: What . is blue-shift bw;, of w; and red-shift wr /b of wr?

w.=bw,=w, /b = b=\/a)R/a)L = W),=\W 0,



Doppler Jeopardy

.
qf\»f«f,.,,v,,. L
FERTRTRRERREREREY

(1.) To what velocity /» must Bob accelerate so he sees beams with equal frequency ../ ?
(2.) What 1s that frequency . ?

Query (1.) has a Jeopardy-style answer-by-question: What 1s beam group velocity? 30
=V - Ogrowp _ D =By _ Dp = O V. =c W =W _ 600 - 300 _ lc
Keoup  Kx—kyg W, +w, W, +w, 600+300 3

Query (2.) similarly: What .: 1s blue-shift bw; of wi and red-shift wr /b of wr? J63-33-424

a)E=ba)L= C()R/b — b=\/Cl)R /a)L = W= G)R:)L a)E== \%RS%)SOO
= 424

Geometric mean



Doppler Jeopardy

e ()
ISEEEEREEEE

(1.) To what velocity /» must Bob accelerate so he sees beams with equal frequency ./ ?
(2.) What 1s that frequency . ?

Query (1.) has a Jeopardy-style answer-by-question: What 1s beam group velocity? 30
=V - Dgrop _ Dp = Oy _ Dp = O Vo= W =W _ 600 - 300 _ lc
Keoup  Kx—kyg W, +w, W, +w, 600+300 3

Query (2.) similarly: What .: 1s blue-shift bw; of wi and red-shift wr /b of wr? J63-33-424

w,=bw,=w/b = b=Jo,/n, = w=Joo, W=\ OO,
A = /180000
=424
Vroup/ € 18 ratio of difference mean w,,,,,= —5- to arithmetic mean W e ="73" - Frequency wr =
is the Jo.w, of left and right-moving frequencieq defining the geometry

Geometric mean



Thales Mean Geometry (600BCE)

helps “Relawavity”

Thales of ,
Miletus \ " Rl
024-543 BCE Pep-[Time T Iansforme Per-Time
w - axis W'/~ axis
Slope—to vertical 41
Frequency‘unit: 3 = i = 3/5 = 71

300THZ

| b
Arithmetic Mean
3coshp = (1+4)/2
=5/2
erence Mean
Ssinhp = (4-1)/2
= 3/2 Per-Space
R A CK- axis

Red shift = Blue sh(/t



Thales Mean Geometry (600BCE)

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

Thales of ,
Miletus x' R/
024-543BCE Per-[lime Transformed/Per-Time
W -| axis W'/~ axis
Slope-tofvertical 41
Frequencyunit: =V c=3/5 =7
1 | 3 grou 4+1
300THZ
This leads to a convenient
construction of geometric means

d relativistic hyperbolas.

b
Arithmetic M‘ean
coshp (1+4)/~2
N 5/2
Per-Space
) -1 1 C . Ck- axis

Red&ln]f =/ Blue s/u/l



Thales Mean Geometry (600BCE)

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

Thales of )
Miletus
624-543 BCE  Pepr-Time Transformed/Per-Time

w - axis W'/ axis

Frequency‘unit:
300THZ

Thixdeads to a convenient
constructrs of geametric means

d relativistiz iyperbolas.

b
thmetic M‘eqn
deoshp = (1+4)R
N-.=5/2 LN
. | Per-Spage
) 2 3 L, CK- axis

Be+p—-}
/

Blue shift =4 & 4



| Thales Mean Geometry (600BCE) —, &

~_helps “Relawavity” —

v ./_",«‘ | _ Thales of __— ~
oo 08 Miletus— o _—
624-543 BCE .~

_Per-Time
W - axis

; 3
\. / / CirCle /‘.ﬂ;
\\ - ///

sinhp = (4-1)/2
~ =31

o

'
-
O
(8]
]

e ot -
Red shift Blue shift \



Per-Time (w)

Laser base frequeney = B = 600THz Acoustical base frequency = B = 600Hz
Doppler blue shift factor< b = 2.000 1500TH: Hi freq = 1200.000
Doppler red shift factor = r =0.500 Lo freq = 306-000

0 =0.693

~-.

CW Light Axiom
All colors go ¢: w/k = ¢ or L&R-on di
Time Revwersal (r <> b): r

900THz

=i 1., Fer-Spate(ck)
10 15 20

-2.0 -1.5

RelaWavity Web Simulation
Detailed Thales Geometry

\ / y i y / / )
Seiect from the top menus to choose the vigw type and sub-type.” /7 /
Click the 'Controls' button to set shared model & display vars. ” /7

[ / A ; - / - 2 B e’
Wit/ 7177/ 77 T Blue skift
Set parameters with click (& drag) near the ck axis: r,bj the green semi-circle: 0; the hyperbolae: v
Richt (or CTRL+) click ficure to set plot specific vars. \ [\



http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=3%7C6
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=3%7C6

Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)
toa Transverse®relativity parameter: Stellar aberration angle

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

Observer fixed below star sees it directly overhead.
Observer going u sees star at angle in u direction.

y

c\/] u’ /et =c/cosh 1o,
Y =c sechf)=c cos ("

@y

k()

Purchase at:

A, /
w Stellar aberration angleO: *%/'f‘ \)
c tanhp=u=csinc

We used notion O
for stellar-ab-angle,
(a “tlipped-out” 0 ).
Epstein not interested

in 0 analysis or in
relation of 0 and .

