Lecture 30.
Relativity of interfering and galloping waves: SWR and SWQ II.

(Ch. 4-6 of Unit 2 4.12.12)
Unmatched amplitudes giving galloping waves

Standing Wave Ratio (SWR) and Standing Wave Quotient (SWQ)

Analogy with group and phase
Analogy between wave galloping, Keplarian IHO orbits, and optical polarization
Waves that go back in time - The Feynman-Wheeler Switchback

Ist Quantization: Quantizing phase variables w and k
Understanding how quantum transitions require “mixed-up”’ states

Closed cavity vs Ring cavity Lecture 30 ended here
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Galloping waves due to unmatched amplitudes

2-CW dynamics has two 1-CW amplitudes A_; and A_ that we now allow to be unmatched. (A_, #A_)

i(k_ x—w_t) i(k, x—w,_t) _ i(ks x—0s1) (k. x—m,t) —i(k,x—w,1)
Aﬁe +Aee =e  Z z [A%e AT A +Aee AT AT

Waves have half-sum mean-phase rates (kx.@s) and half-difference group rates (kp.@5) .

ks = (ky+ k. )/2 kp= (k= ke )/2
ws =(0_,+0_)/2 w,=(0w_,—w,_)/2
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Galloping waves due to unmatched amplitudes

2-CW dynamics has two 1-CW amplitudes A_; and A_ that we now allow to be unmatched. (A_, #A_)

i(k_ x—w_t) i(k, x—w,_t) _ i(ks x—0s1) (k. x—m,t) —i(k,x—w,1)
Aﬁe +Aee =e  Z z [A%e AT A +Aee AT AT

Waves have half-sum mean-phase rates (kx.@s) and half-difference group rates (kp.@5) .

ks = (ky+ k. )/2 kp= (k= ke )/2
ws =(0_,+0_)/2 w,=(0w_,—w,_)/2

Also important is amplitude mean Ay = (A, + A_)/2 and half-difference A, = (A, - A _)/2

Detailed wave motion depends on standing-wave-ratio SIWR or the inverse standing-wave-quotient SWO.

(AL, - A) o - At A
C(AL+A) QW@—&)

SWR
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Galloping waves due to unmatched amplitudes

2-CW dynamics has two 1-CW amplitudes A_; and A_ that we now allow to be unmatched. (A_, #A_)

i(k_ x—w_t) i(k, x—w,_t) _ i(ks x—0s1) (k. x—m,t) —i(k,x—w,1)
Aﬁe +Aee =e  Z z [A%e AT A +Aee AT AT

Waves have half-sum mean-phase rates (kx.@s) and half-difference group rates (kp.@5) .

ks = (ky+ k. )/2 kp= (k= ke )/2
ws =(0_,+0_)/2 w,=(0w_,—w,_)/2

Also important is amplitude mean Ay = (A, + A_)/2 and half-difference A, = (A, - A _)/2

Detailed wave motion depends on standing-wave-ratio SIWR or the inverse standing-wave-quotient SWO.

(A,—A) AL+ AD)

SWR = =
(A, +A_) SWQ (A,—-A_)

These are analogous to frequency ratios for group velocity Veoup <c and its inverse that is phase velocity Vynase >c.

O (wﬁ—we)zc(w%—@_) v wzz(a)ﬁﬂoe)zc((oﬁﬂoe)

group.— ka - (k_, — k_) (0_,+ o_) phase = ks (ko + ko) (0, - o)

vV c

group

¢ Vphase
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Fig. 6.1 Monochromatic (I-frequency)
2-CW wave space-time patterns.
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Fig. 6.1 Monochromatic (I-frequency) ~ Fig. 6.2 Dichromatic (2-frequency)
2-CW wave space-time patterns.  2-CW wave space-time patterns.

www.uark.edu/ua/pirelli/php/amplitude_probability 2.php
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(b)

1-frequency
cases

Fig. 6.1 Monochromatic (I-frequency)
2-CW wave space-time patterns.
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2-frequency
cases

(C) E(_:05

~ Fig. 6.2 Dichromatic (2-frequency)
 2-CW wave space-time patterns.
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Fig. 6.3 (a-g) Elliptic polarization ellipses relate to galloping waves in Fig. 6.1. (h-i) Kepler anomalies.



Fig. 6.1 Monochromatic (I-frequency)
2-CW wave space-time patterns.
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~ Fig. 6.2 Dichromatic (2-frequency)
 2-CW wave space-time patterns.

