Relativity of transverse waves and 4-vectors
(Ch. 2-5 of CMwBang-Unit 8 Ch. 6 of QTforCA Unit 2 )

Reviewing “Relawavity” geometry
Reviewing the stellar aberration angle o vs. rapidity p
Pattern recognition: “Occam’s Sword”
Introducing per-spacetime 4-vector (wo,wx,w),w:) =(w,ckxy,cky,ckz) transformation
More details of Lorentz boost of North-South-East-West plane-wave 4-vectors (wo,wx, Wy, w-)
Thales-like construction of Lorentz boost in 2D and 3D
The spectral ellipsoid
Combination and interference of 4-vector plane waves (Idealized polarization case)
Combination group and phase waves define 4D Minkowski coordinates
Combination group and phase waves define wave guide dynamics
Waveguide dispersion and geometry
Is'-quantized cavity modes

(And introducing 2™-quantized cavity modes)
Lorentz symmetry effects

How it makes momentum and energy be conserved
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Reviewing “Relawavity” geometry
Reviewing the stellar aberration angle o vs. rapidity p
Pattern recognition: “Occam’s Sword”
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Reviewing “Relawavity” geometry Energy (E) 4

vic =P =0.600
Doppler blue shift factor =b =2.000
Doppler red shift factor = r = 0.500
=0540=30964> e /
0=0.693 - Coordinate angle v=atan(u/c)
0=0.644=36870°
Stellar aberration angle o—asm(u/c)
Momentum S LT
cp = Bsinh(Q) STl T
Phase Velocity |' ‘\
¢/u = Beoth(Q) ’ = .
: /l DeBroglie \\ avelength
/. \ : 1 .
v ’ ) = Beos Mc Bcsch(g)
Rest Energy ; < , :
B0 / ~Lagrangian
L(u) = Bseéh(@) \
| Group V%:locity
- DeBroglie Wavelength . Wwe=DBtanh(Q)” Phase Velocity .
- /¢ = Besch(p) - c/u = Bcoth(p) -

Thursday, March 6, 2014 3



Reviewing “Relawavity” geometry pporov (E)

—— A '
lime y Dopp vgroup Tphase Uphase Tgmup bDopp u/ ¢ C/ u ,'
space Kphase A’ group K group 2’ phase group/ ¢ Vphase/ ¢ p . I
rapidityp | ¢ ” i sinhp sechp coshp cschpi ¢” | tanhp cothp ,’I
stellarV o tanc  coso  secO  coto sinG csco ,',
oM p —JL) H Apes do/dc w@/k | | |~ ---- .o /
- Coordinate angle v=atan(u/c) /
Old c \\'\_ - - ’
Fashioned . \ Tl
Formulas \'*— [——1 = J1I— \“—"7 | Y i ,’
9 -
Stellar abermtlon anIe 0=dsm(u/c)
- ‘\ e -~ ,,
\ “sal S )
0‘ ’; ’/ , k B '
- Momentum ¢~ LT
cp = Bsinh(Q)
- o ,' /’, & ' vv - s -
Phase Velocity |
o/ = Beoth() X , = \
\\ R Dy ] ) DeE I()“llL \\ &l\Lan“lh
’ dnll l1an A
Y )/c = Besch
-+ H( ) = Bcos Q) (Q)
Rest Energ O e

B=wm/ 2

' ~Laordn01dn

—L(u) = Bsech(g)

""'Group Velouty

DeBroglie Wavelength
Besch(o)

- nle = ‘tanh(p)

Phase Velocity

c/u = Bcoth(p)
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Reviewing “Relawavity” geometry
Reviewing the stellar aberration angle o vs. rapidity p
» Pattern recognition: “Occam’s Sword”
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Pattern recognition: “Occam’s Sword”

Fig. 5.5

A Relativistic wave mechanics geometry.

(a) Overview.

. —
—

(C) Basic construction given u/c= 45/53 (d) u/c=3/5 (b-d) Details of contacting tangents.
e H=53/28
//
/
/
/
/
/
/
/
1) £45/53
)/ u/c =1 e
/ /
/ 0O -L=4/5
/ )/
// /
-L+28/45 //
1 / from:Fig.8.5.5
// / QTforCA
/

| | ] Unit8 Ch.5
e P=0/7 | p=4s08| | eP=12
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(a) Geometry of relativistic transformation (b)ﬂ@;w/c =3/5)

____SI'

and wave based mechanics

Veloczty abermtlon

HFE

angle )
Momentum c\

A

(WY

p= B s1nh P b

/

— - A= —
P > /
— >~ /
- ¢ F ~ /
7 S ~/ 1y

p-circlle
&—g-circle

b-circle

; :
- “Lagrangian

/T -L =B sech p
// //
| v |Zelocity-Mc
2 2 4 Mcu =B tanh
E o~ pop et MacBume
Red shift Blue Shzft Hamiltonian =H =B cosh p

(C) Basic constructlon (glveﬁ u/c— 45/53

(d) u/c=3/5

P HA53/28
//
/
/
/
/
/
/
/
) £45/53
// u/c =1 e
/ /
/ O L=4/5
/
/ //
-1=+28/45 //
/
/ /
/ [
[ /
[ [
| |
e P=2/7 / cp=45/28 ,’ e'le/z

Fig. 5.5
Relativistic wave mechanics geometry.

(a) Overview.

(b-d) Details of contacting tangents.

from:Fig.8.5.5
QTforCA
Unit 8 Ch.5
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Pattern recognition: “Occam s Sword” E

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

—————
’—_ i
-

I
|
|
|

- sinh p “~sinh p=tan ©
tanh p=sin G

K (=) 13—

<P > <—coshp —>
<—cosh p >
*'( e "P=sinh p+coshp >

k' () ==

from:Fig.8.5.10
QTforCA
Unit 8 Ch.5
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Pattern recognition: “Occam s Sword” E

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

—————
’—_ i
-

I
|
|
|

X-sinh p “~sinh p=tan ©
tanh p=sin G

sinh P

K (=) 13—

<P > <—coshp —>
<—cosh p >
*'( e "P=sinh p+coshp >

k' () ==

from:Fig.8.5.10
QTforCA
Unit 8 Ch.5
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Pattern recognition: “Occam’s Sword”

I
|
|
|

i

B

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

— — —
-—

— —
-— -~
-

“~winh p=tan ©
tanh p=sin G

N7/ /] .
A C — ] \\\\
O \

sinh P ‘

fe_p >
-

-

K (=) 13—

cosh p

>
'« € P=sinh ptcoshp __5

LA
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Pattern recognition: “Occam s Sword” E

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

“~winh p=tan ©
tanh p=sin G

Pr
.-
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Pattern recognition: “Occam s Sword” E

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

“~winh p=tan ©
tanh p=sin G

sinhp =tanc— coshp =seco
---------------- KT
Z - =>sino = | |

gechp =coso
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Pattern recognition: “Occam s Sword” E

AN

Fig. 5.10 CW cosmic speedometer.