@ Bookstores.com
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Comparing Longitudinal relativity parameter:Rapidity 0 = loge(Doppler Shift)

to a TI'&IISVGI’SC*I’GlaﬁVity parameter: Stellar aberration angle O

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

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

Coordinate Einstein time dilation:

cT=N(ct - (x')?

x'=(u/c)ct’ =ut’ ct’=cT seco=cT coshp = C’C/\/ 1/

Lorentz length contraction.

L’= L sechp = Lcoso = L-\/I -’/

Contracted L

L' =INI-u2/c?
\
L

Proper Time asimultaneity.

¢ At= L’ sinhp = L cosc sinhp
Proper length = [ cOSO tan _
=Lsinc =1L /\/CZ/MZ-] ~ L u/c




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

to a TI'&IISVGI’SC*I’GlaﬁVity parameter: Stellar aberration angle O

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

Proper time cT vs. coordinate space x - (L. C. Epstein’s “Cosmic Speedometer”) .
Particles P and P" have speed u in (x',ct’) and speed c in (x, cT) S T 8
Proper time CT

cT=N(ct - (x')?

Coordinate Einstein time dilation: _
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Lorentz length contraction.
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\
L
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Proper length

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

\/ () +(x")? =(ct’)  Then everything (and everybody) always goes speed ¢ through (x',c7) space!
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Summary of optical wave parameters for relativity and QM
...and their geometry
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Optical wave guide relativistic geometry aided by Occam’s Sword
geometry applies to (x,)) space-space
to (kv ky)per-space-per-space

Relativistic mode with near-c Vgroup=c/2 and Vpnase=2c . (Low dispersion.) to (x,ct) space-time
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Optical wave guide relativistic geometry aided by Occam’s Sword
geometry applies to (x,y) space-space
to (kv ky)per-space-per-space
to (x,ct) space-time
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Optical wave guide relativistic geometry aided by Occam’s Sword
geometry applies to (x,)) space-space
to (kv ky)per-space-per-space

Relativistic mode with near-c Vgroup=c/2 and Vpnase=2c . (Low dispersion.)
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(a) Spherical wave pair] Spherical wave relativistic geometry

In Alice-Carla frame Also, aided by Occam’s Sword




(a) Spherical wave pair | stellar angle o = sin (u/c) =< —_ b) Spherical wave pair

In Alice-Carla frame 5 u In Bob's frame: u /c =-3/5 Occam
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Using (some) wave parameters to develop relativistic quantum theory

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

coshpz1+% p2

~+.and classical mechanics
B — UA
B = UA = CKA

RelaWavity Web Simulation - Relativistic Terms
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Using (some) wave parameters to develop relativistic q
ACUphase = Bcosh @z B +% sz(for UKC)
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Using (some) wave parameters to develop relativistic q

#phase = Bsinh P) B P
— tanhp = pj
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_________________________________
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic q
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Using (some) wave parameters to develop relativistic quantum theory

Rescale Uphase by 7
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Using (some) wave parameters to develop relativistic quantum theory

ACUphase = Bcosh @~ B +§ Bp (for u<c)
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

~.and classical mechanics

_ . 1 pi2 2
ACUphase = BCOSh @'v B +2 Bp (fOr M<<C) COShpz1+%p2z 1+%l/t_ B = ’UA
_ : — 2
_@phase_Bsmhp)vap (for u<c) | y c B=v,=ck,
sinh p=p=—
U c
— = tanhp =p (for u<c)
C
- 1 B At low speeds: B
2
vphase = B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
R 1 by / = hB=M 2 (The famous Mc? 5
escale Uphase DY 1 501 M= 2 OrAL = MC™  ghowsup herel) ~ €NErgy - Mu and momentum Mu.
1 hB hB So attach scale factor /
N, ase=NB + 22 u- &ftor(ukce)= Ik ,pu ~2 u [ ‘o match units.
L T 2D .
T o Lucky coincidences?? cpeqp trick??
MU pase= Mc™+ EMM &tor (ukc)=  IK 45~ Mu
Doppl f‘/rou v rouy, ﬂ‘ rouy, K fou T rou V hase Doppl
group | b, L SOr 8roup Zgroup. goup group pC pLomter
1 c 1
phaS e Doppler Doppler
bBLUEl ngup bRED l
rap l’;di’y e’ coth p e’
SLZ’ZZ o | e csco | l/e”
_u| 1B 1 1+B
c 1+ B 1-8
vaiue jor 1 5 2
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Using (some) wave parameters to develop relativistic quantum theory

