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2016 INBRE Workshop - UAF Physics Rm 241 - Saturday Oct. 22 at 10 to 11:15 am.
Relawavity: Simple trigonometry leads to understanding of relativity and quantum theory
Workshop by prof. W. G Harter (UAF Physics), Dr. T.C Reimer (Heyoka Co.), and Al Calabrese
(Teaching assistant in UAF Physics and Micro-Electronics-Photonics lab).

Modern science from Astrophysics to Zoology depends increasingly on two pillars of modern
physics, special relativity (SR) and and quantum mechanics (QM), that are based on properties of
light waves. The bioscience renaissance could not happen without the optics of maser, laser, UV,
Xray, and synchrotron effects due to SR and QM theory that is still regarded as esoteric mystery.
This workshop seeks to demystify SR and QM theory using high school trigonometry of plane
light waves. Using diagrams below of circle trig functions ( sinc, coso,tanc ) and inverses
(csco,seco,coto ) we show each one is also a hyperbolic function that is key to SR and QM. A
circle function like sine is a function sino of circular sector area o that astronomers call a stellar
aberration. sino equals a function tanhp of hyperbola sector area p that physicists call rapidity.
(It happens that equality sinc=tanhp implies tanc=sinhp, and similarly, csco=cothp implies
coto=cschp . Finally, coso=sechp implies seco=coshp, a key pair.)

A diagram or “roadmap” of the functions follows from space-time plots of wave interference for
a pair of laser plane waves colliding head-on. Similar diagrams arise for inverse or per-time-per-
space plots (i.e., frequency v vs wave-number ). The (x,ct)-plots reveal relativistic space-time
mechanics while (ck,v)-plots show quantum energy-momentum effects. Both plots vary with p
or o and Relawavity web apps provide animation of this.

Rapidity p is the natural logarithm of Doppler factor b=e” and key to understanding that a laser
wave can be blue shifted two indistinguishable ways: (1) Tune up the laser, or (2) Accelerate the
laser toward the observer. Red shifts act similarly. From this can be understood the super-
constant nature of light speed ¢=299,792,458 meters per second. Both classical and quantum
mechanics follow from this that we call Evenson’s Axiom: 4/l Colors go ¢! The metrological
precision revolution began with Ken Evenson’s CW laser speed of light measurements in 1972.
What is needed now is similar improvement in our precision of thinking about quantum optics.

Circle trigonometry becomes Hyperbola trigonometry  becomes Relativity and Quantum geometry
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Learning about SIN
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Learning about SIN
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It’s mostly about triangles and sine-waves
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Learning about SIN and the COSin |
“Slope of INcline” “COmplimentarySlope”
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Learning about SIN and the COSin |
“Slope of INcline” “COmplimentarySlope”
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This map has circle sector@rc-area ¢ = 0.6435>

set to angle Lo =36.87°=0.6435radian
sin(0)=0.6000 =3/5

cos(0)=0.8000 =4/5

a small change : we measi

ire angle by sector area
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Learning about SIN and the COSin and TANgent
“Slope of INcline” “COmplimentarySlope”

It’s mostly about triangles and sine-waves
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Learning about SIN and the COSin and TANgent

“Slope of INcline”
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This map has circle sector arc-area o = 0.6435
set to angle £o = 36.87°=0.6435radian

sin(0)=0.6000 =3/5

cos(0)=0.8000 =4/5
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This map has circle sector arc-area o = 0.6435
set to angle £o = 36.87°=0.6435radian

sin(0)=0.6000 =3/5

cos(0)=0.8000 =4/5
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This map has circle sector arc-area o = 0.6435
set to angle Lo =36.87°=0.6435radian

sin(0)=0.6000 =3/5 %

cos(0)=0.8000 =4/5

Multiply by in(o)
C

= 3/4
0s(0)

to make Bsin(o) = 3B/5 =—

Bsin(o) ng
sin(o’)

Multiply by =3/4
.C(z)S(G)

to make B s’ (0) =9B/20
cos(0)
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This map has circle sector arc-area o = 0.6435
set to angle Lo =36.87°=0.6435radian

sin(0)=0.6000 = 3/5
tan(o)=0.7500 =3/4

cos(0)=0.8000 =4/5
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in(o) =3B/5 —
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This map has circle sector arc-area o = 0.6435 A
set to angle Lo =36.87°=0.6435radian
Bsin(c)=0.6000 =3/5 222
tan(c)=0.7500 =3/4
sec(0)=1.2500 =5/4
Bcos(0)=0.8000 =4/5 Lo a5 |s A
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Learning about SIN and the COSin and TANgent and COTangent
“Slope of INClznea'n q '
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This map has circle sector arc-area o = 0.6435
set to angle Lo =36.87°=0.6435radian

sin(0)=0.6000 =3/5
tan(o)=0.7500 =3/4
sec(0)=1.2500 =5/4
cos(0)=0.8000 =4/5
cot(o)=1.3333 =4/3
csc(o)=1.6667 =5/3

Bsec(o)
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This map has circle sector arc-area o = 0.6435
set to angle £o = 36.87°=0.6435radian

sin(0)=0.6000 = tanh(p) =3/5
tan(o)=0.7500 = sinh(p) =3/4
sec(0)=1.2500 = cosh(p) =54
cos(0)=0.8000 = sech(p) =4/3
cot(0)=1.3333 = csch(p) =4/3
csc(0)=1.6667 = coth(p) =5/3
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Also it 1s set to hyperbola sector arc-area p =0.6931
angle Zp=v =30.96°
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This map has circle sector arc-area o = 0.6435
set to angle £o = 36.87°=0.6435radian

sin(0)=0.6000 = tanh(p) =3/5
tan(o)=0.7500 = sinh(p) =3/4
sec(0)=1.2500 = cosh(p) =35/4
cos(0)=0.8000 = sech(p) =4/3
cot(0)=1.3333 = csch(p) =4/3
csc(0)=1.6667 = coth(p) =5/3
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Also it 1s set to hyperbola sector arc-area p =0.6931
angle Zp=v =30.96°
Bcosh(p)+Bsinh(p)=Be P

Beosh(p)
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Bcpsh(p)-Bsinh(p)+Be™
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This map has circle sector arc-area o = 0.6435

set to angle Lo =36.87°=0.6435radian
sin(0)=0.6000 = tanhg =3/5
tan(c)=0.7500 = sinh(p) =3/4
sec(0)=1.2500 = cosh(p) =5/4
cos(0)=0.8000 = sech(p) =4/5
cot(0)=1.3333 = csch p =4/3
csc(o)=1.6667 = coth(p) =5/3
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Also it 1s set to hyperbola sector arc-area p =0.6931
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This map has circle sector arc-area o = 0.6435

Also it 1s set to hyperbola sector arc-area p =0.6931

angle Zp =v =30.96°
Bcosh(p)+Bsinh(p)= =Be P

set to angle Lo =36.87°=0.6435radian
sin(0)=0.6000 = tanhg =3/5
tan(0)=0.7500 = sinh(p) =3/4 A4
sec(0)=1.2500 = cosh(p) =5/4
cos(0)=0.8000 = sech(p) =4/5
cot(o)=1.3333 = csch p =4/3
csc(o0)=1.6667 = coth(p) =35/3
cosh(p)+sinh(p)=3+32=20=¢"" %
cosh(p)—sinh(p)=2—4=1/2=¢"" £
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This map has circle sector arc-area o = 0.6435

set to angle Lo =36.87°=0.6435radian

Also it 1s set to hyperbola sector arc-area p =0.6931

angle Zp=v =30.96°

Bcosh(p)+Bsinh(p)=Be P

sin(0)=0.6000 = te_mhgpg =3/5
tan(0)=0.7500 = sinh(p) =3/4 A
sec(0)=1.2500 = cosh(p) =5/4
cos(0)=0.8000 = sech(p) =4/5
cot(0)=1.3333 = csch(p) =4/3
csc(0)=1.6667 = coth(p) =5/3
(p)+sinh(p)=3+3=20=¢"" i_}
—sinh(p)=3-2=12=¢" Z
4 e’ Half-Sum- -
cosh(p)= 2 Half-Difference X
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This map has circle sector arc-area o = 0.6435 Also it 1s set to hyperbola sector arc-area p =0.6931
set to angle Zo =36.87°=0.6435radian angle Zp =v =30.96° .
$in(0)=0.6000 = tanhgpg —3/5 Beosh(p)+Bsinh(p)=Be "
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Hyperbolic cosine and the St. Louis Arch (being topped out in 1963)
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Hyperbolic cosine and the St. Louis Arch (being topped out in 1963)
e’ +e’
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y=cosh(p) =
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Formulae for Exponentials e*”

+p _|_ -pP
cosh(p) = ‘ 5 ‘
e+P _ e—P
sinh(p) = 5

cosh(p)+sinh(p)=e"”
cosh(p)—sinh(p)=e""

Half-Sum-
Half-Difference
Trig-Formulae for
exponentials e*”
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+p 4 P
Cosh(p) — ¢_*e Half-Sum-

2 Half-Difference
—e " | Trig-Formulae for
2 exponentials e*”

+p

sinh(p) =

cosh(p)+sinh(p)= e’
cosh(p)—sinh(p)=¢"”
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...and 1ts binomial expansion series for exponentials...

e =14+rt+

(rt)’ . (rt)’ .
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Formulae for Exponentials e*” begin with interest-rate formula e” :}ﬁw (1 + —)
n
¢ +¢” | Halfs
cosh(p) = a - ...and its binomial expansion series for exponentials...

2 Half-Difference

. e’ —e” | Trig-Formulae for (rt)> (rt)’ (@)t () (r1)°
sinh(p) = 1o e =1+rt+ + + + +
> |exponentials e’ 2 23 234 2345 23456
cosh(p)+sinh(p)=e*” ...with rate r sign-flipped on odd powers (decay-rate)...

cosh(p)—sinh(p)=e* (rt)’ ~ (rt)’ . (rt)* ~ (rt)’ . (rt)°

2 23 234 2345 23456

e =1—-rt+
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cosh(p)+sinh(p)= e’
cosh(p)—sinh(p)=¢"”

Saturday, October 22, 2016
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Formulae for Exponentials e*” begin with interest-rate formula e” = (1 + —)

e +e?
Cosh(p) — Half-Sum-
2 Half-Difference
) = ¢'” —e " | Trig-Formulae for
sinh(p) = 2 exponentials e*”

Iim
T n—oo

...and 1ts binomial expansion series for exponentials...
2 3 4 5 6

rt)y” G Gy G )
23 234 2345 23456

...with rate r sign-flipped on odd powers (decay-rate)...

(rt)” () o) () 1)

2 23 234 2345 23456
Half-sum has even powers of hyper-cosine ...

e =14+rt+

e =1—-rt+

+rt —rt 2 4 6
e +e PR (rt) N (rt) N (rt)
2 2 234 2:3-4-5-6

—...=coshrt
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cosh(p)+sinh(p)= e’
cosh(p)—sinh(p)=¢"”
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Formulae for Exponentials e*” begin with interest-rate formula e” = (1 + —)

e +e?
Cosh(p) — Half-Sum-
2 Half-Difference
) = ¢'” —e " | Trig-Formulae for
sinh(p) = 2 exponentials e*”

Iim
T n—oo

...and 1ts binomial expansion series for exponentials...
2 3 4 5 6

rt)y” G Gy G )
23 234 2345 23456

...with rate r sign-flipped on odd powers (decay-rate)...

(rt)” () o) () 1)

2 23 234 2345 23456
Half-sum has even powers of hyper-cosine ...

e =14+rt+

e =1—-rt+

+rt —rt 2 4 6
¢ e . 1 + (r1) + (r1) + (r1) —...=coshrt
2 2 234 2:3-4-5-6
Half-difference has odd powers of hyper-sine ...
+rt -1t 3 5
© rt + (rt) + (rt) +... = sinhrt
2 2:3 2-3-4-5
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Formulae for Exponentials e*” begin with interest-rate formula e” :}ﬁw (1 + —)
n
¢ +¢” | Halfs
cosh(p) = a - ...and its binomial expansion series for exponentials...