Geometry of boosted counter-propagating waves.

Relawavity geometry
has geometric series!

“~winh p=tan ©
p \ tanh p=sin ©

( Surprise, surprise, surprise, ...)

\ elc.

cosh’p =sec’c
\

\ Sll’lhp =tanoc —— coshp =seco
\ ¥ré€é X R~ KT
\ N 1|
) X
74
| N
1

gechp =coso

sech? p=cos?

O- etc.
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’ Introducing per-spacetime 4-vector (wo,wx,wy,wz) =(w,ckxy,ck,,ck;) transformation
More details of Lorentz boost of North-South-East-West plane-wave 4-vectors (wo,wx,wy,w:)
Thales-like construction of Lorentz boost in 2D and 3D
The spectral ellipsoid

Thursday, March 6, 2014
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Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X

(a) Laser frame ,

k(T)
k(<) |* k(—)
@m —
0
()Y i

Suppose starlight in lighthouse frame 1s straight down x-axis : ((0 ¢,ckx i,ck y ¢,ck y i) = (wo,—wO,O,O)

from:Fig.6.1.3
QTforCA
Unit 8 Ch.6
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Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X

(a) Laser frame ,

X-axis

- “Westy ﬁ T
0)0 0)0 along -z-axis : (a) ck k., ,ck )—(wO,O, ,—a)o)

> My Ry s CR

k l/ CW Laser-pair

( ) wavevectors B N
____________ South

Suppose starlight in lighthouse frame is straight down x-axis : (a) 15Ck, ¢,cky 15k, i) = (a)o,—a)O,O,O)

from:Fig.6.1.3
QTforCA
Unit 8 Ch.6
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Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X

(a) Laser frame ,

X-axis

up +x-axis : (a’T’CkxT’CkyT’Csz) = (9 +0,0,0) “North”

-—- “Westy ‘0— T
0)0 0)0 along-z—ax1s.(a) ck k. ,ck )—( 050 ,—a)o)

> My Ry s CR

k l/ CW Laser-pair

( ) wavevectors B N
____________ South

Suppose starlight in lighthouse frame is straight down x-axis : (a) 15Ck, i’Cky 15k, i) = (a)o,—a)O,O,O)

from:Fig.6.1.3
QTforCA
Unit 8 Ch.6

Thursday, March 6, 2014 17



Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X

(a) Laser frame ,

X-axis

up +x-axis : (a’T’CkxT’CkyT’Csz) = (9 +0,0,0) “North”

along +z-axis : (a) ck,_,,ck, _,ck, _)) = (w0,0,0,+a)0)

k(<) |2 k(- S
- ( —)— “West” < T) "East”

0)0 0)0 along -z-axis : (a)(_,ckxe,ckye,ckz(_):(wO,O,O,—a)O)
Wy

k l/ CW Laser-pair

( ) wavevectors B N
____________ South

Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx i’Cky i’Ckz i) = (a)o,—a)O,O,O)

from:Fig.6.1.3
QTforCA
Unit 8 Ch.6
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Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X

(a) Laser frame ,

(b) z-(— Moving) ship E

@ Apparent  -X-aXIs
position

r of KH)

source

o
&)
W '
=
) J-axis

e P

Apparent
v position

f of K(T)
source

Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx ¢,ck ) i,ckz i) = (a)o,—a)o,0,0)

k l/ CW Laser-pair /) \L -0,
( ) wavevectors k ( )

+p_-rapidity ship frame sees starlight Lorentz transformed to :(a)l,ck)’c ¢,ck; 1-ck; i) = (a)o cosh p_,—@,,0,—w,sinh p Z)

from:Fig.6.1.3
(modified)
QTforCA

Unit 8 Ch.6
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Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X —
(a) Laser frame , (b) z-(— Moving) Sth_?:iix_ |

Apparent
position

r of KH)

source

} Ty

. Apparent
CW Laser—palr position
\ k/
} VC (l’ ) wavevectors %fwg)

Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx ¢,ck ) i,ckz i) = (a)o,—a)o,0,0)

+p_-rapidity ship frame sees starlight Lorentz transformed to :(wl,ck)’c ¢,ck; 1-ck; i) = (a)o cosh p_,—@,,0,—w,sinh p Z)

@l coshp, -+ —sinhp, @l coshp, - —sinhp, O @, coshp,
kel | 1 ekl - ~, —,
ek ! ' cky 1 0 0
ok —sinh p_ - coshp, ck., —sinh p_ - coshp,_ 0 —,sinhp_

z V4

from:Fig.6.1.3
(modified)
QTforCA

Unit 8 Ch.6

Thursday, March 6, 2014

20



Per-spacetime 4-vector (wo,wx,wy,wz) =(w,cky, cky,ck;) transformation

(Lighthouse frame) X _
a) Laser frame o b) z-(— Moving) shi E

; S O e
Apparent -axis

position

r of KH)

, ’  source

4
4

'}k’( )

~

@y e P
. \\ Apparent
k ¢ CWLaSer-pCllV k, ¢ =% ' position oo
( ) wavevectors ( ) %’{;ﬁ‘,g) —,sinhp,

Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx ¢,ck ) i,ckz i) = (a)o,—a)o,0,0)

+p_-rapidity ship frame sees starlight Lorentz transformed to :(wl,ck)’c ¢,ck; 1-ck; i) = (a)O cosh p_,—@,,0,—w,sinh p Z)

®] coshp, - - —sinhp_ @l coshp, - - —sinhp_ O Mg coshp_
cky| B : 1 - : ck,| B : 1 - : —0, |_ —0),
ok —sinhp_ - - coshp, ck., —sinhp_ - - coshp, 0 —,sinhp_
z z

After the 4-vector transformation, wy=w, is transverse Doppler shifted to wocosh p-, while ckz=0 becomes ckz' = -wq sinh p- .
(The x-component is unchanged: ckx'= -y = ckx and so is y-component: cky'= -0y = cky.)

from:Fig.6.1.3
(modified)
QTforCA

Unit 8 Ch.6
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(Lighthouse frame) X

(a) Laser frame (b) z—(%Mo@ving) Shipi;%x |
Apparent -axis
)

4
4

'}k’( )

AT

~

. o \ Apparent
k ¢ CWLaSer-pCllV k, ¢ : 70« position oo
\ k/ .
( ) wavevectors ( ) %’{fmﬁ? —@,sinh p_