(h) Elliptic oscillator orbit

ky SWR =b/a =1/5
c;"cgu% right mean
ati moving Y anomaly

’ (b) b=+

r-ellj

/‘ right
'! galloping \

eccentric

waes. | L7 anomaly
) b0 ure B 2/ ~ b sin ot
< standing tan(l)(t)_ X acos ot

x-plane polarization

(1) Kepler anomaly relations

() ba=15s tan®(t) = SWR tan ot

left

circular
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Fig. 6.3 (a-g) Elliptic polarization ellipses relate to galloping waves in Fig. 6.1. (h-i) Kepler anomalies.
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Analogy between wave galloping, Keplarian IHO orbits, and optical polarizatio/n//y'\ 4 mean
yd x;z_%_s_oo anomaly

est spee
t %’gye <

|
We’ll show wave galloping is analogous to Keplarian orbital motion of angles w*f and ¢ of orbits.

Eanq)(t) = étancoa
a

a

gee r=a

eccentric
\\ // anomaly

Kepler anomaly relations
y b sin ot

an®()= 5= Teos ot — SWRtan ot

posod
S
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A mean

Analogy between wave galloping, Keplarian IHO orbits, and optical polarizW(__
XFa gos 0| anomaly

Wte—

/

ighest speed v=)

I
We’ll show wave galloping is analogous to Keplarian orbital motion of angles wl-t and ¢ of orbits. /s perigee r=p=1
: a / O

Ean(p(t) = étanooa
a ~—— w

The eccentric anomaly time derivative of ¢ (angular velocity) gallops between ® -b/a and ® -a/b. {owest speed V=51
apogee r=a#=
2 w-bl/a for: wt=0, ®, 27...

_@_w_ésecza)t_w.é secwit w-bla B
di  a sec*¢ al+tan’¢ cos’wi+(b/a) sinfwt | @-alb ®t=m1/2,3n/2,..

0
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Kepler anomaly relations
y b sin ot

tan(t)= %= g cos ot

eccentric
anomaly

= SWR-tan ot
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Analogy between wave galloping, Keplarian IHO orbits, and optical polariZW

Wte—

/

ighest speed v=)

I
We’ll show wave galloping is analogous to Keplarian orbital motion of angles wl-t and ¢ of orbits. /s perigee r=p=1
: a / O

Ean(p(t) = étana)-a
a ~—~ \b

The eccentric anomaly time derivative of ¢ (angular velocity) gallops between ® -b/a and ® -a/b. owest speed V=51
apogee r=a#=
2 w-b/a for: wt=0, &, 27...

. do bsecza)t_ b sec"wr w-bla B
dt a sec” ¢ al+tan“¢ cos a)t+(b/a) .sin“ wt w-alb wt=7n/2, 3n/2,..

y b sin ot

The product of angular moment »* and ¢ is orbital momentum, a constant proportional to ellipse area. Kepler anomaly relation
an()= %= g cos ot

d . d
r? —¢ = constant = (a2 cos’ Wt + b* -sin’ a)t)d—¢ =w-ab
4

dt
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eccentric
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= SWR-tan ot

mean
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Wte—

/

ighest speed v=)

I
We’ll show wave galloping is analogous to Keplarian orbital motion of angles wl-t and ¢ of orbits. /s perigee r=p=1
b é b
Ean(p(t): —tana)a a )
a w
\\\

The eccentric anomaly time derivative of ¢ (angular velocity) gallops between ® -b/a and m -a/b. owest speed V=51
apogee r=a#=
{ w-bla for: @1=0, T, 2.

4 do o b sec’ w1 b sec’wi w-bla
_4v_ .2 —w = — : = eccentric
dt a sec’¢ al+tan’¢ cos’wi+(b/a) -sin’wi /anamaly
The product of angular moment 72 and ¢ is orbital momentum, a constant proportional to ellipse area. Kepler anomaly relations
y b sin ot
= SWR-tan 0t

_ i

w-alb wt=m/2,3n/2,..

tan(t)= %= g cos ot

d . d
r? ¢ = constant = (a2 cos’ t+b? -sin® a)t)d—(P =w-ab
4

dt

Consider galloping wave zeros of a monochromatic wave having SWR =1/5.

k x—.t I(—k x—w,t
0 °)+A e(o 0)} where:a)_>=a)0=a)e—

0=Re¥(x,1)= Re[A_)el( .
0= A_> [cos kox CoS Wt + sin kox sin a)ot]+ A(_ [cos kOx COS Wyt — sin kOx sina)ot}