~.and classical mechanics

_ — 1 L2 2
ACUphase = Bcosh @'v B +2 Bp (fOr M<<C) COShpz1+%p2z 1+%l/t_ B = UA
— Dol _ 2
_@phase_Bsmhp)vap (for u<c) | y c B=v,=ck,
sinh p=p=—
u C
— = tanhp =p (for u<c)
C
- 1 B At low speeds: B
2
vphase = B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'CSGmble
¢ hB ¢ formulae for Newton’s kinetic
R 1 by / = hB=M 2 (The famous Mc? 5
escale Uphase DY 1 501 M= 2 OrAL = MC™  ghowsup herel) ~ €NErgy - Mu and momentum Mu.
1 hB > hB So attach scale factor 7
=hB+——=- for (u< K ~— .
M0 phase=h 2 2 us <tor(uxe)= Ik ppas -2 “ | to match units.
L T 2D .
» 15 ; Lucky coincidences?? cpeqp trick??
hv =~Mc"™+—Mu~ <«for(ukc)= hIx =~ Mu
phase o) ( ) phase . Ary exact Uphase ...
D l f‘/rou v rou, ﬂ‘ rou, K fou, T rou, V hase D I!
group | b, L SOr 8roup Zgroup. goup group pC pLomter
1 C 1
phaS e Doppler Doppler
bBLUEl ngup bRED l
A cothp | e RelaWavity Web Simulation - Relativistic Terms
S:;Z,CZ Z 1/e+p csco l/e_P (Expanded Table)
_u | 1B 1 4B
o | V1B B 1-8
value jor 1 5 2
/3:[3/5f 5: 0.5 52167 T:20
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Using (some) wave parameters to develop relativistic quantum theory

~.and classical mechanics

_ - 1 pa2 2
ACUphase — BCOSh @'v B +2 Bp (fOr M<<C) COShpz1+%p2z 1+%l/t_2 B = ’UA
—@phase = Bsinh p) ~ Bp (for u<c) | y c B=v,=ck,
sinh p=p=—
U c
— = tanhp =p (for u<c)
C
- 1 B At low speeds: B
2
vphase = B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
R 1 by / = hB=M 2 (The famous Mc? 5
escale Uphase DY 1 501 M= 2 OrAL = MC™  ghowsup herel) ~ €NErgy - Mu and momentum Mu.
1 hB 5 hB So attach scale factor 7
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu ~C—2 u [ to match units.
L T 2D .
» 15 ; Lucky coincidences?? cpeqp trick??
hv =~ Mc"+—Mu~ &for(u<c)= hx ~ Mu
phase o) ( ) phase .. Iry exact Uphase ...
NV, ase=NB cosh p =Mc” cosh p
Doppl f‘/rou v rouy, ﬂ‘ rouy, K fou T rou V hase Doppl.
group | b, L SO group Zgrowp  _ggoup group P pLomter
T, c
phase ! ;Lp hase ¢ !
bl?l(,)llj]ger A’A ngup bl?ggpler
e cschp  cothp | :
sellr ¥ |1 cotw /e
_u | 1B -1 1 148 | (old-fashioned
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Using (some) wave parameters to develop relativistic quantum theory

~.and classical mechanics

1 2
—{V = Bcosh p)= B+5 Bp~ (for u<c 2 —
phase . @ 2P ( ) coshpzl+%p2z 1+%u—2 5=,
—@phase: Bsmhp)z Bp (foru<c) o c B=v,=ck,
7 sinh p=p=~—
Y~ tanhp =~ pj (for u<c) c
C
- 1B , At low speeds: B
vphase = B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'GSGmble
¢ hB 5 (The famouf v formulae for Newton’s kinetic
Rescale vprase by 1 so: M=—% orhB=Mc™  gowsuphere) €NEIZY 5 Mu? and momentum Mu.

C
1 hB hB So attach scale factor 7
h =hB+——u- <«for(u<c hK =—1U .
Uphase 2 2 or ( )= phase™ 2 to match units.
L T 2D .
» 15 ; Lucky coincidences?? cpeqp trick??
hv =~ Mc"+—Mu~ <&for(ukc)= hx =
phase 9 ( ) phase .. Try exact Uphase ...
. . 2
th phase="1B cosh p=Mc” coshp
Planck (1900) )
2“group & oup. Tgroup Vphase b Doppler M C

group A, T, - BLUE = Total oy: k= —

- T e A ase c 1 instein (1905 )—T \/ I-u"/c
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o cOSO cotw 1/e™” ‘ _
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o | V14B 1 B2-1 1 1-p2) 1 B 1-B
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Using (some) wave parameters to develop relativistic quantum theory
.and classical mechanics