_________________________ =w,tano
. . . . X 0
Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx ¢,ck ) i,ckz i) = (a)o,—a)o,0,0)

+p_-rapidity ship frame sees starlight Lorentz transformed to :(wl,ck)’c ¢,ck; 1-ck; i) = (a)O cosh p_,—@,,0,—w,sinh p Z)

@l coshp, - - —sinhp_ @) coshp, - - —sinhp, W, Wy coshp,_ M, seco
cky| B : 1 - . ck.| B . 1 - . —w, |_ —0, _ —@
Ck;}\l/ : -1 : Cky\l/ : -1 : 0 0 0
ok —sinhp_ - - coshp, ck_y —sinhp_ - - coshp, 0 —@qsinh p_ ~w, tanc

z z

After the 4-vector transformation, wy=w, is transverse Doppler shifted to wocosh p-, while ckz=0 becomes ckz' = -wq sinh p- .
(The x-component is unchanged: ckx'= -y = ckx and so is y-component: cky'= -0y = cky.)

from:Fig.6.1.3
(modified)
QTforCA

Unit 8 Ch.6
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(Lighthouse frame) X

(a) Laser frame ,

(b) z-(— Moving) ship E

@ Apparent  -X-aXIs
position

¢ of k)
, ’  source

'}k’( )

~

L Qe P
. \\ Apparent
k ¢ CWLCIS@]"—pCllV k, ¢ =% ' position oo
( ) wavevectors ( ) %’{;ﬁg) —@,sinh p_

_________________________ =w,tano
. .. . . X 0
Suppose starlight in lighthouse frame is straight down x-axis : (a) ~L’Ckx ¢,ck ) i,ckz i) = (a)o,—a)o,0,0)

+p_-rapidity ship frame sees starlight Lorentz transformed to :(wl,ck)’c ¢,ck; 1-ck; i) = (a)o cosh p_,—@,,0,—w,sinh p Z)

@l coshp, - - —sinhp_ @) coshp, - - —sinhp, W, Wy coshp,_ M, seco
cky| B : 1 - . ck.| B . 1 - . —w, |_ —0, _ —@
Ck;;i : -1 : Cky\l/ : -1 : 0 0 0
ok —sinhp_ - - coshp, ck_y —sinhp_ - - coshp, 0 —@qsinh p_ ~w, tanc

z z

After the 4-vector transformation, wy=w, is transverse Doppler shifted to wocosh p-, while ckz=0 becomes ckz' = -wq sinh p- .

(The x-component is unchanged: ckx'= -y = ckx and so is y-component: cky'= -0y = cky.)

Recall hyperbolic invariant to Lorentz transform: w’-c’k’=w'?-c’k’? (=0 for 1-CW light)
The 4-vector form of this is: w’-c’kek=w"?-c’K'k’ (=0 " )

Thursday, March 6, 2014
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———
-
-

Fig. 5.10 CW cosmic speedometer.

Geometry of Lorentz boost of counter-propagating waves.

-<

—>! sinh p

<— cosh p —>

<— cosh p—>

< eP=sinh p+coshp _5

k(¢ ) mm—

from:Fig.8.5.10

(modified)
QTforCA
Unit 8 Ch.5
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[ — —
-~ -
(2

Fig. 5.10 CW cosmic speedometer.

Geometry of Lorentz boost of counter-propagating waves.

‘(— cosh

The usual longitudinal Doppler blue shifts e*?z or Doppler red shifts ez appear on both k-vector and frequency wo.

sinh p

p——>

’

w_,
’
ckx%
/’
cky N

’
CkZ —

If starlight is horizontal left-moving k«— wave then ship going u along z-axis sees :

’

“,
ok
ck; -
k.

<— cosh p—>

cosh p_
—sinh p_
cosh p_

—sinh p_

<« cP=sinh p+cosh p >

k'(¢—) =
If starlight is horizontal right-moving k— wave then ship going u along z-axis sees :

—sinh p_
cosh p_
—sinh p_

cosh p_

@
0

0
+0),

coshp_—sinhp_

0
0

—sinh p_+cosh p_

coshp_+sinhp_

0
0

—sinh p_—coshp._

_pZ

Thursday, March 6, 2014
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More details of Lorentz boost of North-South-East-West plane-wave 4-vectors (wo,wx, Wy, w-)
Thales-like construction of Lorentz boost in 2D and 3D
The spectral ellipsoid

Thursday, March 6, 2014
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More details of Lorentz boost of North-South-East-West plane—wave 4-vectors (wo,wx,wy,w:)

North kx ~AXIS

\ \

= Lorentz boost

° /7},
Ligh thouse.,;,; 7
view (w,cKk)
of wave-vectors

Ly, JIW

South

Yy 0=30° glvesf‘

C=ue

\Shlp -frame

view (W, cK’)

u/c = sin G 1/2

of wave-vectors u/c=tanh p= 1 12

e

South starlight in lighthouse frame is straight down x-axis : (a) 1sCk, ¢>Cky 1-Ck, i) = (a)o ,— 0 ,0,0)

wotano=wosinhp=1/A/3

+p_-rapidity ship frame sees starlight Lorentz transformed to :(a)l,ck)’c ¢,ck; 1-ck; i) = (a)o coshp_,-w,,0,—® sinh pz)

] coshp_
k| _

ck; 1 -
ok —sinhp_

—sinhp_

coshp,

o) coshp,
ck.| _

cky l -
ck., —sinhp,

—sinh p_

coshp,_

g coshp_
0

—,sinh p_

W, seco
0
—a)O tano

Thursday, March 6, 2014
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More details of Lorentz boost of North-South-East-West plane-wave 4-vectors (wo,wx, Wy, w:z)

North kx-axis orth’ kx—a
SN iy — — = i ==l e i o
P o\ !'f,/ NV i
\\\f?""\\v\ f// 0SINC =
\\\\ 7//’5/ >’<»,
S 2 anhp=wo/2 |
WesEg g E
= i_EaSt Seco wotano Red Sm'__ A
E E ke-axis Blue shift woe™ $Edst’
: 3 ; i
Z ¢ Y g
nghthouse; /! N \Shlp fmme 07
view (w,cK) g oY view (W,ck/)  u/c = sIn Q' 1/2 ’ ) ANt
of wave-vectors  South of wave-vectors u/c=tanh p= 2 e Sout_l_z_’ ______ I ,
>L0rem‘z boost by 0=30° ore™ =3 wotano =wgsinh pzwo/\/ 3
For ship going u=c tanh p along z-axis
West starlight (00,0,0,- ) is blue shifted by e""=coshp+sinhp and East starlight (w,,0,0,+a,) is red shified by e*=coshp-sinhp
o’ . +p, ’ _
k,e coshp_+sinhp_ e ", cosh p_ —sinh p_ »ye P
C ’
X< _ (UO 0 _ 0 Ckx% B 0 B 0
Ck, O O ’ - 0)0 -
ye - . cki,_, 0 0
, — — +p, : -
k!, sinh p_—cosh p_ ~wye P k! —sinhp_+coshp_ —wge Pz
Blue shift factor is e "=coshp+sinhp=seco+tano Red shift factor is e’=coshp-sinhp =seco-tano
Thursday, March 6, 2014 28