2 Half-Difference

. e’ —e” | Trig-Formulae for (rt)> (rt)’ (@)t () (r1)°
sinh(p) = 1o e =1+rt+ + + + +
> |exponentials e’ 2 23 234 2345 23456
cosh(p)+sinh(p)=e*” ...with rate r sign-flipped on odd powers (decay-rate)...

cosh(p)—sinh(p)=¢ " G0 G SN o) MO o) S G
2 23 234 2345 23456

Half-sum has even powers of hyper-cosine ...

e =1—-rt+

+rt —rt 2 4 6
¢ e . 1 + (r1) + (r1) + (r1) —...=coshrt
2 2 234 2:3-4-5-6
Half-difference has odd powers of hyper-sine ...
+rt -1t 3 5
© rt + (rt) + (rt) +... = sinhrt
2 2-3 2-3-4-5

. +irt
Complex Exponentials €™ have . Gt G Gt Gt (i)
e’ =1+irt+ + + + +

imaginary 1 = +/-1 interest-rate ) 23 934 0345 23456
(r =>ir and =rt — irt)
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Formulae for Exponentials e*” begin with interest-rate formula e” —lm (1 + —)

T n—oo
¢ +¢ " | Halfs !
cosh(p) = 5 Hil f:Dlilge_rence ...and 1ts binomial expansion series for exponentials...
. "?—e " | Trig-Formulae for (rt)> (rt)’ (@)t () (r1)°
sinh(p) = : - e’ =1+rt+ + + + + +
P 2 exponentials e’ 2 23 234 2345 23456
cosh(p)+sinh(p)=e*” ...with rate r sign-flipped on odd powers (decay-rate)...
cosh(p)—sinh(p)=e™" rt)*  (rt)’ (rt) (rt)’ (rt)°
e =1l-rt+ — +

2 23 234 2345 23456
Half-sum has even powers of hyper-cosine ...

+rt —rt 2 4 6
¢ Te =1 + (rt) + (rt) + ). _ ...=coshrt
2 2 2:3-4 2:3-4-5-6
Half-difference has odd powers of hyper-sine ...
+rt -t 3 5
c ¢ _ rt + (r) + (17) = sinhrt
| 2 2.3 2.34.5
. *irt
(?omp.lex E)fponent%als e” have o a1 ) Gt Gy (i)
imaginary i =~-1 interest-rate ¢ 7 S Y 34 5345 103456
(r—ir and +rt — &irt) i (11 i (rt)’ N (ﬁ)“ (,»t) (rt)°
Note powers of i > 23 234 2345 23456

.0 1 . 2 .3 ) 5 . .6
1 =1i=1,i"=-1,i"=-i,1=1,i"=i,i"=-1,...
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Formulae for Exponentials e*”

__lim
T n—oo

begin with interest-rate formula e”

/ n
g
n

e’ +e?
cosh(p) = Half-Sum- - : : : : :
P p > p Half-Difference ...and 1its bmomlal2 expanjlon ser:es for etponentlalj...
. "?—e " | Trig-Formulae for (rt)” (rt)  (rt) (1) (1)
sinh(p) = 1o ot e" =1+rt+ + + + + +
P > |exponentials e** 2 23 234 2345 23456
cosh(p)+sinh(p)=e"” ...with rate r sign-flipped on odd powers (decay-rate)...
cosh(p)—sinh(p)=e"" rt)* ()’ (rt) (rt)’ (rt)®
e =1l-rt+ — +
2 23 234 2345 23456
Half-sum has even powers of hyper-cosine ...
+rt —rt 2 4 6
¢ Te =1 + (rt) + (rt) + ). _ ...=coshrt
2 2 2-3-4 2:3-4-5-6
Half-difference has odd powers of hyper-sine ...
+rt -1t 3 S
© T - rt + (rt) + (rt) = sinh rt
| 2 2-3 2-3-4-5
. *irt

(?omp.lex E)fponent%als e” have S Gt G Gt G (i)

imaginary i =+/-1 interest-rate ¢ = TVt oY Y o3 E +2-3-4-5-6

/ e” =1+irt— —1 +
Note powersof: 23 234 2345 23456
1 =1i=1,i"=-1,i"=-i,1=1,i"=i,i"=-1,...
2 3 4
..and negative-i exponential: ¢ = 1—jr— T4 ; U1 (1) LGN GO N
23 234 2345 23456
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. -+ . . . r 1 rt
Formulae for Exponentials e*” begin with interest-rate formula e” =" (1 + )
+p 4 P
cosh(p) = ¢ _*¢ |Half-Sum-
2 Half-Difference
—e " | Trig-Formulae for
2 exponentials e*”

+p

sinh(p) =

Note powers of i
cosh(p)+sinh(p) =™ i'=1,i'=i,i°=-1,i"=-1,i"=1,1"=i,i°=-1,...
cosh(p)—sinh(p)=¢"”

Complex Exponentials e*""have imaginary i = J-1 interest-rate (r —ir and +rt—=irt)

. . @) () (rt)“ (rt) (rt)°
e =1+1irt— —1 +
23 234 2345 23456
2 3 4
JREPSPUN (o S () MU o MU () RN o))

_|_
23 234 2345 23456
Half-sum has even powers of circular-cosine ...

+irt —irt 2 4 6
°c e _ 1 _ ) + (rt) __u ...= COSTt
2 2 2-3:4 2:34-5-6
Half-difference has odd powers of circular-sine ...
+irt —1rt 3
=~ in i Gl = isinrt
2 23 2 345
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+p 4 P
Cosh(p) — ¢_*e Half-Sum-

2 Half-Difference
—e " | Trig-Formulae for
2 exponentials e*”

+p

sinh(p) =

cosh(p)+sinh(p)= e’
cosh(p)—sinh(p)=¢"”

Formulae for Exponentials e*” begin with interest-rate formula e =" (1 + —)

n—o°

Note powers of i
.0 d . 2 3 - 5 . .6
1 =1i=i1,i"=-1,1"=-i,1 =1,i"=i,1"=-1,...

Complex Exponentials e*""have imaginary i = J-1 interest-rate (r —ir and +rt—=irt)

2 3 4 5 6
e =1+irt— (rt) —i(ﬁ) + (1) +1 ) __ (1) —1...
23 234 2345 23456
2 3 4 5 6
ISP (o S () NN () MO G W ) AN
23 234 2345 23456
Half-sum has even powers of circular-cosine ...
+irt —irt 2 4 6
¢ ¢ =1 — (r1) + (r1) — (r1) —...=COoSrt
2 2 2-3-4 2:3-4-5-6
Half-difference has odd powers of circular-sine ...
e+i6 + e—iG it —irt 3 5
cos(0) = c . _ [ rt —i(”) i (17) — =isinrt
2 2 23 2-3-4.5
. e — € +irt  —irt 3 3
Sm{(e) = 21 - .e = rt _ )y _ = sinrt
2i 23 2-3-4-5

10}

cos(o)+isin(o)=e™
cos(o)—isin(o)=¢e"
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. . From
How well do power series make sine curves? Classical

Mechanics
with a

BANG!
Unit 1
Fig. 10.3

COS?

qu-adratic 6th

£ £ ¢’ £

O+“O__+O+_+O__+O+E'“

or

CMwBANG!
Lecture 12
p.22
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Formulae for Exponentials e begin with interest-rate formula e¢” =

+p 4 P
Cosh(p) — ¢_*e Half-Sum-
2 Half-Difference
) = " —e” | Trig-Formulae for
sinh(p) = 2 exponentials e*”

cosh(p)+sinh(p)= e’
cosh(p)—sinh(p)=¢"”

Note powers of i

.0 d . 2 3 .
1 =1,i=1,i"=-1,i"=-1,

4 5 . .6
1=1,i"=1,1"=-1,..

Complex Exponentials e*""have imaginary i = J-1 interest-rate (r —ir and +rt—=irt)

" .’ () (rt)4 (rt) (r1)°
e =1+irt— —1 +
23 2-3-4 2345 23456
2 3 4
ISP G M GO G) (rt) (r)° n
23 234 2345 23456
Half-sum has even powers of circular-cosine ...
+irt —irt 2 4 6
¢ ¢ =1 _ut) + (r1) T ...= COSTt
2 2 2-3-4 2:3-4-5-6
Half-difference has odd powers of circular-sine ... Imaginary y
o0 L IO virt it 3 or I-axis
cos(0) = © © - i1t —1 (17) (ﬁ) =isinrt
2 2 23 T1345
Sln(g) _ e _.e e+l rt _e—l rt B (rt)3 (rl_)
¥ : = rt —
2i 23 2-3-4-5

+io

cos(o )+isin(o)=¢
cos(o)—isin(c)=e "
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. . . : COSO
Phasor circle plot of coso+isino = eK/

— ... N T sinrt
\SN%/ Real x

or /-axis
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Complex Oscillator Phasors Ae™ = A(cos¢ *ising)

Clockwise angular velocity @ (¢=-wt) and Amplitude A

Ae™™ = Acos wt — i Asin @t

Wave with k=1 Real

Clockwise

for negative @

€+ia+e—i6
cos(o) =
2
+10 —10
. e’ —e
sIn(0) = -
21

+io

cos(o )+isin(o)=¢
cos(o)—isin(c)=e "
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http://www.uark.edu/ua/pirelli/html/phasors_single_anim.html
http://www.uark.edu/ua/pirelli/html/phasors_single_anim.html
http://www.uark.edu/ua/pirelli/html/phasors_4_single_anim.html
http://www.uark.edu/ua/pirelli/html/phasors_4_single_anim.html

Complex Oscillator Phasors Ae™ = A(cos¢ *ising)

Clockwise angular velocity @ (¢=-wt) and Amplitude A

Ae™™ = Acos wt — i Asin @t

x . Wave with k= 1
Set: A=e™ =coskx+isinkx

N
to make an x-moving wave
e"“e =" (cos wr-isin wt)

_ oilk-on)

— Iaginigry
e+16 4+ e—lG Paﬂ
cos(o) =

2

sIn(0) =

21
cos(o )+isin(o)=¢
cos(o)—isin(c)=e "

+io
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Animated k=+1 1-CW (continous wave)

Mg

JoK F M

e

CEE 8
/

N
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http://www.uark.edu/ua/modphys/markup/BohrItWeb.html
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html

Multi-panel beta=0.6c, with extra coordinate grid. Not quite your black axes, but from other ap
http://www.uark.edu/ua/modphys/markup/BohrltWeb.htmlI?scenario=-30104

http://www.uark.edu/ua/modphys/markup/BohrltWeb.htm|?scenario=-30022

et

...........

D

s,

B s e S R R P B G B e PR R

' ORI ARARI LTSI AL 5 TSI

/ (((g'c.'gt}’?@'ﬁ'ﬁ'g'g'g’a'a;a-:istzm?&'c?%; Wi N
AN

b

o
5

k=1; Hi Rez, points per well = 48 phasors; w/tracers; x phasors move with now line. URL qualifiers: ?

xPhasorLocationsind=1& doPhaseZeroTracers=1& doGroupZeroTracers=1
http://www.uark.edu/ua/modphys/markup/BohrltWeb.html?scenario=330002

k=-1 Hi Rez, points per well = 48 phasors; w/tracers; x phasors move with now line.
http://www.uark.edu/ua/modphys/markup/BohrltWeb.html?scenario=-330002

Link to the talk:

http://www.uark.edu/ua/modphys/pdfs/Talk Pdfs/INBRE 2016.pdf

Link to the RelaWavity Portal:

http://www.uark.edu/ua/modphys/markup/RelaWavityPortal.html

Link to the Harter-Soft Educational Resource Portal:

http://www.uark.edu/ua/modphys/markup/Harter-SoftWebApps.html
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[CW Laser-phasor wave function

Dimensionless Light wave-velocity c/c=1

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

T phase-angle
Amplitude
winks angular frequency:® =2mw0 A
“kl‘,;/l ks’ \angular wavenumber : k = 21K
k =wavevector Imagi nary
axis

..3 00 THz laser
(Infrared)

Real vy =

[magmary/E

y=Im

Saturday, October 22, 2016

T— ()

Rey

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

k=+11w=Ic

laser-phasors v

!ﬁv '
e\|I M

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

Dimensionless Light wave-velocity c/c=1

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

T phase-angle
“winks” angular frequency :@® =210 Ampg fude
“ki,;fl kg’ @ngular wave number : k = 2m<j .
.. k =wavevector I mcél %Cl;:lgary
'3’00 THz laser l("I - +] — laSer_phaSOVS Y(x,1)
(Infrared) GG@QAL@,@Q@QQ@GG@Q@@Q
Real y=Rey > W‘ >
[maginary/E ey % M 3
y=Im | -

Imagination|precedes

Saturday, October 22, 2016

cality by exactly Pne Quarter!