v = Bcosh p)= B+ Bp* (for u<c el _
4( phase @ 25P ( ) coshpz1+§ p z1+§—2 f E=v,
hase — BSlnhp Bp (fOI‘ M<<C) . 1 C B=vVD.=cK
pu sinh p=p=— = ) & A A
z - tanh p " pj (for u<<C) ‘ Max Planck
- 1 B At low speeds: B 18361947
2
vphase B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'CSGmble
¢ hB 5 (The famouf v formulae for Newton’s kinetic
Rescale vphase by i so: M =C—2 orhB=Mc™  gowsuphere) €NEIZY > Mu? and momentum Mu.
1 hB > hB So attach scale factor / (or hN)
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu ~C—2 U | o mateh units,
o 1 i, e Lucky coincidences?? chegp grick??
hv ~ Mc"+ — Mu &for (u<c)= K Mu
phase 9) ( ) phase™ .. Iry exact Uphase ...
" Need to remgel:thv phase="1B cosh p =Mc*coshp
/i with /AN to mat.ch Planck (1900) 5
— A roup V s €.1. energy density Mc
group BN c |z EE - Nopay) |7 = Total Energy: E _T \/
T s c 1 FEinstein (1905) I—u’/c”
phase . Vv J, Doppler
o sech p cothp | &'’
o COsO csco | 1/e”

u| =B B 1 | B
c 1+ 1 B2-1 1 1-p*) 1 B 1-8

value for

1
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics

V = B cosh )~ B +4 Bp? (for u<c W2 _
4( phase —_ P 2P ( ) coshpz1+§ p z1+§—2 ; B=v,
_gphase—Bsmhp) Bp (foru<c) y B=v,=ck,
7 sinh p=p=—
Y~ tanhp = pj (for u<c) c g
L 1 B At low speeds: B 18361947
vphase B + 5_2142 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'CSGmble
¢ hB 5 (The famouf v formulae for Newton’s kinetic
Rescale vphase by i so: M :c_ orhB=Mc™ s up here)) energy 5 Mu? and momentum Mu.
1 hB > hB So attach scale factor / (or hN)
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu 0_2 ‘0 match units.
o 1 i, e Lucky coincidences?? cheqn trick??
hv ~ Mc“+ Mu &for (u<c)= K Mu
phase™ 9) ( ) phase™ .. Iry exact Uphase ...
" Need to relbl_aﬁ‘;:thl) phase="1B cosh p =Mc*coshp
= /i with /IN to match Planck (1900) 5
g”'OI/lp bDoppler Vgroup Ugroup 2‘group & [oup Tgroup Vphas e.m. ener, g:y denS lly MC
ki L A = ¢\ E'E =i Nugae) |7 = Total Energy: E _T \/
A 1 T e This motivates the Einstein (1905) 1—u / C
phase boorvler T, ‘particle” normalization
i | o sech p [UW gy=N ¥= hv
sellr ¥/ cosc T o mmnnT—— For more visit the Pirelli Challenge Site
Quantized amplitude
w| B B 1 | B B-l 1 | [
o 1+ 1 B2-1 1 1-p2) 1 B 1-B
v L05] 2206 2-075| 2-080 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
: .and classical mechanics

v = Bcosh p)= B+ Bp* (for u<c el —
4( phase _ @ 2P ( ) coshp=l+5p z1+§—2 ; B=v,
_gphase—Bsmhp) Bp (for u<c) | y c B=v,=ck,
7 sinh p=p=— =
_ B |
Y~ tanhp = pj (for u<c) 473
< 1 B At low speeds: B 16381947
2
vphase B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'CSGmble
¢ hB > (The famouf v formulae for Newton’s kinetic
Rescale vphase by i so: M =C—2 orhB=Mc™  gowsuphere) €NEIZY > Mu? and momentum Mu.
1 hB hB So attach scale factor / (or hN)
hU pase=hB + > C—2 u- &tor(uke)= K 4 ~C—2 | ¢ match units.
2) 1 Lucky coincidences?? " Cheap trick??
hv ~ Mc"+ — Mu &for (u<c)= K Mu
phase 9) ( ) phase”™ . Ary exact Uphase ...
" Need to relbl_aﬁ‘;:thl) phase="1B cosh p =Mc*coshp
/i with /AN to mat.ch Planck (1900) 5
2‘group Kg foup Tgroup Vphas e.m. energ:y denSlly MC
rou P — i
group . = ¢ | EE =k Nupao) |7 = Total Energy: E _T \/
T e This motivates the Einstein (1905) 1—u / C
phase ‘
T, particle” normalization _
KA AT
’ 1llator energy quadratic 1n frequency v?
sellar ¥ COSO  secO | coto  csco 1 5, 5
nsle HO energy=—A"v
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Using (some) wave parameters to develop relativistic quantum theory

() = Bcosh p)= B+ Bp? (for u<c W2 _
4( phase — @ 25P ( ) coshpz1+§ p z1+§—2 ; B=v,
phase — BSlnh p) Bp (fOI‘ M<<C) . 1 C B = ’UA — CKA
T sinh p=p=— = &
— = tanhp = pj (for u<c) ¢ '
Max Planck
C
~ 1 B At low speeds: B 16581947
2 ~
vphase B + Ec_zu C fOI' (M<<C) — Kphase ~ C—2M Uphase and K'/phase I'CSGmble |
hB 5 (The famous Me? formulae for Newton’s kinetic
Rescale Uphase by 1 so: M =C—2 orhB=Mc™  gowsuphere) €NEIZY > Mu? and momentum Mu.
1 hB hB So attach scale factor / (or hN)
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu zc—z U | o mateh units,
o 1 s eeeesLucky coincidences?? cpegp trick??
hU ppase= Mc™+ — > Mu &for (ukc)=  hK 440~ Mu Ty exact Uphase ...
" Need to relbl_aﬁ‘;:thl) phase="1B cosh p =Mc*coshp
/T with /IN to mat.ch Planck (1900) )
Aor  Kdou T group V s €.1. energy density Mc
rou - — i
group . = ¢ |<E°E =/ Nupao) |7 = Total Energy: E _T \/
T phase This motivates the Einstein (1905) l—u / C
phase ‘
T, particle” normalization _
— e [ U gy=N ¥- \/; Big worry: Is not
’ 1llator energy quadratic 1n frequency v?
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics

_ ~ 2] ;
ACUphase BCOSh@ B +2 Bp (fOr M<<C) COShpz1+%p2z 1+%_ ‘ B = ’UA
- 2 A
_@phase Bsmhplfv Bp (for u<c) | y B=v,=ck,
sinh p=p=—
u c
— = tanhp =p (for u<c) A~ A
C ax anc
- 1 B At low speeds: B 18361947
2
vphase B + 5—214 C fOI' (M<<C) — Kphase = —2M Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
R 1 by 4 = B =M 2 (The famous Mc? 5
escale Uphase DY 1 SO: M= 2 ornb = MC™  owsupherel) ~ ENETLY EMM and momentum Mu.
1 hB > hB So attach scale factor / (or hN)
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu ~C—2 U | o mateh units,
o 1, e Lucky coincidences?? cpegy, wrick??
hv =~ Mc™+ — Mu &for (uke)=  hx Mu
phase 2 ( ) phase Tr_)/ exact Uphase and /{phase...
" Need to relﬂl_agf‘;:thl) phase="1B cosh p =Mc*coshp
= /i with /AN to mat.ch Planck (1900) 5
S T V ovour Ugm » A roup . V s €.1. energy density Y B Mc
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics

_ . 2 '
ACUphase BCOSh@ B +2 Bp (fOr M<<C) COShpz1+%p2z 1+%_2 ‘-‘ B = UA
_@phase—Bsmhplfv Bp (for u<c) | y c B=v,=ck,
sinh p=p=— :
(o = anhp - pj (for u<c) c 4+
C ax anc
1 B At low speeds: B 16381947
2
Uphase = B+ 5—2u & for (u<c) = K phase = 5 U Uphase and Rphase Tesemble
¢ hB ¢ , formulae for Newton’s kinetic
Rescale vpnase by 1 so: M=—" or:hB = Mc? (The famons M —Mu? and tum M.
'phase OY . 62 . shows up here!) CNergy > u< and momentum Mu.
1 hB hB So attach scale factor /i (or hN)
N, ase=NB + 5 C—2 u- &ftor(ukce)= Ik ,pu ~C—2 U | o mateh units,
> 1 i Lucky coincidences?? ? Cheap trick??
hv =~ Mc“+ — Mu &for (ukc)=  hx Mu
phase 2 ( ) phase T]/:)/ exact Uphase and /{phase...
" Need to rem::thv phase="1B cosh p =Mc*coshp
— /T with /IN to mat.ch Planck (1900) 5
o | oo V o UgmLp ¢ . . V | €. energy density ¥ Total B Mc
8 RED L . - - @ETE " NUpase) | otal Energy: E _T \/
phase | — ¢ (K e c 1 Einstein (1905) l-u’/c”
bI?LZIZ?l V hase V rou, bI?Egpl * .
— - E—\ — hek = hBsinh p =Mc”sinh
o e’ anh) sinh p cothp | € I phase p p
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Using (some) wave parameters to develop relativistic quantum theory

—{v = Bcosh )~B+ Bp~(for u<c el
phdse P 20P ( ) coshp=l+1ip 21+
= Bsinh p) = B f AP
CK ppase = B sin pl~ o (for u<c) | y
7 sinh p=p=—
— = tanhp =p (for u<c) ¢
< C Max Planck  Louis DeBroglie
Uphase = B+ 5—2u & for (u<c) = K phase = 5 U Uphase and Rphase Tesemble
¢ hB ¢ , formulae for Newton’s kinetic
Rescale Uphase bY I 80: M=—- orhB = M2 (Lhe famous Me M2 and tum M.
'phase OY . 62 . — shows up here!) cnergy > u< and momentum Mu.
1L hB hB So attach scale factor /i (or hN)
hv phase~hB + 5 C—2 u- <for (ukc)= hx phase ~C—2 U | o mateh units,
2 1 '"2""""'"""""'"""'---------------------------------:_-_-_-_-_-_-_-_-_-_-L ral wave conspirac Expe;zszvlf??
h , =Mc+—Mu- &for(u<ke)= Ik ~ Mu + Creap tric
phase 2 ( ) phase TI”_)/ exact Uphase and /{/phase...
" Need to remgel:thv phase="1B cosh p =Mc*coshp
— /i with /iN to mat.ch Planck (1900) 5
g”'OI/lp bDoppl r Vgroup vgrmp ] [ Vphas e.m. energ:y denSlly T 1 E MC
RED L . o - \EOEfE " NUpase) | otal Energy: E _T \/
phase | — ¢ (K e c 1 Einstein (1905) l-u’/c”
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| B s (2 R N N
c | VB | 1 | g7 B | \1-B
air | L5 | 2206 22075 | 22080 2=125| 22133 2=167| 2=20 Momentum: /iK p,j450=P = \/
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DeBroglie (1921)