Faster Lorentz boost of 5-60°=1.047 E
North-South-East- West 0=1.317
plane-wave 4-vectors (wo,ws,wy,w:) g el'=2+3

N — o) +p — i . e'p=2-\/3

>Lorentz boost by 6=60° or e =243 :>: Lotant=wsinhyp wiseco=wocoshy

= .
'-;'..’ R~ []
e R ]
<. W, !

~, ]

", ’ \\‘ []

& o ]

s W 1

) A > W 1

@ N e '

@ o _ ]

g, A 1

. L, A .
-'-'."."n.lll 1E TERTA TN = : 1

Lighthouse o t?%ip—fmm

. . / ,
view (w,cK) view (W',ck’) e = sin 6=v3/2
of wave-vectors of wave-vectors wc=tanh p=v3/2
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More details of Lorentz boost of North-South-East-West plane-wave 4-vectors (wo,wx, Wy, w-)
Thales-like construction of Lorentz boost in 2D and 3D
The spectral ellipsoid

Thursday, March 6, 2014
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Faster Lorentz boost of 5-60°=1.047 E
North-South-East-West =1.317
plane-wave 4-vectors (wo,wsx, wy,w:) g el’=2+3

N —£NO +p — - =23

gLorentz boost by 0=60" ore? =2 3 > wotano=wosinhp woseco=wycoshp

_
>

+ Wosins =wotanhp
¢ A

wrbitrary
?

West Blue shift woe™? =wo(2+V3)

£y i

Lighthouse Ship-fram South’

: : AN,
view (w,ck) view (W, ck’) u/c = sin 6=\3/2
of wave-vectors of wave-vectors w/c=tanh p=v3/2
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Faster Lorentz boost of
North-South-East-West
plane-wave 4-vectors (wo,wx, wy,w:)

>L0rentz boost by =60° or e™? —2+4/3 >

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

?

West g

g s

Lighthouse Ship-fram

. . / /
view (w,cKk) view (W', ck’) e = sin 6=3/2
of wave-vectors of wave-vectors w/c=tanh p=v3/2

Let lab starlight ray at polar angle ¢ have kT 0 = wy (1,cos 0,0,-sin /). Then ship going u along z-axis sees :
o’ coshp_ - - —sinhp_ O coshp_+sinh p_sin® seco +tan o sin O
ckire : 1 - : @ cos6 cosf cos6
CkyTG : -1 : 0 0 0
o —sinhp_ - - coshp. —m,sin6 —sinh p_—cosh p_sin6 —tano —seco sin6
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Faster Lorentz boost of ' :
North-South-East-West - wosecosinb > wotano >
plane-wave 4-vectors (wo,wx,wy,w:) 2

AN — £NO° +p — . :
_Lorentz boost by 6=60° or e =2 +43 >; wotant =wysinhp g woseco=wocoshp

; NG N i o
LT IS incy .
wrbitrary i \‘ i
> wocosh : E
West}; ' F

& =~ M"

Lighthouse Ship-fram

. . / /
view (w,cKk) view (W', ck’) e = sin 6=3/2
of wave-vectors of wave-vectors w/c=tanh p=v3/2

Let lab starlight ray at polar angle ¢ have kT 0 = wy (1,cos 0,0,-sin /). Then ship going u along z-axis sees :
o’ coshp_ - - —sinhp_ O coshp_+sinh p_sin® seco +tan o sin O
ckire : 1 - : @ cos6 cosf cos6
CkyTG : -1 : 0 0 0
o —sinhp_ - - coshp. —m,sin6 —sinh p_—cosh p_sin6 —tano —seco sin6
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Faster Lorentz boost of ,
North-South-East-West - wosecosinb > wotano
plane-wave 4-vectors (wo,ws,wy,w:) ' :

>L0rentz boost by =60° or e™? —2+4/3 >

wotans=cpsinhp E woseco=wycoshp

wrbitrary
?

West}g

§ o

Lighthouse Ship-fram

. . / /
view (w,cKk) view (W', ck’) e = sin 6=3/2
of wave-vectors of wave-vectors w/c=tanh p=v3/2

Let lab starlight ray at polar angle ¢ have k| 0/ = wy (1,cos 0,0,-sin /). Then ship going u alor

o z-aXIs Sees :
W’ : : :
,TO coshp_ - - —sinhp_ (O coshp_+sinh p_sin® seco +tan o sin O
k1o _ : 1 - : @ cos6 —w cos6 —w cos6
Ck;/m : -1 : 0 0 0 0 0
ck;Te —sinhp_ - - coshp. —m,sin6 —sinh p_—cosh p_sin6 —tano —seco sinf
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Faster Lorentz boost of
North-South-East-West
plane-wave 4-vectors (wo,wx, wy,w:)

' m
wpsecosind > 0 >

>L0rentz boost by =60° or e™? —2+4/3 >

es Loréntz
f affect vects

wrbitrary
7

Lighthouse

view (w,cKk)
of wave-vectors

West;g

-

Ship-fram
view (W', cK’)
of wave-vectors

wotano =“w\osinhp

N\
N\

™~

Blue shift

woseco=wocoshp

woe™P ZwO(2+\/3)

South’

Red shift wae'p

The spectral ellipse(oid)

w/c = sin o=V3/2
w/c=tanh p=v3/2

Let lab starlight ray at polar angle ¢ have kT 0 = wy (1,cos 0,0,-sin /). Then ship going ax1S Sees :
o’ cosh p_ —sinh p_ O coshp_+sinh p_sin® seco +tan o sin O
ke : 1 @ cosb cos6 cos6
CkyTG : -1 0 0 0
o —sinh p_ cosh p_ —m,sin6 —sinh p_—cosh p_sin6 —tano —seco sin6
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Faster Lorentz boost of
North-South-East-West
plane-wave 4-vectors (wo,wx, wy,w:)

>L0rentz boost by =60° or e™? —2+4/3 >

woseco=wycoshp
----- e - — ‘I
____________________ — \\(\\\T—lmr Y —— .
7y : SO P o W Ay '
es Loréniz ; S, LS
f affect vects &S 95
,:\:1\6()

wrbitrary
%

HIHHI\HH‘ I
i

TN
T i ‘\"F"'
O
-
-

f—
-~
-’
9)

(!