Mantra for US publicly
traded corporations

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

v = ae "5 = Acos(kx —on) + idsin(x — 1)
T phase-angle

fx—
Ampﬁtude (kx—wr)

Imaginary
axis
=|v1 o=1Ic  [gser-phasors vy
300 THz laser L g
(Infrared) [P Y B R Y Y Y Y Y ey A
RV Ui S D DN D D . s B
Real y=Rey .7 f

4

2T0m=1/0
fst 3.33-107175)

¥ Space x
Saturday, October 22, 2016
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[CW Laser-phasor wave function
V= A-e’(kxfwt ) = A-cos(kx — wt)+iA-sin(kx — wt)

T phase-angle : phase-angle
fx—
Amplitude N\. @ N s
Q: Where is phase=(kx-wt)=0? A g
A: It is wherever this is: ~ = £ Imaginary '
| tk axis
|t o=l  [gser-phasors v
300 THz laser L g PN
(nfrared) | Y YR H R Y Y DY Y R %
\MNN XN K XX RS N SN NN X KK
Real y=HRey y /I/Ile
/
/
2T/®=1/

fst 3.33-107175)

Space x
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[CW Laser-phasor wave function

W= A-ei(kxfwt) = Acos(kx — wt) + iA-sin(kx — or)

T phase-angle

Ampﬁtude _______
Q: Where is phase=(kx-wt)=0?
A: It is wherever this is: f — Q = wave phase velocity Imaglnary

5

axis

laser-phasors vy

w=Ic

'..300 THz laser

4

2 y
& A& W

(PR
2y

s)
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

per-SPACETIME
(k,v)-graph

frequency v
(waves per sec.)

(NS}

Press a key to get a wave

1 N N

A

v=4/5

%

\\\\I\\'

1 1 2
| - /2 -Ya A e % | |
I I ) 4 I I L 1 | | I \J I I
L Cvavenumbel’ wavenumber k
Y ~
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

Saturday, October 22, 2016
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

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

frequency v
(waves per sec.)

inverse temporal values

: per—time versus t1me
Heinreich
crnreic Press a key to get a wave
Hertz <z
1857-1894 ] \
1Hz=1sec™! e
‘frequency : i
s ;
3 -/ 1 - 72 3 ! i 2
|\\_é\|\\-é\\fi \4\\|\/ﬁ\l\\\\#\\\\l\\\\
:_1/ Cvavenumber wavenumber k
! 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” : Introducing per-space-per-time graphs versus space-time graphs

frequency v

(waves per sec.)

per-SPACETIME U= Greek“n” for number
(Ii, U)—gragﬁ,..__..---"ofwaves per second time
or Hertz (Hz) =1/T

inverse temporal values

Heinreich
Hertz

1857-1894
1Hz=1sec™!

v=4/5

A

per-time versus time
Press a key to get a wave

1 N N

A L

%

\\\\I\\'

1 1 2
| - /2 -Ya A e % | |
I | ) 4 I | L 1 | | I \J I I
L CVavenumbel’ wavenumber k
Y ~
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

wave velocity Viave

and
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

! per-SPACETIME v = Greek“n” for number SPACETIME
frequency v | (K/, /U)_graphof waves per second .- ()\, T)—graph
(waves per sec.) | fime
: - or Hertz (Hz) =1/T
H : ¥ : h :_ (v‘}avelengl’h ....................................... A — G’/'eek “L )
HZ’ZeZC - Press a key fo get a wave A=2/3=1 ’; for Length =1/k
: ..Z ' €€4 )
1857-1894) b N\ O 1 W T R - —Greek “t
1Hz=Isec! e N e \rs5/4=10)f fOr Zlme =1/U
‘frequency \| |
Y i % 1 i 2
| | \_é\ | | \_é \4P \4\ 1 \A\ | | | || \J L1l | L1l
B wavenumber wavenumber k Sp dCcC
-4 k=312 ' '
i : (waves per meter)  Jyverse spatial values
]9 Cr-space versus SpPAcCe
r =Greek “k per=sp p
for Kayser

(or “kinks”)=1/)\
“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” : Introducing per-space-per-time graphs versus space-time graphs

frequency v
(waves per sec.)

per-SPACETIME

(K, U)—gmgﬁ,.....---

N,

L

Heinreich
> Press a key to get a wave
ertz Z/?
1857-1894 ] \
1Hz=1sec™! e
‘frequency : i
s ;
Y B 7 Ji i 2
|\\_é\|2\\-é\\fi 4|24|J|
B y CVavenumbel’ wavenumber k
- ! K=3/2
e Heinreich |
Kayser r =Greek “k”
1853-1940
IKayser=1cm™! f or Kay ser

v = Greek“n” for number

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

(waves permeter)  [nverse 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

(or “kinks”)=1/)\

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves

wave velocity Viave

and
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

frequency v
(waves per sec.)

/

per-SPACETIME

(k,v)-graph period T

(NS}

Press a key to get a wave

1 N N

(sec. per wave)

SPACETIME

(\7)-graph

/
/
/
/

wavelength X
(meters per wave)

s )| i =
3 -/ 1 - 72 3 1 i 2 3 -/ 1 - /2 3 1
|\\-é\|\\-é\\i\4\\|\\A\\|\\\\J\\\\l\\\\ |\\_é\|\\_é\7\\4\\|V/lwwlwwww \\\\l\\\\
iy Cvavenumber wavenumber k (v:avelength
Tk =3/2 (waves per meter) A=2/3=1/x
|

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

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves

wave velocity Viave

and
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

frequency v
(waves per sec.)

(NS}

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

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

per-SPACETIME

(k,v)-graph

period T
(sec. per wave)

(and hold)

/
/
/
/

SPACETIME

(A, 7)-graph

“1-CW" means
“single Continuous Wave”

wavelength X

? A
1 \; perioa
AL S o, 7=5/4 =1
2y | i Ly
3 -/ 1 - 72 3 1 i 2 3 1 - /2 1 2
|\\_é\|\\-é\\i \4\\|\/ﬁ\l\\\\#‘(\\\l\\\\ |\\_é\|\\_é\7\\4\\| /\6//4\-\|\\u\|\\\\|\\\\
wavenumber k \/

:1/ Cvavenumber
-/4

wayelength
K=3/2 A=2/3=1/x
|

(waves per meter)

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

Jean-Baptiste
Joseph Fourier
1768-1830

How to understand waves

wave velocity Viave
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

per-SPACETIME
(k,v)-graph

frequency v
(waves per sec.)

(NS}

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

\ Z

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

period T

(sec. per wave)

SPACETIME

(A, 7)-graph

/
/
/
/
/

“1-CW" means
“single Continuous Wave”

: :
- > 7=5/4 =1 ‘e : '
“ 1 ...That “continues

|1 ‘ |1

v=4/5 )| 1 | , % ; , everywhere..

7 | 7 | ; 1 7
| | \_é\ | | \_\4\\77 \4\ o \A\ | | [ \J\(\ | | [ /\l\ \_é\ | | \_éwf | \4\ 1 \A\ | [ \/—l\\ | \l/\-\\x |
i Y CVaV@number wavenumber k \/ wayelength \/ wayelghgth \
-/ 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” : Introducing per-space-per-time graphs versus space-time graphs

frequency v
(waves per sec.)

per-SPACETIME

(k,v)-graph

period T
(sec. per wave)

(NS}

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

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

\ 2 A
perloa

-y

Y

1

SPACETIME

(A, 7)-graph

“1-CW" means
“single Continuous Wave”

...That “continues’”

, everywhere..

1
AL S O, . \T=5/4=1Nh
v=4/5 )" |
3 '1/2 1 : /2 3 ] i 3 Y
|\\_é\|\\_é\\fi \4\\|\/ﬁ\l\\\\#\(\\\l\\\\ /\l\\_éwlwfé\
wavenumber k \/

B » wavenumber
- K=3/2

(waves per meter)

period T
(sec. per wave)

Jean-Baptiste
Joseph Fourier N
1768-1830

How to understand waves

(meters per wave)

i Ve
4|2m|mmm
wayvelength N4 N/ wwelgngth \
A=2/3=1/k
|

r

Q:
=

.
N

and
wave velocity Viave
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

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

(sec. per wave)

frequency v
(waves per sec.)

(NS}

“1-CW" means
“single Continuous Wave”

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

\ 2 A
perloa

~

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

I

N N . \1=5/4=1h . , g
. 1 » ...That “continues
v=4/5 J|t " | ' - everywhere..
o i A | 2 , A " 1 2
| | \_é\ | | \_é vl 7 \A\ | | L 1| \JY L 1| | Ll /\l | \_é\ | \_éxr N \f/g\-\l |1 \m\ | NW
i Y CVaV@number wavenumber k \/ wayelength \/ \/ wyyelgngth X
-7 K=3/2 (waves per meter) A=2/3 =1/ (meters per wave)
] |

r

period T
(sec. per wave)

=

:7777‘77 [\ y tl e...
6 ’ < i X 2
Keyboard of the gods” 1s known as “Fourier-space” | i
| i ...at a speed of:
Jean-Baptiste l = p f
Joseph Fourier N

1768-1830

How to understand waves
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wave velocity Viave

Wavelen gt wavelength N

A=2/3 =1/ (meters per wave)
| 7
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

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

(sec. per wave)

frequency v
(waves per sec.)

(NS}

“1-CW" means
“single Continuous Wave”

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

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

\ ? A
1 . perloa
AL 5 0, . \t=5/4=1h . . .,
;1/ | ...That “continues
v=4/5 J|[” | everywhere..
v i % 1 : 2 ! 1 1/ 1 2
| \ \_é\ | | \_é vl \A\ | | L L \JY L1 | L 11 /\l ! \_é\ | \_éxr N \f/g\-\l L1 \m\ \ NW
i Y CVaV@number wavenumber k \/ wayelength \/ \/ wyyelgngth X
- K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
7 |

r

period T
(sec. per wave)

=

:7777‘77 [\ tl e...
6 ’ < i X 2
Keyboard of the gods” 1s known as “Fourier-space” | i
| i ...at a speed of:
Jean-Baptiste l = p f
Joseph Fourier N

1768-1830

time period
A 2/3 8 m.

—~7 5/4 15 s.

How to understand waves
and
wave velocity Viave

avelengt wavelength N
A=2/3 =1/ (meters per wave)

| . .
wave-speed equals slope-to-vertical Mt in (\,7)-graph
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period T (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 &

\ ? A
1 perioa
- . \t=5/4 =1 ‘e : '
“ Ty =Y ...That “continues
|1 I wave ..
v=4/5 )| | K ' everywhere..
3 -/ 1 - % 3 1 : 2 3 1 B 72 1 2
| \ \-é 1 \_é w7 \A\ | | L | | \J L1 || | L1 || /\l ! \_é | \_é 1V \f/g\-\l || \m\ L NW
i Y CVaV@number wavenumber k \/ wayelength \/ \/ wyyelgngth X
:- (! 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 |
period T
(sec. per wave)

Jean-Baptiste
Joseph Fourier N
1768-1830

How to understand waves
and
wave velocity Viave

avelengt Wavelength N - 1/1) K
A=2/3 =1/ (meters per wave)

| . .
wave-speed equals slope-to-vertical Mt in (\,7)-graph
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs
per-SPACETIME SPACETIME

(k,v)-graph period T (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 &

? A
1 \ erioa
Al 7=5/4 =1N ‘e : '
I Ty =Y ...That “continues
1 I wave ..
v=4/5 )| | K ' everywhere..
3 -/ 1 - % 3 1 : 2 3 1 B 72 1 2
|\\_é\|\\-é\\fi \4\\|\/ﬁ\l\\\\#\\\\l\\\\ /\l\\_éwlwféwf fz\|mr\\&/\/\/\
:1/ Cvavenumber wavenumber k \/ Wavelength \/ \/ wyvel, I’lgth N
:- 4 K=3/2 (waves per meter) A=2/3=1/k (meters per wave)
wave-speed equals slope-to-horizontal v/k in (K, U)—gmgh | ...for
period T i
(sec. per wave) | _ll
(" wave-velocity formulas N\ time...
distance wavelength  frequency i
time period wavenumber 1 2
vy A _Wk _v 17 | i ...at a speed of-
wave T l/v K 1//1 i _.
_2/3 415 l - ;
5/4 32 i distance _wavelengt]
\ . - .
wave arithmetic is simpler to explai fractions fime period
i A 23 8m
*How to understand waves | T TS 15 s,
and avele wavelength \
A=2/3 =1/ (meters per wave)

“Ist quantization” | . .
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

>
the “Keyboard of the gods " has its
wavenumber k 1s “quantized” to

. equenc [ T=5/4 =1
multiples of 1/2L=1/2. 13)24 )
1 2 3 4 = |
— s s o T gees 1 [ 1 | 2
2727272 Lo b ] (wc_welm_gth
@avenumbeb E_% zvavenumbefig N 1—2/3 —1/K
— - waves per meter Wavelen th>\
K=3/2 ).«:2/ 3 (meters pe;g wave)
frequency v : per-SPACETIME period T SPACETIME
(waves per sec.) :_ (sec. per wave)
2 perioa
c=15/8 =1hy
;
v=8/15) el
Ly
B | %y, f : 2 wavelength
(*How to understand waves I/ S =< W S A=1=1)

and

wavenumber\ |
K=1 i

“It quantization”
or K-quantization

_1
| I \_3/\4\ |/2\

frequency v E
(waves per sec.) |

v L
L L

wavenumber k
(waves per meter)

YV

wavelength X
(meters per wave)

perioa
per-SPACETIME period © sPACETIME  \t=15/4 =1/

(sec. per wave)

wavenumbe
K=1/2

Saturday, October 22, 2016

wavelength
A=2=I/k

wavenumber x

9]

(waves per meter) wavélength N

(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 x 1s “quantized” to

multiples of 1/2L=1/2.