(A% + Ae)[cos kox cosa)ot] = —(A% — Ae)[sin kox sinwot]

A mean

Analogy between wave galloping, Keplarian IHO orbits, and optical polarizW(__
XFa gos 0| anomaly

Thursday, April 12, 2012
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A mean

Analogy between wave galloping, Keplarian IHO orbits, and optical polarizW(__
XFa gos 0| anomaly

Wte—

/

ighest speed v=)

I
We’ll show wave galloping is analogous to Keplarian orbital motion of angles wl-t and ¢ of orbits. /s perigee r=p=1
: a / O

Ean(p(t) = étanooa
a ~—— w

The eccentric anomaly time derivative of ¢ (angular velocity) gallops between ® -b/a and ® -a/b. owest speed V=51
apogee r=a#=
{ w-bla for: @1=0, T, 2.

. do b sec’ w1 b sec’ w1 w-bla :
- T = = - eccentric
anomaly

(P = 0) — = =
dt a sec’¢ al+tan’¢ cos’wi+(b/a) -sin’wi
The product of angular moment 7? and ¢ is orbital momentum, a constant proportional to ellipse area. Kepler anomaly relations
y b sin ot
= SWR-tan 0t

_ i

w-alb wt=m/2,3n/2,..

tan(t)= %= g cos ot

d . d
r? ¢ = constant = (a2 cos’ t+b? -sin® a)t)d—(P =w-ab
4

dt

Consider galloping wave zeros of a monochromatic wave having SWR =1/5.

k x—.t I(—k x—w,t
0 °)+A e(o 0)} where:a)_>=a)0=a)e—

0=Re¥(x,r)= Re[A_)ei( .
0=A_ [cos kyX cos@yt +sinkqx sin a)ot]+ A_ [cos kyx cosw,t—sinkyx sin wot}
(A% + Ae)[cos kox cosa)ot] = —(A% — Ae)[sin kox sinwot]

Space kox varies with time mof in the same way that eccentric anomaly ¢ varies with w-7 .

[tan kox =—=SWR-cotwyt = SWR- tanwot_] where: gt =gt —71m/2
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anomaly
Wie—

Analogy between wave galloping, Keplarian IHO orbits, and optical polarizW(__ Y mean

/ /

\

. . . . I . ighest speed v=)
We’ll show wave galloping is analogous to Keplarian orbital motion of angles w*7 and ¢ of orbits. /) vriabe r=p=]
: a / O

Ean(p(t) = étana)-a
a

The eccentric anomaly time derivative of ¢ (angular velocity) gallops between ® -b/a and  -a/b.

\\ \b
owest speed V=1
apogee r=a=5

q-)_@_w.ésecza)t_ b sec’wt _ w-bla | @-b/a for: @t=0,m, 2m... |
dt a sec’ al+tan’¢ cos’wi+(b/a) -sin’wi w-alb owt=m/2,3n/2,.. eccentrllc
: anoma
The product of angular moment »* and ¢ is orbital momentum, a constant proportional to ellipse area. Kepler anomaly relations !
do do y b sin ot
r? — = constant = (a* cos® w1 + b* -sin” 0 1) — = @ - ab an®()= 5= Teos ot — SWRtan ot

_ i

dt dt

Consider galloping wave zeros of a monochromatic wave having SWR =1/5.

O = Re‘P(x’l') — Re[A%el(kox—wot) + Aeel(_kox—wol‘):| where: 0)_) _ (DO _ (De _

—_—
= e —_

0= A_> [cos kox COS W + sin kox sin wot] + A<_ [cos kox COS Wt — sin kOx sin wot}

(A% + Ae)[cos kox cosa)ot} = —(A% — Ae)[sin kox sina)ot]

Space kox varies with time mof in the same way that eccentric anomaly ¢ varies with w-z.

[tan kox =—=SWR-cotwyt = SWR- tanwot_] where: gt =gt —71m/2

Speed of galloping wave zeros is the time derivative of root location x in units of light velocity c. E _ 0 4 E — 0 6
— YT -

—=c-SWR 5

2 ot c-SWR c-SWR for:t =0, &, 2x...
dt sec” kox  cos” @yf + SWR? -sin” w7

dx sec” Wyt _
c-SWQ t=m/2, 3n/2,..
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Wave-Zero Speed-Limits

Standing Wave Ratio SWR and Quotient SWQ

SWR=(E_—E_)(E_+E_)=1/SWQ

Wave zeros

“resting”
SWR=1/5 ...