< \\ { \

pe— 65° -165° W \\\\\
S ) N T, AT ettt RS
Li ghthouse Shlp frame South’
/
view (w,cK) view (W', cK’) e = sin 6=3/2
of wave-vectors of wave-vectors w/c=tanh p=v3/2

Let lab starlight ray at polar angle ¢ have k| ¢/ = wy (1,cos 0,0,-sin /). Then ship going

0y : : :
,T9 coshp_ - - —sinhp_ 0 coshp_ +sinh p_sin® seco +tano sinf
k1o _ - 1 - : Wy cost | o cosf . cos6
Ck;/m : -1 : 0 0 0 0 0
ck;Te —sinhp_ - - coshp. —m,sin6 —sinh p_—cosh p_sin6 —tano —seco sinf
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Space-Time Geo

Multiply segments by co
to recover dimensions i

¢ sin O .

2

B

v=c tanh p= c sin ?

S

\/(c—v ctv) \/(]— 2/c?)=c'sech p=c cos'©

e ) - >

Thursday, March 6, 2014
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x-Space-y-Space Plot of wavefronts dropped

by CW or PW source moving at u=4c/5

I

Multiply segments by co = sec 0=1/N(1-V*/c?) — S
to recover dimensions i W) plot
7&
¢ sin'G T
——
I
ﬁ N(e-v)(c +v) \/(1- 2/c?)=c sech p=c cos
v=c tanh p=|c sin
- AV, > C
- ] BESY
NN
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x-Space-y-Space Plot of wavefronts dropped

by CW or PW source moving at u=4c/5

I

Multiply segments by co = sec 0=1/N(1-V*/c?) S
to recover dimensions i W) plot
L
¢ sin'G T
T~
N(e-v)(e +v)=eN(1-V¥/c?)=c'sech p=c cos
v=c tanh p=|c sin
Y - > C
o C —|—Vl
N

Thursday, March 6, 2014

39



: ation angle o=asin(u/c) .. /
lime rDopp vgraup Tphase vphase Tgroup bDapp u/ c C/ u TN . . 4
. space K phase ‘group Kgroup ‘phase Vgroup/c Vphase/ ¢ h e
vic = [= (800 . . 0 .

o rapidityp | e sinhp sechp coshp cschpi e tanhp cothp ..
Dopplcrﬁ,bluc sh;ft_iactor =b=3.001 stellarN' ¢ tanoc  coso  secoO  coto sinc csco ot
[)npplclgf red .\I‘n#l. i:tclm' =r=02333 oM D _L H A doldk  wlk
v=0.6]5=38.665° ! ' Sy
0= 1099 Fi{d ; T ' ¢
0=0928 =53.143° aomone 2 ¢ [ Vi ¢ u

‘ Formulas | 1-=
, O 10> o2 )
o l\domcntum N~
cp = Bsinh(Q) .-~ /
e i
|I\' ’/‘I ,’ ’
' , / amiltonian
: (p) = Bcosh()
\ I‘ : - . . I o
L ' ;
\\‘ ; ’ ) J /. ' o i )
Rest Energy | o /
.)) = ' g :____/‘
| ’ AT |
e </ -Lagrangian
' ~y-L(u) = Bsech(p)

™ " . : / | \,.,

I : Group Velocity

| p-circle u/c = Btanh(p)

b-circle

DeBroglie Wavelength
Besch(o)

|

N C

Phase \l‘llk‘il_\

Ecoth(o)

C/u
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Combination and interference of 4-vector plane waves (ldealized polarization case)

Combination group and phase waves define 4D Minkowski coordinates
Combination group and phase waves define wave guide dynamics
Waveguide dispersion and geometry
Is'-quantized cavity modes
(And introducing 2"-quantized cavity modes)
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Combination and interference of 4-vector plane waves (ldealized amplitude case)
WA oo kode o ke (T,8) = Aoel(Ksor - 058) + 4, ei(Keor - ©1)

i(k_)or—a)_>t) +ei(keor—w(_t)

2-CW-single-plane-polarized case: P (r,t) —e Idealized: Equal amplitudes and single plane polarization

K k -
Factored into phase and group factors: l( =7 : )or (a)%+a)e)t (k% -k_ ) or-— (a)% -0 _ )f I(Ker—Cx)

= e 2 2¢0s =e - 2cos(l§,o r— E)t)
2 2
oro) g fow)
2 2
I"::Z:j,ll I"::Z;:,_I Id ealized —— from:Fig.6.1.1
f I EREER ;_,f"‘? QTforCA
[ e e, ey S nit 2 Ch.6

Fig. 6.1.1 Sketch of a 1-CW-single-plane-polarized plane wavefunction Wi(r,t) = Ae'® = Ae'® =2V with wavevector K.
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Combination and interference of 4-vector plane waves (lIdealized amplitude case)

WA oo kode o ke (T,8) = Aoel(Ksor - 058) + 4, ei(Keor - ©1)

2-CW-single-plane-polarized case: ¥, (r,t) _ ei(k—>°"_a’—>t ) n ei(ke"'_wet ) ldealized: Equal amplitudes and single plane polarization

Ktk Jor—(o_,+w |t
Factored into phase and group factors.: - l( — ) 5 ( — e) o (k% -k_ ) or— (a)% -0, )t B ei(K.r_Qt)Zcos(E or_ E)t)
#// Phase (k.0) Groun (.0 |
ﬂb'.' '.'- il TL k k B - -
C%%}Iﬂ-'-jf;l ._;wz;m_i; borko) g b))

1

from:Fig.6.1.1
QTforCA
Unit 2 Ch.6

1 L |
'| AN L L™ L

Fig. 6.1.1 Sketch of a 1 C W—Slngle -plane-polarized plane wavefunction Wi(r,t) = Ae'® = Ae'®r =2V with wavevector k.