9cee 1 :
2 L % |/2 R p
Ll Ll |-

3-quanta

pertoa
t=5/4 =1/v

v=28/15

-5

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

frequency v E
(waves per sec.) |

YV

\ wavenumber E-
K=3/2 )

| -% I -141\: Ll

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

wavenumoer
K=1

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

v=4/15

Vs

frequency v E
(waves per sec.) |

- perioa
— (Two half -wave)

2

K=—
— / 2
7777777777777 - Q‘—
- ~ - g ‘
T , 1
7 1 | 2 Tonoih
I | \3/ | I L ' L | Wave engt
- A=1=1/k
-1 wavenumber x ;
B (waves per meter) wavelength \
Za_ 1 (meters per wave) D 2r0a
per-SPACETIME , sPACETIME  \T=15/4 =1/
period T
(sec. per wave)
—2
—  l-quanta
(Onehalf -wave)

.y 1
. K==
i 20
=T |
B - |

1 |

L% oL
I N S L

wavenumber\ |
K=1/2 I

Saturday, October 22, 2016

wavelength
A=2=I/k

wavenumber k
(waves per meter)

waveléngth N

(meters per wave)
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If a wave 1s confined to an L=Im. box |,
the “Keyboard of the gods " has its : 3. quanta
wavenumber x 1s “quantized” to : k=2
. equenc - T=5/4 =1/
multiples of 1/2L=1/2. @)24 s ) |
1 2 3 4 o |
= s s oo s I N A 2 wavelength
2 2 2 2 |\\\\|\\\\7\\\l\\\\l\\\\'\\\\l 122/3:1/’(
\ CvavenumbeD -y, zvavenumbe:z;
K — 3 / 2 = waves per meter Wavelength >\
).«: / 3 (meters per wave)
frequency v : per-SPACETIME period T SPACETIME
(waves per sec.) :_ (sec. per wave)
) perioa
- 2-quanta c=15/8 =1/
:— (Two half -wave)
i 2
v=38/15 - e
k=1/2,1 3/2, 2,.. - 2
7S N l 2 Tonoih
(*How to understand Waves I/ 8 A N I S 2
- wavenumber x h
wavenumber\ [, >
da nd K=1 [ (waves per meter) Z’— N wavelength \
“I%* quantization” "AUK(_perioa
. . frequency v : per-SPACETIME period T : ¢=15/4 =1/
or l{_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 v=4/15/ el
is called STl
‘ . . 3] RV " 7 1 |
2 quantization N O N CVf{‘lee;”‘ 1l
CvavenumbeD Ly, wavenumber k
K=1/2 [ (waves per meter) wavelngth X

(meters per wave)
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If a wave 1s confined to an L=17/m. box

2

the “Keyboard of the gods " has its 3. quanta
wavenumber x 1s “quantized” to k=2
. equenc - 7=5/4 =1/v
multiples of 1/2L=1/2. ff) s ! g
1 2 3 4 5 3
— s 9 s T gees 1 i 1 | 2
2°2°2 2 Lo p P ] CWC_lvelen_gth
\ G}avenumbeD E_% z/vavenumbef;; \ 2«—2/3 —1/K
= - waves per meter wavelength \
K=3/2 ).«: / 3 (meters pe;g wave)
frequency o | per-SPACETIME period SPACETIME
(waves per sec.) - (sec. per wave)
> perioa
2-quanta c=15/8 =1/
— (Two half -wave)
=2
v=8/15) e
k=1/21, 3/2, 2,... - >
T e NN length
*How to understand Waves IS e A G I waverensy
wavenumoer -1 wavenumber k )
and K=1 B (waves per meter) Z‘_ N wavelength \
“ISt quantization” “4 A period
i ) requency v | per-SPACETIME riod - g=15/4 =1/
or li-quantlZClthn (wa\isper)s/ec.)_ (selz.perwave)
...as QUALITY (color) fixed
. —2
versus - ortion
umoer
QUANTITY (“ of “) —  l-quanta
photons (Onehalf -wave)
. . . = — 1 1
*Amplitude A-quantization v=A5) el
is called STl
72 ! | avelength

3, _I v L
L |

=2 =1k

“20 quantization”

("

wavenumber x

Saturday, October 22, 2016

wavenumber\ |
K=1/2 I

wavefength X
(meters per wave)

(waves per meter)
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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

1 1 .
vome=P KA VT 569,790,458 ™
¢ k 1w 1t 1A s.

Then 1t’s convenient to use: ...or angular variables: w=2mv

: : : : and: k=27kK
Dimensionless Light wave-velocity c/c=1
1 instead of- v_A_._2
K T k
Such graphs use c-units of per-time v:@ and length X@.
Viw _ 0 _Vk_ A _VUr _ lzlzﬂk
c ¢k ch ct clh cx ¢
ck=w
CR=U
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The “Keyboard of the gods”

frequency v
(units: 600THz)

— UA 1800THz
1200THz
Pres

900THz

600THz

v=300THz

1 _1
‘ | \_%\ |/2 \_%l\

— 2
s the 600 THz key to get a 600 THz I-CW)
- ck=lcex,
_'l """"""""" '
- L <
l
B 2:109/m 3-10%m 4-10%/m
B 1 Ji

per-SPACETIME
(ck,v)-graph

c-time period cT
(units: 72 pm)
:

: Introducing per-space-per-time graphs versus space-time graphs

SPACETIME
(A cT)-graph

=10/3:
" T fs 2
1
\
)
A\
)
)
A}
' T=5/4fs
1
Y
)
-
: A=11,
=%/3f J ,
' L <
L S
) ] b
‘\ B :V;4
T:5/6fS\‘—/2 E l&)
. N=Vapm Yaum Yapm 1pum
BY !
1 [ * 1
-2 ‘ %

B

Such graphs use c-units of per-time ”U:@

c-wavenumbe
(units: 600THZ) .,

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

Saturday, October 22, 2016

-
-
-
)

i 2
| \%\ | i/\l [ I/\
D x-spacMn gth A\,

(units: %pm)=A,

HNRY

3
i_%‘
= )
)

and length X:@.
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The “Keyboard of the gods” : Introducing per-space-per-time graphs versus space-time graphs

frequency v | per-SPACETIME c-time period cT| SPACETIME
(units: 600THz) | (ck,v)-graph (units: Yopum) | (A cT)-graph
— vA 1800THz |— A’A —
IZOOTHZ;Z ““ T=10/3f ;2
Press the 600 THz key to get a 600 THz I-CW) . :
900THz ; “\‘ T=5/4f5 ;
- ck=lck, - Ll A=14 |
600THZ frmmm of = m o m e : T LT :
| B SC vl o
-— B D VL ;S
u I \ :
UZ3OOTH2—1/2 E = T:5/6ﬁ“‘ 1/2 E ll{)l"
] i 2:100/m 310%m  4:10%m ; N=Vapm %}fm Yipum 1/2””
-7 - % : ' -V % :
3 3 3
’ | \-é | | | \_%l | 7\ \%\ | | | \A\ | ! [ I | [ I | [ I | \- \4 | | \A\ | l/\l [ I I/\
) c-wavenumbe . i D x-spacMngth A
S (units: 600THZ) .. U R (units: Y2 pm)=1,
Commmmenonnes . Such graphs use c-units of per-time D:@ and length X:@

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

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

(units: 600THz) | (ck,v)-graph (units: ¥ ) (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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600THz

7N\ e

| e & Ls f6 (1 (3 % e 203 halshelr s
‘ X { | | \ { ) | X y | l

({2 3 [y &3

Single continuous wave (1-CW)
moving left-to-RIGHT—

y = Aelk=on

7N\ /7
" T

| § ) 3 ) ) | ) A v 4 | i i V A _A ) {
6 (0 [8 % el 203 /0ha/s/N6 07 N8
y X ! ) X A X b | !

1D

—

3 4 F 6

\
8 90

10 01 12 (13 14 [15 16 (17 IR

5

left-to-RIGHT —

Frequency o =

1200THz H

900THz3
600THZ2 p 1-CW moving

//
/
300THZH /
N S-S
Wavevector ck
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Saturday, October 22, 2016

ck

units of
»600THz
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Aei(kx—a)t)

1-CW moving left-to-RIGHT —
600THz

2 S

;.1_2%3%4%% 7% FJ,_..Q_.LLLL} 0y hgr iy )

2 colliding waves (2-CW)

— —
y = Ael(=00 4 4 pi(—le=on)

e — N\ \ *—

N7 F;ﬁ 6 z:s;TL [0t lia by hs/hetrrlha

Aei(—kx—a)t)

«— LEFT-to-right moving 1-CW
600THz

)

u:”%i; F* 6/ __b_%* qmuu; J.p; Ll by )

Frequency w =

1200THz 4

900THz}3

« LEFT-to-right/moving 1-CW 600THZ2 »  1-CW moving left-to-RIGHT —
00THz~
5 4 3 2 Ny 2 3 4 5
| l 1 l l l 1 Wavevector'ck Ck
units of
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2:000THz

Saturday, October 22, 2016
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A ei(kx—wt)
1-CW moving left-to-RIGHT —

600THz
VD
v

)

N

(

14

2 colliding waves (2-CW)

%H

Aei(kx—a)t) _I_Aei(—kx—a)t)

I

ol

|||||T

)

Aei(—kx—a)t)

LEFT-to-right moving 1-CW
600THz

/7~ \
N

/

ST

1L 2 BY a } o 1 84'%}‘%@.;1 IVANEIERIE 811 < eA1L Bl I 1ER, H + : .'.7.';;;8.';}:: lin i 13 14 s/ GTHIR L oY BY a F : “_,L:U; g iy 2 13- Ly 1§ 17 18
Frequency w -5
1200THzH#
900THz3
 LEFT-to-right|moving 1-CW * . 600THz: #'®  1-CW moving left-to-RIGHT—
\\ //
\\ /"'/
S00THZ /
\\\ ///
5 4 3 2 1 N/ I 2 3 4 5
| l 1 l 1 . l l ' ‘lVavevecrorlck Ck
Lo b e bt bt bt bt bt Ll units of
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2x600THz

Saturday, October 22, 2016
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2 colliding waves (2-CW)

T — <— (—kx—
Aez(kx t) v = Aei(kx—a)t) . Aei(—kx—wt) Ae.l( kx a)t).
1-CW moving left-to-RIGHT — « LEFT-to-right moving 1-CW
600THz 600THz
% /\\/ W \//\\//
. i phase \ [ group
Factors 1nto: (Wave ) (wave )I
Ae™ P (M4 o7 = AT D005 fex
wave \ [ wave
"gl/ttS" "Skl'l’l"
P2y 3L Ay F 6L z{;'rf 1§ _'.1'_11' ‘,i;' 14 03 ueg7 g ) [ s 1 F } k "br‘ lin 11 L i3 14 4| ‘lc'};:n'_.ls 1 /Y 4 F : _ﬁ_b g "'.;1'1'; 4104 UY 1§ 07 I3
Frequency w =
1200THzH
900THz}3
« LEFT-to-right/moving 1-CW 600THZ2 #  1-CW moving left-to-RIGHT —
00THz+
5 4 3 2 Y 2 3 4 5
l l : l l : : fVavevector'ck Ck
units of
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2:600THz

Saturday, October 22, 2016
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Ey

Eg

Eg

Ey

Ej




2 colliding waves (2-CW)

A ol (ReX=0,1) _ 4 ji(4x—dct) T E S v po At kx—w,1)_ g Hi(=1x=lct)
1-CW moving left-to-RIGHT — y=A(e e ) «—LEFT-from-right moving 1-CW