SWRis____ _____
T 51
JT-% B U
III II
/II =

Wave zeros

gallopzng
at co-speed

W =2¢c O =2
&

%
k %22 kFZ—Z
Uerour— 0 » Uprgsr=®

O 7 I Pl N e o P P U O I O ¥
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Wave zeros .

Wave-.Zero Speed-L1m1ts | SWR=() ‘standils”| -
Standing Wave Ratio SWR and Quotient SWQ at 0-speed || |25 =0
_ _ _ Wave zeros =] )|
SWR-E -EVE HE-ISHO e
Wave zeros at co-speed { Ealcnl
SWR=1/5 E/L'QQ/ -]
SWRis at (15)c ®_=2c O, =2 : ; :j
7N 51 (IR M i |
'\ / / o | |EHE i Uerour~ > Uprasg™™ | l
i/ 4 . j SWR=1 is analogous to (1,i) = \\\\V///‘

E

SWR=1/5 is analogous to (5-to-1)
Right Elliptic Polarization
Jlopzng at Sc
t ” ~vvv
artes* ing Stlng

1/5¢ 1/5c

=0.6

=04, E

“galloping” at 5c
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x-Plane Linear Polarization

»7/’

Right Circular Polarization

SWR=0 is analogous to (1,0)

A\

»’V

SWR=-1 is analogous to (1,-i)
Left Circular Polarization
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Waves that go back in time - The Feynman-Wheeler Switchback

Minkowski Zero-Grids are

Spacetime Switchbacks for

(o%=4c (oe:]

c

=c5/3

www.uark.edu/ua/pirelli/php/amplitude_probability 4.php

/Group zero
speed limit
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“ ) Phase
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E. 0.5, E_,=0.

/

Wave ze/ro—anti-zerg\

/

annihilation and creation occur fogether at
the same spacetime point for SWR=0
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SWR=-1/5

d-" “prase

“anti-zero”
going
“back-in-time”
)

,-(Phase zero
speed limit
+SWR

Wavq/ zero-anti-zer(\

annihilation and creation occur separately at
different spacetime points for -u 5 p<SWR<0
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www.uark.edu/ua/pirelli/php/amplitude_probability 2.ph

At High Speed 2-CW Modes Look More Like I-CW Beams y=E \/%

Various combinations of opposite-k 1-CW beams occur with open boundaries.
E-wave: E=E%ei(k_gc-(o_J)_FE(_ei(kex-(a)et) is related to LI’—wazve."l’=\|I_>6i(k—>x'(0—>t)‘|'\|le€i(k*x'w*t)

Standing Wave Ratio (or Quotient)
SWR=(E_-E_)/(E_+E _)=1/SWQ

key

numbers

Wave Group (or Phase) Velocity
U po/ C=(O_—0_)/(®_+o _)=c/u,, ..

I-frequency case : v_=2c k —A2 O=2c, k=2 gives: uGROUP_O and Upase ="
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Ist Quantization: Quantizing phase variables w and k

Understanding how quantum transitions require “mixed-up "’ states
Closed cavity vs Ring cavity

Thursday, April 12, 2012
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www.uark.edu/ua/pirelli/php/quantized 0.php

Quantlzed ® and & Counting wave kink numbers

If everything 1s made of waves then we expect quantization of everything because
waves only thrive if infegral numbers n of their “kinks™ fit into whatever structure
(box, ring, etc.) they’re supposed to live. The numbers » are called quantum numbers.

OK box quantum numbers: n=1 n=2 n=3 n=4
(+ integers only) e N TN N\ N\
S — AN = VARV,
ome
NOT OK numbers: n=0.67 n=4
too fat! -
/l\.\ / ~ '
— ...not tolerated !

NOTE: We’re using “false-color” here.

This doesn 't mean a system s energy can t vary continuously between “OK” values E;, E>, E3, Eq4, ...

Thursday, April 12, 2012 21



www.uark.edu/ua/pirelli/php/quantized 0.php

Quantlzed ® and & Counting wave kink numbers

If everything 1s made of waves then we expect quantization of everything because
waves only thrive if infegral numbers n of their “kinks™ fit into whatever structure
(box, ring, etc.) they’re supposed to live. The numbers » are called quantum numbers.

OK box quantum numbers: n=1 n=2 n=3 n=4
(+ integers only) e N TN N\ N\
S — — X =\ VARV
ome
NOT OK numbers: n=0.67 n=4
too fat! -
/l\.\ / —~ '
— ...not tolerated !

NOTE: We’re using “false-color” here.