Individual laser 4-vectors reside
on light cone or null-invariant.
Ship Lighthouse Laser lab
2y,7 ’ 2 2 2 212 2
¢’k ok, —o=ck_k_ -0’ = c"ky—w; =0

%
24,7 ’ 2 2 . o2 272 2
c’k_k_—0”-=ck_<k_ we“’ko w,=0
Q)
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Combination and interference of 4-vector plane waves (lIdealized amplitude case)

WA oo kode o ke (T,8) = Aoel(Ksor - 058) + 4, ei(Keor - ©1)

2-CW-single-plane-polarized case: ¥, (r,t) _ ei(k—>°"_a’—>t ) n ei(ke"'_wet ) ldealized: Equal amplitudes and single plane polarization

,(k%+ke)or—(wﬁ+we)t
Factored into phase and group factors: ! k -k Jer—o -o |t (Keor—0 — _
] Phase (k,w) Group (k@)
o (k_> + ke) _R] , i (k% _ k(_) |
2 2
(a)ﬁ+a)&) O — (wﬁ—w(_)
= s =
2 2
\ A\ N\ \ Vdealized —_— from:Fig.6.1.1
f‘?’ QTforCA
A A A A Unit 2 Ch.6
Fig. 6.1.1 Sketch of a 1-CW-single-plane-polarized plane wavefunction Wi(r,t) = Ae'® = Ae'® =2V with wavevector K.
Individual laser 4-vectors reside Sum and difference vectors
on light cone or null-invariant. are not on the light cone.
Ship Lighthouse Laser lab _ Shizp I_2ighth§use , Laser lab -
2vr ur 2 _ 2 2 2,2 2 Q7 —c KK =Q —c’KeK= ;-0 =ck
¢’k ok, —o=ck_k_ -0’ = c"ky—w; =0 0 0
czk:_-k:_ — a)(’z = 02k<_-k(_ — a)i: czkg — a)g =0 O T a_)zh— *kek = 0- czkookO = —czkg
as€ waves
® KV

group Wavex
k

group waves

/%
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Combination group and phase define 4D Minkowski coordinates

(ldealized amplitude case)

—~

a) Initial Fram

(b)

k(<)

(c) After x-Boost /\ (1)
XX
k(&) k(=)
k(=)
N/ |2

k)

Aften z-Boost

/ k()k(k(T):

(=)

(L))

KSR K

y4
<1+))/2

Future work: More efficient

mapping Lorentz-Group operators

and coordinate frames

(e) x-and then z-Boost_ /
_
k(—) //
/
%
P 1
— —
/ /
// from:Fig.6.2.1
Fig. 6.2.1 Examples of sequential relativistic transformations of a tetrad of light wavevectors. QTforCA

Unit 2 Ch.6
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Combination and interference of 4-vector plane waves (ldealized polarization case)
Combination group and phase waves define 4D Minkowski coordinates

’ Combination group and phase waves define wave guide dynamics
Waveguide dispersion and geometry
Is'-quantized cavity modes
(And introducing 2"-quantized cavity modes)
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Waveguide dispersion and geometry

le:(l)/kx, uy:(l)/ky,

Thursday, March 6, 2014

Y
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirro

rs”
Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an
It happens for plane waves. The phase velocities along coordinate axes are given by

Uz = (D/kz.

u, = o/k,

very fast!
axis obliquely. V

e — X
S
— — &k

Ux approaches oo as
kx approaches 0

X
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Waveguide dispersion and geometry

y u, = o/k
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirrars” . ,
Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an

very fast!
axis obliquely. V
It happens for plane waves. The phase velocities along coordinate axes are given by
ux = 0 /kx ,

] X
uy = o /ky, uz = o /kz . j/lé%
— k ux
Each of the components (kx , ky, kz ) must be less than or equal to magnitude & =\(kx?+ ky’+ kz?).

approaches oo as
Y ky approaches 0
Thus, all the component phase velocities equal or exceed the phase velocity ® /k which 1s ¢ for light!

A water waves exceeds c if it breaks parallel to shore so 'break-line" moves infinitely fast with &y =0.

Thursday, March 6, 2014
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Waveguide dispersion and geometry y u, = o /k,
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirragrs” hwfas/ﬂ

Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an|axis obliquely.

It happens for plane waves. The phase velocities along coordinate axes are given by - X
ux=(x)/kx, uy:(l)/ky, lez(x)/kz. ;
— U approaches oo as

Each of the components (kx , ky, kz ) must be less than or equal to magnitude & =\(kx?+ ky’+ kz?). " ks approaches 0

Thus, all the component phase velocities equal or exceed the phase velocity ® /k which is ¢ for light!
A water waves exceeds c if it breaks parallel to shore so 'break-line" moves infinitely fast with &y =0.

Consider 'Hall of Mirrors" with two parallel mirrors on either side of the x-axis be separated by a distance y=W.
The South wall will be at y=-W/2 and the North wall at y=W/2. (z-axis or "up" is into the page here.)
The Hall should have a floor and ceiling at z=4+H/2 as discussed later. Here waves move in xy-plane only.

[ 4

i
\\ Y= "stellar” angle o

k(+)

n 8

Suppose input k-vector k(*) enters at angle +y.
k() = (k(t)x, k(F)y, 0) = (k cos v, ksin, 0)

ly= -W/2

------
—

k(_). \\‘\ —

Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

from:Fig.6.3.1
QTforCA
Unit 2 Ch.6
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Waveguide dispersion and geometry y u, = o /k,
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirragrs” hwfas/ﬂ

Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an|axis obliquely.

It happens for plane waves. The phase velocities along coordinate axes are given by - X
ux=(x)/kx, uy:(l)/ky, lez(x)/kz. ;
— U approaches oo as

Each of the components (kx , ky, kz ) must be less than or equal to magnitude & =\(kx?+ ky’+ kz?). " ks approaches 0

Thus, all the component phase velocities equal or exceed the phase velocity ® /k which is ¢ for light!
A water waves exceeds c if it breaks parallel to shore so 'break-line" moves infinitely fast with &y =0.

Consider 'Hall of Mirrors" with two parallel mirrors on either side of the x-axis be separated by a distance y=W.
The South wall will be at y=-W/2 and the North wall at y=W/2. (z-axis or "up" is into the page here.)
The Hall should have a floor and ceiling at z=4+H/2 as discussed later. Here waves move in xy-plane only.

[ 4

i
\\ Y= "stellar” angle o

k(+)

n 8

_y Suppose input k-vector k(*) enters at angle +y.
k() = (k(t)x, k(F)y, 0) = (k cos v, ksin, 0)

ly= -W/2

------
—

k(_). \\‘\ —

Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

Et) = expi(k(Her -mt) + exp i( K()er - @ 1) y-reflected mirror image has k-vector k(-) at angle -v.
= exp i(kx cos 'y tky sin Y- ot) + exp i(kx cos Y - ky sin Y- 0t) k(-) = (k(-)y, k(')y, 0) =(kcosy, -ksinv, 0).

from:Fig.6.3.1
QTforCA
Unit 2 Ch.6
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Waveguide dispersion and geometry y u, = o /k,
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirragrs” hwfas/ﬂ

Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an|axis obliquely.