1200THz | 300THz
~7~ 7~ 7~ | VNV L\ | < ——
NSNS NN AN | s

___________________________________________________ << | T
[y BY by Fi Y F* TOVEVET VY gy by ) |l /b .F;P-J & r)hﬁL_]l.. Iaflhsheliohs| | M/ RY BV F‘ 6/ 7 &l r;q b Y b Yy b
Frequency =
1200THz |4 R'
-CW moving left-to-RIGHT —
00THz 13 1200THz
600THz |»
« LEFT-from-right moving 1-CW » 300THz [
300THz
5 4 -3 2 1 2 3 4 5
| | A ' | A I} A Ck

M@AL@MJMJMMM units of
. . . 2 2:600THz
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25 W

- units of
Where are the real-zeros of the colliding-light-wave (2-CW) sum?  f , 000THz
RIGHT: (wg=ckg=2c, kz=2) LEFT: (0 =-ck;, k;=—1) 3
W ()= A0 0D i) i e =

3

05 0 05 1 15 2¢k
units of

2x600THZz
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25 W
- units of
Where are the real-zeros of the colliding-light-wave (2-CW) sum?  f , 000THz
RIGHT: (wg=ckg=2c, kz=2) LEFT: (0 =-ck;, k;=—1) 3
Yo ror (X1)= A(ei(ka_th) + ei(ka_th))=A(ei(2x_2Ct ) 4! Coxmaet) ) _15
X ¥
To find zeros of a wave sum e”*+e'" we need to factor it :
0.5
INE
05 0 05 1 15 2¢ck
units of
2:600THz
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Where are the real-zeros of the colliding-light-wave (2-CW) sum?
LEFT: (0, =-ck;, k;=—7%)

RIGHT (a)R =CkR =2C, kR =2)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e”*+e'" we need to factor it

R+L ( R-L R-L
el 4 = 2 e 2 4o 2

Saturday, October 22, 2016

w

units of
2x600THz

IIIIIIIII[\IJ
W

(\O)

IIIIIIII5lllllIIIIIIIIIIIIlLlIIIIIII

15 2 ck
units of
2x600THz
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Where are the real-zeros of the colliding-light-wave (2-CW) sum?
LEFT: (0, =-ck;, k;=—7%)

RIGHT (a)R =CkR =2C, kR =2)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e*+¢"* we need to factor it

R+L R—-L R—-L
l l —1

e’ + e =e 2 Je ? +e 2

R+L

=e 2 2cos

Saturday, October 22, 2016

R—-L

IIIIIIIII!\IJ

(\O)

N

w

units of
2x600THz

IIIIIIII5lllllIIIIIIIIIIIIlLlIIIIIII

15 2 ck
units of
2x600THz
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25 W
o . - units of K
Where are the real-zeros of the colliding-light-wave (2-CW) sum?  f , 000THz
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%) -
1.5
[(k,x—w .t i(k,x—w,t 1(2x—2ct I(—ix—Ltct)\E
‘PkaRkaL(x’t):A(e( O o )= A e A ))E_
To find zeros of a wave sum e'*+¢'" we need to factor it
= P
R+L R-L R-L R+L 0.5
. . l l —1 I—— R-—L =
e + l=e 2 Je 2 +e 2 |=e 2 2cos NUE
- 05 0 05 1 15 2 _c;k )
l units o
= e 2cosG 2600 THZ
: R+ L
Notice %—sum P = >

http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=3%7C4&acousticAnaloglnd=1
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http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=3%7C4&acousticAnalogInd=1

w

units of
2x600THz

IIIIIIIII[\L)
W

(\O)

Where are the real-zeros of the colliding-light-wave (2-CW) sum?
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e*+¢"* we need to factor it

R+L R-L R-L R+L
. I l —1 I—— R-L
e + ef"=e 2 Je 2 4+e 2 |=e 2 2cos

IIIIIIII5lllllIIIIIIIIIIIIlLlIIIIIII

‘ 7 2 ¢k
__IP units of
= e 2cosG 2:600THz

R—-L

R+ L
1 and %—difference G = T

Notice >-sum P =
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Where are the real-zeros of the colliding-light-wave (2-CW) sum?
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%)

N

W o
units of v
2:600THzZ

IIIIIIIII!\L)

(\O)

LPkaRkaL (x,1)= A(ei(ka—a)Rt) n ei(ka—wa)): A(ei(zx—zct) n ei(—;x—gct));—l
To find zeros of a wave sum e”*+e'" we need to factor it j
R+L R-L R-L R+L :
e + = ei 2 ei 2 +e_i 2 =e.TZCosR_L §_O
: > ck
= ¢ 2cosG zgrgésng
Notice %—sum P= R+l and %—difference G= K-L They give R=P+G and L=P-G.

Saturday, October 22, 2016
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w "~
units of NOERS

Where are the real-zeros of the colliding-light-wave (2-CW) sum? x600THz

RIGHT: (0g=ckg=2c, kz=2) LEFT: (w;=-ck;, k;=—1)

IIIIIIIII[\L)
W

(\O)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e*+¢"* we need to factor it

R+L R-L R-L R+L
. I l —1 I—— R-L
e + ef"=e 2 Je 2 4+e 2 |=e 2 2cos

IIIIIII 5llll“lIIIsljllllllllLilllllll

- 05 0~ 05..1 15 2 _c;k )
_ units o
= e 2cosG 00T

| R+L

R—-L :
Notice 5-sum P = and %—difference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
A

T

r. (k,+k, )x—(m,ﬁmﬂ?ﬁ\k/—\

Sike=,0) | ik -, _ ) 5 5 o Kr= KL )X = (=0, )t
2
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W o
units of SO
2:600THzZ

IIIIIIIII[\L)
W

(\O)

Where are the real-zeros of the colliding-light-wave (2-CW) sum?
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e*+¢"* we need to factor it

R+L ( .R-L R-L R+L /
. I l —1 I—— R-L
et + e"=¢e 2 e 2 4+e ? |=e 2 2cos

IIIIIII 5lll IIIIsllllllllllLllllllll
N

1.5 2 ck

_ iP \x '/,"".' units of
= e 2cosG 2:600THz

1
-
N
-
-
N
[E—

| R+L

R—-L :
Notice 5-sum P = and %—difference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
A

T

r. (k,+k, )x—(a)R+wL)?K\A/—\

Sike=,0) | ik -, _ ) 5 5 o Kr= KL )X = (=0, )t
2

Spacetime wave using (@ ,ck) parameters with w=ck

(kk Yx=(k,—k, et
Silke—kyet) | itkxker) _ ] 5 (kgp—k;)x—(kptk; )t
2

2 COS
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w -

i e

’, LR
units-of PR
.
2x600THz .-
I' O"
" o"

IIIIIIIII[\L)
W

(\O)

Where are the real-zeros of the colliding-light-wave (2-CW) sum?
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%)

(K px— (ke x— (2 x— (L Loy
“PkaRkaL (x,t):A(el(ka W) 4 (K a)Lt)):A(ez(2x 2¢t) 4 i 27{/@9?))'

. R i e
To find zeros of a wave sum e*+e'" we need to factor it “.

R+L R-L R-L R+L
. I l —1 I—— R-L
e + ef"=e 2 Je 2 4+e 2 |=e 2 2cos

IIIIIII 5lll |IIIsI‘IIIII‘LI\Il)I_‘lxIIIIIII
N ~ \‘

P . 05 /L 1S 2 ‘C;k f
_ units o
= e 2cosG A 2:600THz

1
=3
N
O

| R+L

R-L ]
Notice 5-sum P = and %—difference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
A

T

r. (k,+k, )x—(a)R+a)L)?K\A/—\

Sike=,0) | ik -, _ ) 5 5 o Kr= KL )X = (=0, )t
2

Spacetime wave using (@ ,ck) parameters with w=ck

(kk Yx=(k,—k, et
Silke—kyet) | itkxker) _ ] 5 (kgp—k;)x—(kptk; )t
2

2 COS

Spacetime wave using given numerical values
;(2=3)x—(245)ct
] — (—Ly—L
ez(2x 2ct)+ez( >X—5Ct) — ¢ )

2_|_l x— 2_l ct .3x—Sct
s( L 2( L —e 4 2cos
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—%5 W ,"/ R
E units,of 2
Where are the real-zeros of the colliding-light-wave (2-CW) sum? [, >00¢THz
: ol — _ : _ __1 E
S ‘
_ i(k,x—w,t) i(k,x—w, t)\_ i(2x—2ct) i(—3x—35ct)\NE~~ 3. o
‘{’kaRkaL (x,t)=A(e" " X' +e 7 )=A(e +et 22 )-Z
To find zeros of a wave sum e*+e'" we need to factor it g
= b
R+L ( .R-L R-L R+L 0.5 S,
lR lL ! 2 ! 2 1 2 ! 2 R - L - =
e + e =c¢ | e +e =e 2Cos =
LN\E WA
» 05 0. 05 L 15 2 'Ctk )
I " S units p
= ¢ 2cosG RN 2600THz
: R+ L , R—-L . /
Notice %—sum P= and %—dlfference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
A

T ka0 0 Y PHASE vector I()

(kr—kp)x—(Wp— )t o PHASE
2

: : ]
el(ka—a)Rt) n el(ka—a)Lt) — 0 2) 2 oS

W PHASE

Spacetime wave using (@ ,ck) parameters with w=ck

(kk Yx=(k,—k, et
Silke—kyet) | itkxker) _ ] 5 (kgp—k;)x—(kptk; )t
2

2cos
Spacetime wave using given numerical values

(2—3)x—(24%)ct 1 1 3 5
(2 x— (— Lyl ! 2+5)x—(2—5)ct [—x——ct
el(2x 2ct) + el( xet) - e 2 S 2 5 2 —e4 4 ZCOS(%X'%CI)

2Co
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W o
units of v
2:600THzZ

IIIIIIIII[\L)
W

(\O)

Where are the real-zeros of the colliding-light-wave (2-CW) sum?
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, k;=—3%)

o ()= AT ROy g(pIx2en) ity

To find zeros of a wave sum e*+¢"* we need to factor it

Ill IIIIsllllllllllL&IIlllll

R+L .R—L _.R-L iR+L /30.5

. . i i i R—L :
e + l=e 2 Je 2 +e 2 |=e 2 2cos NUE
b 0.5 0. 05 1 * L5 2 _C;k ]
. R+L . R-L .
Notice %—sum P= 5 and %—dlfference G= — They give R=P+G and L=P-G.
These defineW and GROUP or "wave skin" factor
2> -
| | " ket 3@ g0, S
el(ka—a)Rt)+el(ka—a)Lt) — ¢ o) 7 COS R "L R L
2
Spacetime wave using (@ ,ck) parameters with w=ck
P g ( (k 25))6_(,{ ket GROUP vector G
/ — / l s - - - (k —k )x—(kR+kL)Ct ( 5— \
el(ka k.ct) n el(ka+kLct) — e ) 7 Cos R "L CkGROUP 7
2 "
Spacetime wave using given numerical values GROUP 3
p g8 0 ( T
(2D x—(2+1)et 1 1 3 5
i(2x—2ct) i(—x—5ct) _ ! 9) (2+ f)x_ (2_ f)Ct _ ZZX_ZCt 5, 3 /
e +e =e 2 COS =e 2cos(5x-5ct)

2
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25 W "
E units'of e
Where are the real-zeros of the colliding-light-wave (2-CW) sum? w600THZ s
: —clr = — : — —_1 = T
RIGHT: (wg=ckp=2c, kp=2) LEFT:(w;=-ck;, ky=—7) = AT
s
_ i(k,x—w,t) i(k,x—w, t)\_ i(2x—2ct) i(—3x—5ct)\E~~ 3 !
‘"PkaRkaL (x,t) = A(e R Frt+e ™t L )—A(e +e 2 );‘Z
: IR L o | —1 5 |
To find zeros of a wave sum e” +e¢"~ we need to factor it S E 2
e 4
R+L R-L R-L R+L : 5
iR iL _ o 5 i o R—-L
e + e =ce e +e =e 2¢cos
" 05 0~ 05 L 152 ,C;k )
— l R units o
= e 2cosG N 2:600THz
: R+ L , R—-L . /
Notice %—sum P= and %—dlfference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
r.(kR+kLﬁwR+wL)? K\f/\ PHASE vector I(’ \

(ke (ke i kp—k; )x—(Wp—w; )t 3
el(ka @ ,t) n el(ka 1) _ e ) ZCOS( R L) ( R L) CkPHASE ~ 1
2 (o PHASE | s
. . . 4
Spacetime wave using (@.ck) parameters with @w=ck \ J
P g ( (k 2£)x_(k ket GROUP VGC’[OI’((} \
(ke : i— — kp—k; )x—(kp+k;)ct
oikex=kyet) | itk xtker) _ 2 2COS( r—ki) 2( rtkr) . GROUP ) %
Spacetime wave using given numerical values o CROUP %
(2=-Dx—(2+1)ct | 1 3 5 \ J
(2 x— (—Ly—1 ! (2+ —)x — (2— —)Ct I—X——Ct
o' PAm2et)  pi(max=sct) _ 2 2COos 2 27 —p4 4 2003(%x—%ct)

2
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2.5 W e

- units'of P
Where are the real-zeros of the colliding-light-wave (2-CW) sum?  F, 2:000THz .77
RIGHT ((I)R :CkR =€pC, kR =€p) LEFT ((!)L :—CkL ) kL:_ €_p) z—- ’;,,:':

s S ‘

_ i(k,x-w.t), i(k x-w1t)\_ i(e’x-e’ct i(-e Px-e "ct)x" B .. ”
W o ko1, (=A@ OOy = A (XD T T3 YR ifihp -
L’ K ? E‘S

To find zeros of a wave sum e*+¢* we need to factor it =

R+L ( R-L R-L R+L
IR 1L ! 9) : ) ! 9) ! 9) R—L ,
e + e =¢€ | e +e =e 2¢cos
" 05 0~ 05 L 152 _c;k )
— l units o
= e 2cosG »600THz
: R+ L , R—-L . /
Notice %—sum P= and %—dlfference G= — They give R=P+G and L=P-G.