Using (some) wave parameters to develop relativistic quantum theory

| 2
—{v = Bcosh p)= B+5 Bp~ (for u<c - !
QLase @ 2 Bp7( ) coshp=l+3p?= 1+%u—2 |
_@phase = Bsinh pl~ Bp (for u<c) | y
7 sinh p=p=—
— = tanhp =p (for u<c) ¢
< C Max Planck  Louis DeBroglie
1 B At 10W SpeedSZ B 1858-1947 1892-1987
2
Uphase = B+ 5—2u & for (u<c) = K phase = 5 U Uphase and Rphase Tesemble
¢ hB ¢ , formulae for Newton’s kinetic
Rescale vpnase by 1 so: M=—" or:hB = Mc? (The famons M 1M 2 and tum M.
'phase OY . 62 . shows up here!) CNergy u< and momentum Mu.
1L hB hB So attach scale factor /i (or hN)
N, ase=NB + 22 u- &ftor(ukce)= Ik ,pu ~2 U\ o match units.
2 1 '"2""""'"""""'"""'---------------------------------:_-_-_-_-_-_-_-_-_-_-_'L ral wave conspirac Expe;ZSlV]S??
h,, =Mc+—Mu~ <«for(uxc)= hx,, ~Mu  Creap tric
phase 2 ( ) phase Tr_)/ exact Uphase and /{phase...
" Need to relﬂl_agf‘;:thl) phase="1B cosh p =Mc*coshp
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phase .
boorer V e particle” normalization
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Using (some) wave coordinates for relativistic quantum theory

Energ}' (E) Momentum
I cp = Esinh(g)
RCT-t Energy
Mass (resting) .........
hB = hv M02 = hek
A — — A
Lnergy
h pase= E = hv AC cosh p
Momentum .
heK ppase=CP =hek 4 sSinhp = th sinhp

Energ % VerSléS Momentum
E2=(Mc2) cosh? P

- (w2 (vssinn?p ) )

2

(aNExact Einstein- Planck Dispersion
matter wave:
positive rest energy Mc?
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Using (some) wave coordinates for relativistic quantum theory

(aNExact Einstein- Planck Dispersion
matter wave:
. Energy (E) y positive rest energy Mc?
N = = f'}:ﬁf,f}’,}"g) r/@\’ \ E2 2 2 =( MCZ )2
e \\ Energy \ ,
- . \\\\\ E—hﬂ) . / t.achy.on:
[\ frame imaginary |
1 \ cr .
i N\ ".* A photon:
7 zero |
Res ooy - E=%cp
| O Momentum
i | ‘] Per-Space (cp) | . . . \ . szhc k :
Mass (resting) AN W ~ L N\ N
Mass (resting) ....... 5 Bohr- Schrodmger Appraxzmalo
hB = hv A= MC = heK A
Oy =49 | ,
Lnergy | | N | |
W= E S, coshp L el | vl NG
. | | | \ | N
| 25 | / | w\
Momentum . ] 76 | / L
heK ypase=CP =hcK 4 sSinhp= th sinh p | \ o / <E>=Bm?
Lnergy versus Momentum / \\ 4 / |
neg / m
energy energy

E 2=(Mc2 )200sh2 P
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Relawavity variable tables

Jrou, v Jrou Jrou Jrou, T rou ase (0] er
group b ]?ggpler group group group group group ph b II;L 51;1
c v, A, K, T, c
h 1 C K phase T phase v phase A’ phase C 1
p ase b Doppler V l V b Doppler
BLUE phase KA TA UA A group RED
rapidity -p . +p
, e tanh p sinh p sech p cosh p cschp coth p e
e o | 1€ | sino tano COSO seco coto csco | /e’
u 1-8 B 1 J1-B° 1 B-1 1 1+
c 1+ 1 B2—1 1 1-B2 1 B 1-B
1 3 3 4 5 4 5 2
g‘;lgjsf‘” —=0.5 | ==0.6 —=0.75 —=0.80 —=1.25 —=1.33 —=1.67 | —=2.0
2 5 4 5 4 3 3 1
A . (Einstein)
effects | b poppler | Veroup g gi;ﬁl ent”e x-contraction*"" i)dl la_tclgl’;ll fion inverse Jp Dovper
RED o ﬁ‘)—}diagonal ry T phase™ € ontraction (0111’%22 ol asymmetry phase BLUE
Lorentz-transform) Loreniz-transform)
Relativistic quantum mechanics variable tables
2 rou v rou, roup rou, roup V ase 0 er
group b[?ggplé” group group ;/ [ group grout ph bnglegl
c v, 3 K, T, c
h 1 c K phase T phase v phase 2’phase c 1
pnase b Doppler v K‘ T L Z, vV b Doppler
BLUE phase A A A A group RED
rapidity -p . +p
; e tanh p sinh p sech p cosh p cschp coth p e
e | 1e™ | sino tano COSO seco coto csco | 1/e”
2 2
gt | B | B B J1-p ! S5 1| 58
1+f3 1 1-5° 1 1-82 B B 1-f
1 3 3 4 5 4 5 2
;;;’gj;‘“’ —=0.5 | —=0.6 —=0.75 —=0.80 —=1.25 —=1.33 —=1.67 | —=2.0
2 5 4 5 4 3 3 1
: V = momentum -Lagrangian Hamiltonian | DeBroglie V. ., =
functions group 2 . 5 ; phase
ctanhp cp=Mc’sinhp | L=-Mc’sechp H=Mc’coshp | A=cccschp ccothp