It happens for plane waves. The phase velocities along coordinate axes are given by - X
ux=(x)/kx, uy:(l)/ky, lez(x)/kz. ;
— U approaches oo as

Each of the components (kx , ky, kz ) must be less than or equal to magnitude & =\(kx?+ ky’+ kz?). " ks approaches 0

Thus, all the component phase velocities equal or exceed the phase velocity ® /k which is ¢ for light!
A water waves exceeds c if it breaks parallel to shore so 'break-line" moves infinitely fast with &y =0.

Consider 'Hall of Mirrors" with two parallel mirrors on either side of the x-axis be separated by a distance y=W.
The South wall will be at y=-W/2 and the North wall at y=W/2. (z-axis or "up" is into the page here.)
The Hall should have a floor and ceiling at z=4+H/2 as discussed later. Here waves move in xy-plane only.

[ 4

i
\\ Y= "stellar” angle o

=\

k(+)

ly= -W/2

_y Suppose input k-vector k(*) enters at angle +y.
k() = (k(t)x, k(F)y, 0) = (k cos v, ksin, 0)

—

\
Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

Et) = expi(k(Her -mt) + exp i( K()er - @ 1) y-reflected mirror image has k-vector k(-) at angle -v.
= exp i(kx cos 'y tky sin Y- ot) + exp i(kx cos Y - ky sin Y- 0t) k(-) = (k(-)y, k(')y, 0) =(kcosy, -ksinv, 0).
=exp i(kx cos y-0t) [ exp i(ky siny) + exp i(-ky sin Y )]
= e i(kx cos Y -0) [2cos(ky siny)]

guide phase wave and group wave

from:Fig.6.3.1
QTforCA
Unit 2 Ch.6
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Waveguide dispersion and geometry y u, = o /k,
2-Dimensional wave mechanics: guided waves and dispersion in the “Hall of Mirragrs” hwfas/ﬂ

Any two or three-dimensional wave will be seen to exceed the c-limit when it approaches an|axis obliquely.

It happens for plane waves. The phase velocities along coordinate axes are given by - X
ux=(x)/kx, uy:(l)/ky, lez(l)/kz. j
— o U approaches oo as

Each of the components (kx , ky, kz ) must be less than or equal to magnitude & =\(kx?+ ky’+ kz?). " ks approaches 0

Thus, all the component phase velocities equal or exceed the phase velocity ® /k which is ¢ for light!
A water waves exceeds c if it breaks parallel to shore so 'break-line" moves infinitely fast with &y =0.

Consider 'Hall of Mirrors" with two parallel mirrors on either side of the x-axis be separated by a distance y=W.
The South wall will be at y=-W/2 and the North wall at y=W/2. (z-axis or "up" is into the page here.)
The Hall should have a floor and ceiling at z=+H/2 as discussed later. Here waves move in xy-plane only.

ASSU.me TransverseElectric'mOde.
- It always has E polarized

parallel to xz plane
= “stellar” angle o \\A

y= -W/2 k(_) ~\\\

k(+)

_y Suppose input k-vector k(*) enters at angle +y.
k() = (k(t)x, k(F)y, 0) = (k cos v, ksin, 0)

—

\
Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

Bt = expi(k(Her -mt) + exp i( K()er - @ 1) y-reflected mirror image has k-vector k(-) at angle -v.
= exp i(kx cos 'y tky sin Y- ot) + exp i(kx cos Y - ky sin Y- 0t) k(-) = (k(-)y, k(')y, 0) =(kcosy, -ksinv, 0).
=exp i(kx cos y-0t) [ exp i(ky siny) + exp i(-ky sin Y )]
= e i(kx cos Y -0) [2cos(ky siny)]
guide phase wave and group wave

TE boundary conditions make group be zero on metal walls y==17/2.

0=2 cos(k(W/2) siny), or: k(W/2) siny =7/2, or: siny = 1/(kW) Jrom:Fig.6.3.1

QTforCA
Unit 2 Ch.6
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Combination and interference of 4-vector plane waves (ldealized polarization case)
Combination group and phase waves define 4D Minkowski coordinates
Combination group and phase waves define wave guide dynamics

Waveguide dispersion and geometry
Is'-quantized cavity modes
(And introducing 2"-quantized cavity modes)

Thursday, March 6, 2014

53



Assume TransverseElectric'mOde.
It always has E polarized

_ 4 parallel to xz plane
\ V="stellar” angle o ‘\‘A\A

y= -W/2 k(_) ~\\\

—

Waveguide dispersion and geomez‘ry

k(+)

_y Suppose input k-vector k(-) enters at angle +.
k() = (k(F)x, k(t)y, 0) = (k cos v, ksiny, 0)

\
Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

E(rt) = expi(k(er -1  + exp i(KG)er - 1) y-reflected mirror image has k-vector k(-) at angle -y.
= exp i(kx cos Yy +ky siny- ot) + exp i(kx cos 'y - ky sin Y- 0t) k(-) = (k(-)y, k(')y, 0) =(kcosvy, -ksinvy, 0).
= exp i(kx cos Y-ot) [ exp i(ky siny) + exp i(-ky siny)]
= e i(kx cos Y-0) [2cos(ky siny)] TE boundary conditions make group be zero on metal walls y=+///2.
guide phase wave and group wave 0=2 cos( k(W/2) siny ), or: k(W/2) siny =n/2, or: siny = 1/(kW)

Condition k(*) =k siny = /W gives dispersion function ® (kx) or ® vs. kx relation

w =kc =c(kx? + ky2 + kz2 )1/2

from:Fig.6.3.1
QTforCA
Unit 2 Ch.6
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Assume TransverseElectric'mOde.
It always has E polarized

_ 4 parallel to xz plane
\ V="stellar” angle o ‘\‘A\A

y= -W/2 k(_) ~\\\

—

Waveguide dispersion and geomez‘ry

k(+)

_y Suppose input k-vector k(-) enters at angle +.
k() = (k(F)x, k(t)y, 0) = (k cos v, ksiny, 0)

\
Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

E(rt) = expi(k(er -1  + exp i(KG)er - 1) y-reflected mirror image has k-vector k(-) at angle -y.
= exp i(kx cos Yy +ky siny- ot) + exp i(kx cos 'y - ky sin Y- 0t) k(-) = (k(-)y, k(')y, 0) =(kcosvy, -ksinvy, 0).
= exp i(kx cos Y-ot) [ exp i(ky siny) + exp i(-ky siny)]
= e i(kx cos Y-0) [2cos(ky siny)] TE boundary conditions make group be zero on metal walls y=+///2.
guide phase wave and group wave 0=2 cos( k(W/2) siny ), or: k(W/2) siny =n/2, or: siny = 1/(kW)

Condition k(*) =k siny = /W gives dispersion function ® (kx) or  vs. kx relation

© =ke =c(kx2 + ky2 +><)1/2= clhoc? + 1 2/ W12 = \(e2ky2 + weur2)  where: acur = me/W.

from:Fig.6.3.1
QTforCA
Unit 2 Ch.6
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Assume TransverseElectric'mOde.
It always has E polarized

_ 4 parallel to xz plane
\ V="stellar” angle o \\

y= -W/2 k(_) ~\\\

—

Waveguide dispersion and geomez‘ry

k(+)

_y Suppose input k-vector k(-) enters at angle +.
k() = (k(F)x, k(t)y, 0) = (k cos v, ksiny, 0)

\
Fig. 6.3.1 "Hall of mirrors" model for an optical wave guide of width W.