2
These defineW and GROUP or "wave skin" factor
- -
(kb Yx-(@ @, ) PHASE vector P

Silkx=0.) itk x—0,0)_ )] > 5 cos (kp—k; )x—(wp—w; )t ok PHASE sinh p
2 —
Spacetime wave using (@ ,ck) parameters with w=ck w"HAE coshp
(k+k, )x—(k,—k, )ct
ei(ka—cht)_I_ei(ka+kLct):el ) 7coS (kR_kL )x_(kR_I_kL )ct GROUP vector &
ei(epx—epct)_|_ei(—e_px-e_pct) _ wGROUP o sinhp

(e’—e P)x—(e+e ")t
I

Py ,—P p_—p
eP+e PYx—=(eP=e Pt
e 2 2003( )x—( )

> = ¢! (¥sinhp=cteoshP) s oog(x cosh p — ¢t sinh p)
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2 colliding waves (2-CW)
A ol ReXi=0t) _ 4 ji(2x=2c1) At kx—w,1)_ g Hi(=3x—3ct)

_ 1-CW moving left-to-RIGHT — L EFT-from-right moving 1-CW
o 1200THzZz - 300THz

_l//:A(ei(Zx—_fct:_ei(—%x—%ct))

ct) L o S

5
(D x - A
el(2x 2ct) _I_ez( 5X-5Ct) 4l

iizx
4 e 3
F S(5x-ct)

||||||||||||||||||J

Frequency o =
1200THz L4 R'
-CW movjing left-to-RIGHT —
plinilz - 1200THz
600THz |
« LEFT-from-right moving 1-CW . 300THz |
300THz
oo g A S B
T A T I Y P P RS U ARUTY FUUTY NURTA FRRTE SYRTH ITETE ARUT AOAT1 AP AP units of
-2 -1.5 -1 -0.5 0 0.5 | 1.5 2 2600THzZ
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Aei(ka—a)Rt):Aei(Zx—2ct)

1-CW moving left-to-RIGHT —
1200THz

N\ /\N /\ /\ |,
S/ | S

Factors into:

el(2x—20t)_|_e

2 colliding waves (2-CW)
— —

W:A(ei(2x—2ct)+ei(—%x—%ct))

hase \ [ group
waye wave
\

5ct) P
- A w
i(-5x 2Cl‘): 4 4 COS(%X'%CI)
ave \ [ wave
"gI/ltS" " Skln "

1 F ok 'F‘Tfi—j ,ii. F hﬁql- 43 a1z g |

Aei(ka—a)Lt):Aei(—%x—%ct)

t—LEFT-from-right moving 1-CW

300THz

T _—
~_

- e ™ I I e I S

J..jzu 4 Fz G RY F* ;Q;:.'LJ; 13 14 03 ‘.‘Lg_u 18 {2 Byl F f. 1.8 r;q 14 .;.1'_'_1;_»1;_’111 13 ,ng'xlz 1§
Frequency = /,
I//'
1200THz |4 / R
/ “AZCW moving left-to-RIGHT —
POOTHZ 15 1200THz
600THz |»
: : 3 G
«— LEFT-from-right moving 1-CW : .
300THz
.5 4 - 2 -1 2 3 4 5 C k
MLMLMMJMMMJMM units of
-2 -1.5 -1 -0.5 0 ' 1.5 2 2x600THz
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b,

Space|
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Time

c-time
(waveperiod cT)

units:

Vo m=c-% fs

—4
CT ==
rou 3 —
g p group phase rap;dtty s;e;lézlz: Z ;azltgj 5for
by 2=05
. 3
woup | €V opase | tanhp | sino g—O.6
woup | Kpnase | SIDRP | tano %=0.75
4
woup | Tonase | SEChP | cOSO §=0.80
woup | Upnase | COSHP | seco %=1.25
4
Toop | Apmase | €SChp | coto §=1.33
!V ron | Vorase!€ | cothp | csco %=1.67
| . _ J
o5 | 7V " 154 ]
£ mi”’ 2 11133 x-space(wavelength A)
phase ~_ 3 : (units: )5 um)
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c-time i
(waveperiod cT)

units:

%‘Umzc-%fs 1.5

Saturday, October 22, 2016

group | phase | TS| el R
oppler — 1
brity' e’ 5=05
. 3
group c/ Vphase tanh p | sSInoc 520.6
. 3
UX"OHP phase Slnh P tan (o) Z:O75
4
)‘grr)up Tphase SeCh p COSO g:O,SO
5 —
group vphase COSh p SeCo 2—125
4 —
group A’phase CSChP COt o 5—133
5
C/‘/gmup phase/c COth p CSCO 521,67
. . 2
bl e’ 7=20
] ] ] I
x-space(wavelength A)
(units: )4 um)
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C-time
(waveperiod cT)

units:

group | phase | i | e v
oppler — 1
b e’ 3= 0.5
: 3
Veour | €V s | tanhp | sino §:O.6
. 3
Uy | Kpmase | SINhp | tano Z:0.75
4
Ao | Torase | SEChP | cOSO §=O.80
5
wour | Uphase | COShp | seco Z:LZS
4
wowr | Monase | CSChp | coto §=1.33
5
!V ron | Vorase!€ | cothp | csco §=1.67
. . 2
b e’ T=2.0
— — 2
cothp=1.6/ =3
|

Saturday, October 22, 2016

2

x-space(wapelength A)
(units:/ ), um)
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This map has circle sector arc-area o = 0.6435 Also it 1s set to hyperbola sector arc-area p =0.6931
set to angle Zo =36.87°=0.6435radian angle Zp =v =30.96° .
$in(0)=0.6000 = tanhgpg —3/5 Beosh(p)+Bsinh(p)=Be "
tan(0)=0.7500 = sinh(p) =3/4 A ol
sec(0)=1.2500 = cosh(p) =5/4 PRV
cos(0)=0.8000 = sech(p) =4/5 )
cot(0)=1.3333 = csch(p) =4/3 L0
csc(o0)=1.6667 = coth(p) =35/3 5 on gg
~~ () S
(pytsinh(p)=3+2=20=¢" = /
—sinh(p)=3-3=12=¢" & N
A 3
4 e” Half-Sum Bsinh(p) R
h( o) = _Sum-
cosh(p) 2 Half-Eifference X QQJ
. ¢’ —e? TrigFormulae for : O
sinhtp) = 5 exponentials e** Sz =
\/{))
®
e
g, )
@)
= 2
E Y :
: AN b
S @,
. ] %
Bcosh(p)-Bsinh(p)+Be™ aa
Btanﬁt(p)
Thales (ircle BCOthgjp) >
(links e "to ")
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Saturday, October 22, 2016

V. v, A K, T
gr0 up b ]?ggpler group group group group group c b gli)g];ler
¢ vA A‘A KA TA ‘/gmup
h 1 C K phase T phase v phase 2’ phase Vphase 1
p ase bDoppler A« bDoppler
BLUE phase K4 Tu V, A ¢ RED
rapidi - . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | "
e o | e | sinc  tanc | coso  seco | coto  csco | 1/’
R U S U I/ N W O )
¢ | V14B 1 B2—1 1 1-B 1 B 1-B
| 3 3 4 5 4 5 2
pad | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 5 4 5 4 3 3 1
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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

Saturday, October 22, 2016 96



The “Keyboardjthe gods” or per-space-per-time graphs versus space-time graphs

frequency v
(units: 600THz)

_ UA 1800THz
1200THz
900THz

600THz

v=300THz

1 _1
’ | \_%\ |/2 \_%l\

per-SPACETIME
(ck,v)-graph

3-10%/m

~10%m 2-109/m

iy

Atom traveling againsj\wave
sees more wave “hits’ .
(that 1s: Doppler blue-s 'ft/

Christian / "

Doppler

- 1803-1853

4-10%/m

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

" hit "

17

5 |

"hit" 545

T=2

Frequency AND

increase

Y,

cwavenumber ck
= (units: 600THZ

Move fast enough {his way then the
“oreen” wave gets bluer and bluer

until YOU die

AMmp uae
exponentially

SPACETIME
(\cT)-graph

_Atom traveling along wave

| sees less wave “hits” /sec.

(that 1 oppler red-shift)

n hl‘z. "

" hl‘t "

/

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

until 1t dies

requency mplitude
decrease exponentially

Saturday, October 22, 2016

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

Saturday, October 22, 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!”

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

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

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

& 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

Saturday, October 22, 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...)

i

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

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

o | Li (non)-dispersion

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

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

Vacuum only makes one 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 225 shift ratios (B|A) and (C|A) to my 600THz beam.
LASER é, i Bob: | see Doppler . Carla: | see Doppler

Blue shift to 1200THz
g |  got (B|A)=2,

v =600THz RECEISER EGEIER
0,~1200THz v ~400TH
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Dopplen;l 1(’)a6i0: i
V V 1200 2 1,
<R|S>= RECEIVER <B|A>= B _ _ = <C|A>= C _ ——
Usourck U, 600 1 U, 600 3
ravidity: A
rapidity. IMPORTANT POINTS:
Prs =log, <R | 5 > 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
o o Geometric phenomena tend to uRS:_Z 0 +Z
Definition of Rapidity, involve logarithmic/exponential

Rapidity is most convenient! functionality!
l1eV proton has /
u=0.999995598-¢c (Pain in the A) /

or: (R|S)=2131.6 (Beter) //
or: prs=7.6646 (Best)

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

" M\ } 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
ST N : .
rapidity: 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 ) b the siars
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Easy Doppler-shift and Rapidity calculation

A ; /@ Alice: Hey, Bob and Carla!l Read off your Doppler
LICE’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 UC—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 -
Prs =108, 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
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Easy Doppler-shift and Rapidity calculation (I cm—cimam—@aiiz-1s

and = +0xs =-1.10
Alice: Hey, Bob and Carla! Read off your Doppler ﬁ/cj re ﬁcgp',?-{;?,,-ﬂe /

ALICE’'S 72 ohift ratios (B|A) and (C|A) to my 600THz beam.