This doesn 't mean a system s energy can t vary continuously between “OK” values E;, E>, E3, Eq4, ...
In fact its state can be a linear combination of any of the “OK” waves |E;>, |E>>, |E3>, |E4>, ...
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Quantlzed ® and & Counting wave kink numbers

If everything 1s made of waves then we expect quantization of everything because
waves only thrive if integral numbers n of their “kinks” fit into whatever structure
(box, ring, etc.) they’re supposed to live. The numbers » are called quantum numbers.

OK box quantum numbers: n=1 n=2 n=3 n=4
(+ integers only) ECOAN x A N\
"~ — = VARV,

Some
NOT OK numbers: n=0.67 n=1.7 n=4

too fat! too thin! B

PR RN / ~
I )/
| N ...not tolerated !

NOTE: We’re using “false-color” here.

This doesn 't mean a system s energy can t vary continuously between “OK” values E;, E>, E3, Eq4, ...
In fact its state can be a linear combination of any of the “OK” waves |E1>, |E>>, |E3>, |E4>, ...

That s the only way you get any light in or out of the system to “see’ it.
Es>

E3>

frequency hwss= EsE>»
E>>
W\

frequency hwai= E»E; EA NN

Thursday, April 12, 2012 23



www.uark.edu/ua/pirelli/php/quantized 0.php

Quantlzed ® and & Counting wave kink numbers

If everything 1s made of waves then we expect quantization of everything because
waves only thrive if integral numbers n of their “kinks” fit into whatever structure
(box, ring, etc.) they’re supposed to live. The numbers » are called quantum numbers.

OK box quantum numbers: n=1 n=2 n=3 n=4
(+ integers only) ECOAN x A N\
"~ — = VARV,

Some
NOT OK numbers: n=0.67 n=1.7 n=4

too fat! too thin! B

PR RN / ~
I )/
| N ...not tolerated !

NOTE: We’re using “false-color” here.

This doesn t mean a system s energy can t vary continuously between “OK” values E;, E>, E3, Eq4, ...
In fact its state can be a linear combination of any of the “OK” waves |E1>, |E>>, |E3>, |E4>, ...

That s the only way you get any light in or out of the system to “see’ it.
Es>

These eigenstates are the only

E3>A ways the system can “play dead” ...
frequency wse= (Es-E»)/h Er> V\/\/\/\ ... "“sleep with the fishes”...
frequency wa; = (Eo>-E1)/h 75
]> W
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www.uark.edu/ua/pirelli/php/quantized 0.php

Quantlzed ® and & Counting wave kink numbers

If everything 1s made of waves then we expect quantization of everything because
waves only thrive if infegral numbers n of their “kinks™ fit into whatever structure
(box, ring, etc.) they’re supposed to live. The numbers » are called quantum numbers.

OK box quantum numbers: n=1 n=2 n=3 n=4
(+ integers only) ECRN BN D/ SNVA
— — X =\ VAR,

Some
NOT OK numbers: n=0.67 n=4

too fat! -

/I\.\ / ~ '
— ...not tolerated !

NOTE: We’re using “false-color” here.

Rings tolerate a zero (kinkless) quantum wave but require *integral wave number.
OK ring quantum numbers: m=0 m==x1 m==£2

(x integral number
of wavelengths) |

Bohr’s models of atomic spectra (1913-1923) are beginnings of quan_t;tm wave mechanics
built on Planck-Einstein (1900-1905) relation E=hv. DeBroglie relation p=h/A comes around /923.
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Lecture 30 ended here

2nd Quantization: Quantizing amplitudes (“photons”, “vibrons”, and “what-ever-ons”)
Introducing coherent states (What lasers use)
Analogy with (w,k) wave packets
Wave coordinates need coherence

Thursday, April 12, 2012
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Quantized Ampl itude Counting “photon’” number

www.uark.edu/ua/pirelli/php/quantized |.php

Planck’s relation E=Nmv began as a tenative axiom to explain low-T light. Then he
tried to disavow it! Einstein picked it up in his 1905 paper. Since then its use has
grown enormously and continues to amaze, amuse (or bewilder) all who study 1it.

A current view 1s that it represents the quantization of optical field amplitude. We
picture this below as N-photon wave states for each box-mode of m wave kinks.

Quantized Amplitude (“photon” num@r)

These are the fu

m=1 m=2

N=0—1

3] levels

_point” or “vacti

ndamental

m=3 m—=4

Quantized Wavenumber (“kink” or momentum number)

Thursday, April 12, 2012
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