Relativistic optical transitions |high)=|w,) &/ |mid)=|o,) 2 |iow)=|o,)
4—
hw =E(cp)
Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

s
\/
()
\‘u

@,, sinh p Y

+
(Ume P 3= 6oh

4 /
3 Wme =w,
| [ | | |
2 3 _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7 = e P hck =cp



Relativistic optical transitions |kigh)=|w,)
4

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

wh: _3 )

Q €+p= 3 = W,
- =
. 2
8:
4 / -
370, = 0 |
| S w | |
2 3 _
Doppler RED factor: —=e" Doppler BLUE factor: —=¢€" " hck =cp

3



Relativistic optical transitions |kigh)=|w,)
4

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

wh:_ 3

Initial stationary
UE K thing wh—MthZ

Q '€+p: 3 — (Dh
L=
S
O:
=

4 / g

3 =W, e e a)g

| | | | |
2 . 3 _
Doppler RED factor: =€ ” Doppler BLUE factor: —=¢"* hck =cp

3 2



Relativistic optical transitions |kigh)=|w,)
4

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

a)h:-_ v,

Initial stationary
UE K thing wh—MthZ

etP=13 = w,

4 / -
E @€ F= a)g
| B ! !
2 3 _
Doppler RED factor: 3¢ : Doppler BLUE factor: 5 = e’ hck =cp



Relativistic optical transitions |kigh)=|w,)
4

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

On=3

Initial stationary
UE K thing Wh—MthZ

e+p: 3 — a)h

4 / -
3 =W,,e F= COK
| R | |
2 3 _
Doppler RED factor: 3¢ : Doppler BLUE factor: 5 = e’ hck =cp



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

hw

y Recoil from emitting an
oppositely c-moving
@ELLOW Khm “photon” whm=c| Kpm |=wmsinhp

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

,;, = / / R
Initial stationary =2
. N ' K,
UE K thing wpi=Mnic? K, Kimle,
\& Feynman
diagram
@®,,sinh p / (scaled down)
| P_—— of
m = emission
process
X
L N 4 S y,
f ;== tP_ 7 —
=3 = w,le"=3 =w,
2]
1 3
s

=m, e P= w,

w | &

I | I

| | |
2 3 _
Doppler RED factor: —=e¢ g Doppler BLUE factor: 7 = e P hck =cp

-




Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 [low)=|o,}

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

Initial stationary

UE K thing wi=Mhic?

4—
hw

o Recoil from emitting an
oppositely c-moving

@ELLOW Kphm “photon” whm=c| Knm |=meinhp

P - / e

K khm

R

N
’ lake-away point 0

w | &

- (!)me_p: @,

| l |

= Classical (and spectroscopic)

" Energy-momentum conservation
1s due to

conservation in

quantum-phase space-time

®,,coshp

-

Kh

Feynman
diagram
(scaled down)
of
emission
process

AP_ 2 —
UIH(' — 3 _ 6oh

“wiggle-count”

2 .
Doppler RED factor: o= e P

-

3 4p
Doppler BLUE factor: 57 e

hck =cp




Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 [low)=|o,}

4—

hw =E(cp)

w | &

=W,

C)_p: a)g

4 / d p
lake-away point 2

Easy to compute

recoil rapidity p

or recoil velocity u

Key recoil relations:

,FP— 3 =
_ = 0P =y w,le"=3 =w,
Ky 8 N\
1 = p=1In My/M,, Exact recoil rapidity
= or: Whel‘ei recoil — tanhp
C
u~clnMy/M,,

recoil

Low-utrecoir approximation where: p =
C

| | |

2 _
Doppler RED factor: 3=¢ P

-

3 hek =
Doppler BLUE factor: 5= e’ ek =cp



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

hw =E(cp)

lake-away point 3
Emission photons

are analogous to
rocket exhaust (not “bullets”)

( Vibwrnour=c exhaustln [Mnitia/ M, final ])

...and this process is reversible

J

Key recoil relations:

HP_ 3 =
;‘ 0P =0 | 3 =0
o) AN
1+ K p=1In My/M,,, Exactrecoil rapidity
. . or where:
- T P_
3= Om€ "=y u~clnMy/M,,

recoil

Low-utrecoir approximation where: p =
C

| R | | | |

2 3 Lo
Doppler RED factor: —=e¢ g Doppler BLUE factor: 7 = e P hck =cp

-



(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—

N .