LASER é,*g o , Bob: | see Doppler ~ Carla: | see Doppler
G AUNTLE / ;.z Also, rapidity Pz and pPca relative to me. Blue shift to 1200THz ) / // Bed shift to 400THz
( Sl e : I got (B|A)=2, gt 1got(Cla)=2/3,
Q\Iow Carla, what’s your rapidity Ocs relative to Bob’b \M /% and Psa=In(2) —— ‘ﬁ Q"Z’ and Pca =In(2/3)
,f ‘iped

=+0.69 3 =-0.41

-,  ~600THz - : e
—12OOTHZ DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
USOURCE U, 600 1 U, 600 3
ST N : 1
rapidity: Bob-Alice rapidity: Carla-Alice rapidity:
= iog, (R[S ’ :
Prs = 108, Py, =log, (B|A>:10geT Pey =log, <C|A>:10ge§
or':
<R| S> — ePrs = o~ Psk P, =0.69 (S0:p43=—0.69) ,OQA =-041
Definition of Rapidi " i
S JZB| A) v]; Ly Carla-Bob Doppler ratio:
= V- V-V
T, (| B)=2c =222 (| a)(a] B
18 time-reversed : D V. D : ! S
v, e B SO
(A B)= U_B Carla-Bobi rapidity: :

epCB — ePCA epAB implies: 0.5 = pCEA T pij
— epCA+pAB =—-041-0.69=-1.10
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Easy Doppler-shift and Rapidity calculation (I cm—cimam—@aiiz-1s

. and Pcg = Pea+Pas =-1.10
Alice: Hey, Bob and Carla! Read off your Doppler

ALICE’S f‘* ) ) We’'re in Splitsville!
e j\% shift ratios (B|A) and (C|A) to my 600THz beam. .
LASER MGl Bob: | see Doppler Carla: | see Doppler
GAUNTLEZ/ /.« é; . Also, rapidity Pz and Pca relative to me. Blue shift to 1200THz . ”‘S;Z\K/ i ﬁe d shift to 400THz
f gs e | got (B|A)=2, —-f (> J, "I got (C|A)=2/3,

JNo\/v Carla, what’s your rapidity Ocs relative to Bob? \:J j;;if? and Psa=In(2) —— and Pca =In(2/3)

P, =+069— '~ =-0.41
SGJTI-Iz- 5 o 3 =
OURCE

¥ v 600TH, e
v,=1200THz DC—4OOTHZ
Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Doppler ratio:
(R|S) = O rrcever (B|A) = Vp _ 1200 _ 2 (C| A) = Ve _ 400 %
p Usourck N U, 600 1 U4 600 3
rapidity: Bob-Alice rapidity: Carla-Alice rapidity:

- log, (3} : - - log, -
Prs = 108, p,, =log,(B|A)=log, i pes =log,(C|A)=log, 3
or:

(R|S)= e p,, =069 (s0:p,,=—0.69) p., =-041
Definition of Rapidity
\L Y .
0, Carla-Bob Doppler ratio: ( Galileo’s Revenge (part 1) )
<B|A>_v_ Ue _ Vo Uy Rapidity adds just like
- : (C|B)=—= =(ClA)(A[B)|  Fapidily adds jus
is t1me-revegsed V, U, D, Galilean velocity
(4]B)= v, Carla-Bob rapidity:
e’ = P el implies Peg = Pea T Pas
. =-041-0.69=-1.10
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Saturday, October 22, 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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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 §ot?§tere’2t)ed

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

/

c tanhp=u=csinc

y

k()

118
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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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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”’

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

—{ = Beosh p)= B+5 Bp* (for u< _
U phase = D COS @ zp(orth) _____ coshp= 1+2p 2 1 g B=v,

—gphase = Bsinhp)=Bp | (for u<c) B=V,=cK,
77 sinh p~p~
L\¥-- — t}1111]>f) ~ (fk)I'll<G§:(?)

C

At low speeds:.--

—
rou b D()ppler Vgroup vgroup A’group K‘g oup Tgroup Vphase b D()ppler
group | Orep c c BLUE
1 c c 1
phase bD()ppler V V bDoppler
BLUE phase group RED
i B
i | [ cothp | e

\va .
stellar 1/e+p sino

angle ©

CSCO 1/e?

v BB 1| 148

¢ | V148 1 B2—1 1 1-B 1 B 1-B
1 3 3

ped” | ==05 | ==06 ==0.75 2080 22125| 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 @z B +% sz(for UKC)

e . coshp= 1+2p ~1+2 > b= Uy
phase = Bsinh ,0) bp (for u<c) B=0V,4=cK,
sinh p~p~
k_ — tanhp = pj - (for u<c)
C
1 B At low speeds:--
U hase = B+Ec_2u & for (u<c)
7
Vv V. A K T Vv
gr 0up b}?ggpler L gjupj group group gfoup group phase b gzglger
hase | ¢ 1
p bgz)glger Vphase Vgroup bl?ggpler
r“”;;di’y e’ @nh ) coth p e’
S;ZZ Z 1/e” sino CSCO 1/e’”
| =B B 1| 148
¢ | V148 1 -8
Py 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 @z B +% B;:)Z(for UKC)

u
coshpz1+% pzz 1+%—2

phase = Bsinh p) Bp (for u<c)
sinh pzp~
k_ — tanhp = pj  (for u<c)
c T e S T
I At low speeds:
C
—
l,ime b}?ggpler L‘/groupj vgroup 7:phase ( phaﬂ Tgroup Vphase b gfggger
C T, T, C
1 (& group group A’ phase c 1
space I
p b]?l(,)l]}]l??ler Vphase 2‘A KA AA Vgroup b}?ggple”
e @nh P sech p @osh p)| cschp cothp | €
e 5 | e | sino cosG  seco | cotoc  csco | le”
_u| B B I -~ 1 -1 1 | 4B
e | V148 1 B2—1 1 1-B 1 B 1-B
v Lo0s5| 2206 2075|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
A@I,hase = Beosh p)= B+, Bp” (for u<c)

u =
: coshp=1+3 p= 1+%—2 E=v,
phase = Bsinh p) Bp 5 (for u<c) L ¢ B=v, =ck
sin p~p~—
k_ — tanhp = pj  (for u<c)
) L
| B At low speeds: B g
Uphase = B+ Ec_zu & for (u<c) = K phase = C—zu Uphase and Kphase resemble
formulae for Newton’s
kinetic energy and momentum
1
Resembles: const.+ EMMZ Resembles: Mu
/v
Vv A Vv
group bgggpler L gjupj vgroup group. M Tgroup pzase bgzglgei’
phase ! ¢ ¢ I
Dot | Vohase Voo | Priny
m”l’;d"’y e’ @nh ) coth p e’

v .
stellar 1/e+p sinc

angle ©

CSCO 1/e?

v BB 1| 148

¢ | V148 1 B 1-B

o 1051|2206 32075 | 22080 22125 | 2133 22167 | 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

_ ~ 1pa2
ACUphase = BCf)sh @~ B+5 Bp~(for u<c) coshpz1+%p2z1+%u—2 B=v,
CKphase:Bsmhp)zBp (foru<c) o ¢ B=v,=cKk,

7 sinh p=p=~—

k_ = tanhp = pj (for u<c) ¢
¢ 1 B At low speeds: B

Uphase = B + 5_21/12 Do fOI’ (M<<C) — Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB formulae for Newton’s kinetic
Rescale Vphase by /1 50: M=— energy EMMZ and momentum Mau.
C

1
Resembles: const.+ EMMZ Resembles: Mu

1
-
v v T v T Vv
time b Doppler group group phase phase group phase b Doppler
RED L c ] TA ( UA TA c BLUE
1 (& group K group A’ phase c 1
space b Doppler v T K— l 1% bD()ppler
BLUE phase A A A group RED
e @nh P sech p @osh p)| cschp cothp | €
e 5 | e | sino cosG  seco | cotoc  csco | le”
N T S DO L A N R/ e N B (7
e | V148 1 B2—1 1 1-B 1 B 1-B
1 3 3 4 5 4 5 2
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
ACUphase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
CK phase = Bsinh p) Bp (for u<c) B=v, =ck,

7 sinh p~p~

— = 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 ¢ formulale for Newton’s kinetic
Rescale vphase by 11 500 M=—%- energy EMMZ and momentum Mu.
C
So attach scale factor /4
to match units.
1
Resembles: const.+ EMMZ Resembles: Mu
D [ f‘/rou 2’ rou, K ou, T rou, V hase D I
group | b L ST Zgroup goup group P pLomler
C C
phase 1 c c 1
bl?l(,)lljlger Vphase Vgroup bl?ggpler

rapli)dity e‘P @nhp Cothp e+p

v .
stellar 1/e+p sino

angle ©

CSCO 1/e?

u 1-8 B 1 1-8° 1 B7-1 1 1+

c 1+ 1 B>-1 1 1-p3° 1 B 1-8

1 3 3 4 5 4 5 2
valefor | —_—05 | ==0.6 ==0.75| —==0.80 ==125| —=133 ==1.67 | ==2.0
p=3is 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 > B=vy
_gphase—Bsmhp) Bp (for u<c) B=v,=ck,
= sinh p~p~
Y~ tanhp = pj (for u<c)
C
- 1 B At low speeds: B
Uphase B + 5_21/12 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ formulale for Newton’s kinetic
Rescale vphase by 11 500 M=—%- energy EMMZ and momentum Mu.
C
1 2 So attach scale factor /4
hv =~hB+——=u for (u<c hx ~——U .
phase 2 . < for ( )= phase™ [ 2 to match units.
1
Resembles: const.+ EMMZ Resembles: Mu
Doppler f‘/rou 2’ rou, K ou, T rou, V hase D I
group | b.." L ST Zgroup goup group P pLomler
C C
phase 1 c c 1
bl?l(,)lljlger Vphase Vgroup bl?ggpler
rapn e’ @nh p cothp | €™

v .
stellar 1/e+p sino

angle ©

CSCO 1/e?

u 1-8 B 1 1-8° 1 B7-1 1 1+

c 1+ 1 B>-1 1 1-p3° 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
p=3is 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
CK phase = Bsinh p) Bp (for u<c) B=v, =ck,
7 sinh p~p~
— = tanhp = pj (for u<c)
C
~ 1 B At low speeds:
Uphase B + 5_21/12 <: fOI’ (l/t <<C) :> Kphase Uphase and K'/phase I'GSGmble
¢ hB 5 (The famous formulae for Newton’s kinetic
Rescale vpnase by 7 150: M =C—2 or: hB=Mc*™ s up energy EMMZ and momentum Mu.
1 2 So attach scale factor /
hv =hB+——=u for (u<c hK ~ .
phase 2 . « for ( )= phase to match units.
1
Resembles: const.+ EMMZ Resembles: Mu

Doppler f‘/ rou A rou, K ou T rou V hase D I

group | b.." L ST Zgroup goup group P pLomler
C C
phase 1 c c 1
bl?l(,)lljlger Vphase Vgroup bl?ggpler

rapli)dity e‘P @nhp Cothp e+p

v .
stellar 1/e+p sino

angle ©

CSCO 1/e?

u 1-8 B 1 1-8° 1 B7-1 1 1+

c 1+ 1 B>-1 1 1-p3° 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
p=3is 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
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 + ——21/t2 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
2c C S
hB 5 (The famous Me? formulae for Newton’s kinetic
Rescale vphase by I s0: M=—%" or: hB=Mc”™ owsupherel) CNEIgy EMu2 and momentum Mu.
C
1 hB 5 hB So attach scale factor 4
hv =hB+——u"- &for(ukc)= hx ~——1U .
phase 2 2 ( ) phase 2 to match units.
r» 1
h s~ Mc™+ > Mu* <for (u<c)= Ik phase™= Mu
/v
group | b Lng,p Yoo Ko | Toe Ve | o
c A, T, c
A
phaS e D”iple” - Tphase _— - D()ipler
bBLUE Vphase TA 2“A Vgroup bRED
e @nh p sech p cschp  cothp | &'
e o | e | sino COSO cotc  csco | 1/e”
_u | =B B 1 =p7 1 | JB-L 1| 4B
e | V148 1 B2—1 1 1-B 1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1

Saturday, October 22, 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
CK phase = Bsinh p) Bp (for u<c) B=v,=cKk,
sinh p~p~
7]
— = tanhp =p (for u<c)
C
- 1 B At low speeds: B
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB 5 (The famous Mc? formulae for Newton’s kinetic
Rescale Uphase by I s0: M=—5" or:hB = Mc h herely  energy —Mu? and momentum Mu.
c shows up here!) gy 2
1 hB 5 So attach scale factor 4
hv =hB+——u"- &for(ukc)= hx ~——1U .
phase 2 2 ( ) phase to match units.
) N L ucky coincidences?? * Cheap trick??
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
/v
group | b Lng,p Yoo Ko | Toe Ve | o
c A, T, c
A
phaS e D”iple” - Tphase _— - D()ipler
bBLUE Vphase TA 2“A Vgroup bRED
e @nhp sech p cschp  cothp | &'
e o | e | sino COSO cotc  csco | 1/e”
_u | =B B 1 =p7 1 | JB-L 1| 4B
e | V148 1 B2—1 1 1-B 1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1

Saturday, October 22, 2016
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Using (some) wave parameters to develop relativistic quantum theory
A@Mase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
_gphase—Bsmhp) Bp (for u<c) o p B=v,=cKk,
= ~()
Y~ tanhp = pj (for u<<c)
C
- 1 B At low speeds: B
2
Uphase B + Ec_zu <: fOI’ (M<<C) :> Kphase = C_zu Uphase and K'/phase I'CSGmble
hB 5 (The famous Mc? formulale for Newton’s kinetic
Rescale vppase by 1 s0: M=—%" orhB=Mc™ owsupherel) CNEIZY EMuz and momentum Mu.
C
1 hB > hB So attach scale factor /4
~hB+—— for (ux K ~— .
hvphase h 2 2 us <ftor(uxc)= h phase o2 “" to match units.
) 1 ''''''''''''''''''''' L ucky coincidences?? * Cheap trick??
hv ~ Mc "+ — Mu «=for (u<c)= hx ~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
Doppler f‘/group Tgroup Vphase Doppler
group | byp L bBLUE
C T, c
phase | ¢ ;Lphase ¢ |
bl?l(,){yllger Vphase 2“A Vgroup bl?ggpler