E(rt) = expi(k(er -1  + exp i(KG)er - 1) y-reflected mirror image has k-vector k(-) at angle -y.
= exp i(kx cos Y tky sin y- ot) + exp i(kx cos 'y - ky siny - ) k(-) = (k(-)x, k(-)y, 0) = (k cos Y, -k sin, 0).
= exp i(kx cos Y-ot) [ exp i(ky siny) + exp i(-ky siny)]
= e i(kx cos Y-0) [2cos(ky siny)] TE boundary conditions make group be zero on metal walls y=+///2.
guide phase wave and group wave 0=2 cos( k(W/2) siny ), or: k(W/2) siny =n/2, or: siny = 1/(kW)

Condition k(*)y=k sin y = /W gives dispersion function ® (kx) or ® vs. kx relation

© =ke =c(kx2 + ky2 +><)1/2= clhoc? + 1 2/ W12 = \(e2ky2 + weur2)  where: acur = me/W.

Note: k-angle o=1/2;

- =dm
! g?)ellar ab. dk /
| anglec. imple step:1.Drop
g\““-«-__" —_—
WOcyyr-oppfc /W) T Stope from:Fig.6.3.2
Forbidde Ckcut—of ) SZO};;\\‘Ck(‘}') vector (modified)
band vpkmg/c QTforCA
(Evanescent =0/K Unit 2 Ch.6
waves ) 2 Find: Fig.6.3.2 Dispersion function for a fundamental TE wave guide mode
I v tan 0~0.9 » _]{: C k
1 1 1 1 1 1 1 1 I 1 1 1 1
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Waveguide dispersion and geometry

W =kc =cN(k? + T2 + k2 )= cN(h? + 1202) = V(e I + Ocui)
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Waveguide dispersion and geometry
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Fig. 6B.8 Thales geometry of cavity or waveguide mode

(Lecture 28 ends here)
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Waveguide dispersion and geometry

Velﬁbi_ty:l.

7

Phase Velogity=1.4 Phase Velogity=1.4]

Fig. 6.3 4 Right moving guide wave with o = 45°, Vphase:\/2c, ngup:c/\/Z :

Rare case!
Aberration angle

s 0=45°

from:Fig. 6.3 4
QTforCA
Unit 2 Ch.6

Thursday, March 6, 2014

59



Waveguide dispersion and geometry

Velocity=1. Phaise Velét;jfyzl.él Phase VelétEyzl.an

—>

7

Fig. 6.3 4 Right moving guide wave with o = 45°, Vphase:\/2c, ngup:c/\/Z :

Rare case!

Aberration angle
is 0=45°
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from:Fig. 6.3 4
QTforCA
Unit 2 Ch.6
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Combination and interference of 4-vector plane waves (ldealized polarization case)
Combination group and phase waves define 4D Minkowski coordinates
Combination group and phase waves define wave guide dynamics

Waveguide dispersion and geometry
Is-quantized cavity modes
(And introducing 2"-quantized cavity modes)
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Cavity eigenfunctions and eigenvalues

Hall of Mirrors capped by a pair of doors at x=0 and x=L becomes a wave cavity of length L.
The doors demand the wave electric field be zero at x-boundaries as well as along the walls. New boundary conditions:

k=kcosy=nn/L (n, =1 2..)

Frequency bands are broken into discrete "quantized" values ®nyx ny , one for each pair of integers or "quantum numbers" n, and n,, .

Onx ny =ke =Nk + &+ k)=, m /L + 0 m W)

\\ -L_} 1

- -
* ny=2 gf
uantum level e

| E ol B A
from:Fig.6.3.6-7 | P eFfI”CZIl ands =
s =
Unit 2 Ch.6 | | | Nx=

s K= e ——

A T |14 > | Ck = =

Fig. 6.3.7 Cavity modes for three lowest quantum numbers

Fig. 6.3.6 Cavity mode dispersion diagram showing overlapping and discrete ® and k values.
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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, March 6, 2014

64



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.
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— |~

5 e
£ violgt photon
2 3 S0
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T e ..
g i \NM Quantum field definitions have been called
2 N =7 —= od o “2nd quantization” or “wave-waves”
g‘ ’ @ng NOTE: We’re using “‘false-color” here.
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o e
N ¢
2 {he>
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o red photon N =0 e — » Jevels
N :0 e : ”or “Vacuum
2 o - > tal “Zero—palnt O
N]_O e These are the fundamen
m=1 m=2 m=3 m=4

Quantized Wavenumber (“kink” or momentum number)
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Lorentz symmetry effects

How it makes momentum and energy be conserved

A strength (and also, weakness) of CW axioms (1.1-2) is that they are symmetry principles

due to the Lorentz-Poincare isotropy of space-time (invariance to space-time translation T(8,7) in the vacuum).

Operator T' has plane wave eigenfunctions ¥ , = A" D ith roots-of-unity eigenvalues

Vio| T = (Wil ™77 (5180 Ty )= 07"

ei(k-é—w-r)

Vi) (5.18b)

This also applies to 2-part or “2-particle” product states Yio =V, » Vi », Where exponents add (k,m)-values of

each constituent to K=k;+k> and Q=m;+2, and T(8,7)-eigenvalues also have that form ¢"* %7

Matrix <‘P;(,,Q, ‘U“PK,Q> of T-symmetric evolution U is zero unless kK’ =k/+k, =K and Q' =0+, =Q

(Wi o |U|¥ga)= (Wi o | T8, DUTS,7)|Wy)  (fUT=TU forall § and 7)
=g (KDL (g L |U|W ) =0 unless: K'=K and: Q' =0

That's momentum (P=hK) and energy (E=hW) conservation!
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