All-rational-fraction lattice - , -
defined by discrete sub-group | ah ,/
of Lorentz Poincare Group |——@0 — 7/ |
(Feynman path integrals defined
by group transformations)
\ o ) ..\".
coordinate

transformations :

- R-L R+L
p=— =",

R=p+q.L=q-p

RelaWavity Web Simulation -
{Compton Scattering}

Doppler BLUE factor: % —¢®



http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=5%7C6&freqExpStopNum=1&vertBranchInd=1&horiBranchInd=0
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=5%7C6&freqExpStopNum=1&vertBranchInd=1&horiBranchInd=0

Acceleration by chirping laser pairs vodris 2012

Varying acceleration (General case)

Varying local acceleration p = p(7)

U= d_x = ctanh(7)
dt

dt dx dx dt

— =cosh p(t
~—=coshp(7)

ct = cjcosh p(T)drt

. T
Constant local acceleration p = gt
C

T
ct = cjcoshg— drt

C
2 2
c” . T C
:—smhg— =—COS
g C g

dt dtdr
X = cj sinh p(7) dt

= ctanh p(7)cosh p(7) = c¢sinh p(7)

"Einstein Elevator"

X = Cj sinhg—T drt

T
n&t
C

Previous examples involved constant velocity
Constant velocity p = p, = const. "Lorentztransformation"

ct = cj coshp, dt

=cT cosh p, =cTsinh p,

X = cjsinh p, dT

—
Blue-chirping ||
Tunable Laser ||

—
Blue-chirping —|.
Tunable Laser ||

Tunable Laser ||

e
ue-chirping ||}
Tunable Laser I

Blue-chirping ||}
Tunable Laser ||

Blue-chirping |.|| -

From Lect. 35

Chirping
Tunable Laser

Chirping
Tunable Laser

At x_s=x-ct

Only green-light is seen by observers
on the greg accelerated trajectory

ct x

X

At x = x-ct At 1 W ‘

frequency is frequency is

e P etP .
Chirping
_ Tunable Laser

3

Chirping
Tunable Laser

Only green-light is seen by observers
on the green constant-g hyberbola

)/2=x = x() cosh(p)

(x5
. )/2= ct = x() sinh(p)

X

77 A
peP S 4y

v N

— X0 etp

o / " .
Jrequency iy O =00 €P foquency is . = e

N
AS
N

=—— |
Red-chirping ||
Tunable Laser

Fig. 8.1 Optical wave frames by red-and-blue-chirped lasers (a)Varying acceleration (b)Constant g



(b) Constant acceleration

Observers on the green

AliceiCarla AliceiCarla JY(x, cT) consta;qt-g hyberb?.lah

time timel| Ct ~ y see only green o, light
. X0<To, At position
At position| =
X=x-ct| | .- = xp etP
=Xpgr é;requency )
frequency is |- (- =myeP X

W =0 etP "4 '5 light

X years
p Red-chirp=w eP

:‘
Blue-fixed=w e"P |_I € Red-fixed=w e P i”

Alice Carla
Blue-chirp=w P ﬁ]
B - r— ™D ed-c ll"pz(l)o@_ )
Bob'’s Sfuture lue-chirp=,¢ Carla’s
_ Blue-chirp=w,¢ P chirps
lime e = . .
: _target:initial [ 1iiial-chirp=o,_ -chirp=0,, k s H
axis (x,ct)=(x,,0) . =
Red-chirp=w e N ’ﬁ
/ __ %\ . Bob’s CT-time vath “Chirp=Q,
— . s _ . — O - N
ct =cT Alice’s chirp=w, P - Red-chirp=w ¢ P
chirps %\ /Constant-g W, ~hyberbola A — aroet
TP /(x_)-i— )/2=x = x() cosh(p) = ﬂ};& lw_—wi'p“ (Tgm
. Blue-chirp=w ¢ U
X_y—x. )/2=ct = x() sinh sty
past Red-chirp=w e A g = ) 0 (p) . Blue-chirp=we™P
(ct<0) . —hirD—( ¢ P
(x>x0) timelct \lue chirp=w e
N
N

Red-chirp=w e

N
N



(a) Constant acceleration g
Rapidity p vs proper time t

. Radius

=qT7/cC
ap=crt
Cct
x =a coshp”
S Q
=
R=
N
" ~Area X
— 2
a=a 0/2 5
< >
| CZ:CZ/g X

(b) Traveler paths of acceleration gq g
Al: g =g,e™” Bob: go—c— Carl: gﬂ—g0
Cl

Inertial fmme coom’mates
(xq p’ q p )=

a,e’(cosh pp,, sinh p/o1 PR

Geometric scale :




Inertial
frame
| X

NN S

/4 - \ by — .
P AL / P 4

{ Accelerated proper-time
ame

Relativit Web Simulation

! —
NN s B
N )
~— R
SN ~
N N

4]

Bob's object hits


http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69