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

SZZZ 71 1/e™ | sino coto csco | 1/e”

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

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3
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Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+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: B
2
Uphase = B+ Ec_zu & for (u<c) = K phase = C—zu
hB 2
A — . _ 2 (The famous Mc
Rescale vppase by 1 s0: M= ) or:hB = Mc shows up here!)
1 hB 5 hB
M ppese=hB+——u~ &for (ukc)= K= U o
1 .
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
hv
—
group | b Lng,p Yoo Ko | Tone Ve | o
c A, T, c
1 C T A C 1
h phase phase
PR bl?l(,)lljlger Vphase TA A’A Vgroup bl?];gpler
e @nh P sech p cschp  cothp +
e o | e | sino COSO cotw 1/e”
_u| 1| B 1 1-p° B 1 148 [|(old-fashioned
c 1+ 1 l}‘z_] 1 1 B 1-8 notation)
o 1052206 22075 | 22080 22125 22133 22167 | 2220
2 5 4 5 4 3 3 1

Saturday, October 22, 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

133



Using (some) wave parameters to develop relativistic quantum theory

1 2
v = Bcosh )~ B+5 Bp~(for u<c _
phase — Y 2 bp ( ) coshp= 1+2P ~1_|_2 > B V4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
T sinh p~p~
Y~ tanhp = pj (for u<<c)
C
- 1 B At low speeds: B
Uphase B + 5_21/12 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
Rescale Upiase by I s0: M=—5" hB = M2 (1he famous Me Yan2
phase DY 11 50: D Oor: C shows up here!) ~ €NETZY 2Mu and momentum Mu.
C
1 hB » hB So attach scale factor /
h =hB+——u for (u<c hK ~——1U .
U shase 2 2 & for ( )= phase 2 to match unaits.
) 1 B s L ucky coincidences?? * Cheap trick??
hv Mc™+ Mu <for (ukc)= hx ~ Mu
phase™ ( ) phase .Try exact Uphase ...
th phase="11B cosh p =Mc* cosh p
a = = Planck (1 900) 2
group bD()PPler group group. & joup. Tgroup phase b Doppler Y T 1 C
RED c 1, T, p BLUE = 1 ota
pce | c T o ase 2shase c 1 instein (1 905 )—T \/ l-u’/c?
p bl?[i){;lger Vphase TA 2“A Vgroup bl?ggpler : (oltdj[fas};mned
.. notation
mpl’)d”y e’ @nh p sech p cschp  cothp p “ | Max Planck
siellar V- 1P | sino COso cotw i /e oy o~ N 10581547
angle © T A

Y TN o ) B | V1B

5| B 1| 1B [1%{32—1 1 1+B

value for
B=3/5

l: 0.5 é=O.6 E=0.75 i=O.80 §=1.25 i=1.33 é=1.67 %=2.0
5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

vphase = Beosh pJ= B+; Bp? (for u<c)

CK phase = B sinh p) Bp (for u<c)

coshp= 1+2p ~1+2 2'

T N ) sinh p~p~
x; = tanhp =p (for u<c) A" A
1B , At low speeds: B 16581947
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
Rescale v by i so: M=—= or:hB = Mc? (The famons M — Mu? and tum M,
phase OY ; 2 nb = shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
hv =hB+——u"- <«for(u<kc)= I =—1U .
phase 2 2 ( ) phase o2 to match units.
) 1 Y L ucky coincidences?? * Cheap trick??
hv Mc™+ Mu &for (uc)= hx =~ Mu
phase ( ) phase TI/:)/ exact Uphase
" Need to remge):thv phase="1B cosh p =Mc*coshp
— /i with /N to mat.ch Planck (1900) )
g rou p bDoppler Vgroup Agroup & oup Tgroup Vphas e'm'*en er. g:y denS lty T 1 E M C
o L ¢ A’A TA c \€0E 'E :hN /Uphas& - Ota nergy J \/
phase | ] c T o ase 2shase c 1 Einstein (1905) l-u’/c?
bl?l(,){yllger Vphase TA 2“A Vgroup bl?ggpler
e @nh p sech p cschp  cothp | &'
e 71 1/e™ | sino COSO coto csco | l/e”
u| B B 1L |1 Bl 1| 1P
e | V148 1 B2—1 1 1 B 1-B
o 105 |2206 2207522080 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
vphase = Beosh pJ= B+; Bp? (for u<c)

coshp= 1+2p 2~ 144 2' .‘ 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
7 sinh p~p~
= tanhp = pj (for u<c) 4
B At low speeds: B 16081947
2
Uphase B + 5_214 <: fOI’ (M<<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 : 2 : 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.
R S A S Lucky coincidences?? cpoqp irick?
hv ~ Mc™+ — Mu &for (ukec)=  hx ~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
" Need to remge):thv phase="1B cosh p =Mc*coshp
_ J with /AN to mat.ch Planck (1900) )
group | b2 Verou L ! T oroup V e e.m.*energy density Y Total E 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’ @nhp IR U qy=N ¥= %
e o | e | sino cotc  csco | /e’
| =B B . B 1| 4B
c 1+ 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 1
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Using (some) wave parameters to develop relativistic quantum theory

U

phase — 5 cosh @N B +2 Bp (for u<c)

CK phase = B sinh p) Bp (for u<c)

coshp= 1+2p ~1+2 2: ;

" Need to rer)lAan‘)

pree Lucky coincidences??

T

— /1 with AN to match
group nggpl " ngup __group 4 Tgroup Vphas e.m.*energy density
¢ TA c \ €0E.E :hNUpha@
h 1 C This motivates the
PRASE ppamier | ‘particle” normalization
BLUE phase
ap l’;di’y e’ @nhp f Y \If dv=N Y= %
SZZ‘Z 71 1/e™ | sino coto cSCO 1/e’”
| BB - S S Y 7]
c 1+ 1 B>-1 1 1_ﬁ2j 1 B 1-B
1 3 3 4 5 4 5 2
wefr | —=05 | 2=06 2=075 | ~=080 =125 | ==133 2=167 | =20
2 5 4 5 4 3 3 1

Saturday,

October 22, 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)
= Total Energy: E

T sinh p~p~
Y~ tanhp = pj (for u<<c)
< 1 B At low speeds: B
U phase = B+5c_2u2 & for (u<c) = K phase = C—zu
hB E
Rescale vphase by 1 so: M :c_ or:hBB = Mc? (;}fwfs T; Es'efel,c)
1 hB 5 hB
hvphaseth+Ec—2u & for (u<c)= hrcphasezc_zu
1 5 e
M, pase™ Mc*+ = > Mu® < for (U<kc)= K ,p45.= Mu

Mc2

Einstein (1905)—T \/1— Jc*

Big worry: Is not

illator energy quadratic in frequency v?

HO energy= > AV’
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Using (some) wave parameters to develop relativistic quantum theory
vphase = Beosh p)= B+, Bp” (for u<c)

coshp= 1+2p 2~ 144 2' ‘ 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
7 sinh p~p~
= tanhp = pj (for u<c) 4
< 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?
Rescale vphase by 1 s0: M —C—2 orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
1 hB hB So attach scale factor / (or hN)
h =hB+——u for (u<xc hK =—1U .
Uphase o 02 « tor ( )= phase 02 to match units.
R S A S Lucky coincidences?? cpoqp rick??
hv =~ Mc™+ — Mu &for (uke)=  hx =~ Mu
phase 2 ( ) phase TI/:)/ exact Uphase
" Need to remgelzthv phase="1B cosh p =Mc*coshp
_ /T with /AN to match Planck (1900) )
R Vorour . ( T eroup V sl €.m. energy density Mc
group | Drrp L c T, cle OE:kE _h vaha”) — TOtal Energy J
, 1 ¢ This motivates the Einstein (1905) \/ l-u’/c”
phase boerter V e ‘particle” normalization .
rapidity e P @nhp f Q W dV_N V= hv Blg Worry: I.S I.lOt
L illator energy quadratic in frequency v?
e o | 1€ | sino coto csco | l/e™” B » 2
HO energy—EA v
1- - ~-1 1 1 :
E% % ? —— 1 " ﬁl 3 % Resolution andiry seeret: £, N, and Upnase are 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

_ _ 1 2 ‘
U phase = BC?Sh @~ B+5 Bp~(for u<c) coshpz1+%p2z1+%u—2 B=v,
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
7 sinh p=p=—
— = tanhp =p (for u<c) ¢
< 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 nb = shows up here!) ~ €nergy > Mu” and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
h =hB+——Fu for (u<xc 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
— /1 with AN to mat.ch Planck (1900) )
g”'OI/lp b Doppler Vgroup vgroup 2’ group & oup Tgroup Vphas e.n. ener, g:y denS lly M C
“ L ¢ Uy Ay Ta ¢ \€0E:X<E ZthUphasv) = Total Energy° Ej \/ 2,2
1 ¢ (Kp) | T 2o ¢ 1 Einstein (1905) I=u”/c
p hase bD()ppler V K T— l V bDoppler 2
BLUE phase \ A A A group RED hCK — hB Si nh :MC Si nh
e @nh p) (sinhp) | sechp cschp  cothp | e’ | phase p p
e g | 1€ | sinc  tano | coso cotc  csco | 1/e”
u| B B 1 | -1 1 | [
e | V148 1 B2—1 1 1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters 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 c
77 sinh p=p=—
B~ tanhp = pj (for u<c) c I
Max Planck  Louis DeBroglie
_C At low speeds: 1858-1947  1892-1987
1 B , | B
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
1 by / Y orhB = M. 2 (The famous Mc 1 2 and
Rescale Upnase by 1 s0: 2 nb = Mc 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 < tor ( )= Phase o2 to match units.
2 1 :"'2' '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' lral Woave oc nSpl'I/'aC ExpenS.l.VlS??
., ~Mc+—Mu~ <for(uzc)= hx,, .~Mu + Creap frick?
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 £nergy: _f \/ -
phase | — ¢ (K e c 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 | 1e” | 1 . . Muc

'\ — = - (old-fashloned Cp =

u T i [ 1 1 145 \/ﬁ -1 \/1_u2 notation) \/1—l/t2/C2

=— — — — — C
1+ 1 2_ 1—
¢ B -1 B B iy . — i
e for L0s5|2206 2207522080 2-125| 22133 22167 | 2220 omentum. 7k phase™ 7 ™ 7, 9
2 5 4 5 4 DeBroglie (1921) l=u”lc
Saturday, October 22, 2016 14
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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 Bp7( ) coshp=1+3 p 21422 |
= Bsinh B for u< ? 22
CK phase = D sin plfv o (for u<c)
sinh p~p~
7]
— = tanhp =p (for u<c) , |
_C Tssions rsenio
1B , At low speeds: B
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 v by h so: M=—3 or:hB = M62 (The famous Me — Mu? and tum M
vhase DY : (32 : shows up here!) ~ €nergy - Mu* and momentum Mu.
1 hB hB So attach scale factor / (or hN)
h ~hB+——u for (u<c hxK —U .
Uphase o 02 « for ( )= phase 02 to match units.
2 1 :"'2"""""""'"""""""""""""""""""""""I ---------------------- ll/alw.ave.c nSpilﬂaC ExpenSlee??
., ~Mc+—Mu* < for(u<c)= hx,., . ~Mu + Creap Iric
phase 2 ( ) phase Try exact Uphase and liphase...
p - B )
‘rNjced to repl—aﬁ":thvphase_ hB cosh P =Mc COShp
_ /i with /N to mat.ch Planck (]900) )
gl"OI/lp bD oppler Vgroup vgroup u y Tgroup Vphas e'm'*ener g:y denS lty A\ T t 1 E M C
o c TA c \€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
— i _ _ & cK —hBsinh p =Mc?sin
rap;)dlty e—p Gnh) @ f \Ij \Ij dV N LP ]’lv phase p p
u
e o | /e’ | sinc tano coto csco | el | 1 .
'\ —= (old-fashioned Cp =
u -5 B 1 '3—2_1 1 148 \/ﬁ -1 \/1 u2 notation) \/1—M2/C2
=— — — — — c
c [N+ | 1 B2 1 B -8
Pl 105|206 2-075|2-080 2=125| 22133 2-167] 220 Momentum: h Kphase 2,2
2 5 4 5 4 DeBroglie (1921) l=u”lc
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