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"SIMPLEST MOLECULE” CLARIFIES MODERN PHYSICS II. RELATIVISTIC QUANTUM MECHANICS

T.C. REIMER, W. G. HARTER, Department of Physics, The University of Arkansas, Fayetteville, AR, USA.

A “simplest molecule” consisting of CW-
laser beam pairs helps to clarify relativity
in Talk I. In spite of a seemingly massless
evanescence, an optical pair also clarifies clas- Stellar aberration angle o=asin(u/c)
sical and quantum mechanics of relativistic
matter and anti-matter.
Logical extension of (x,ct) and (w,ck) ge-
ometry gives relativistic action functions of
Hamiltonian, Lagrangian, and Poincare that _
may be constructed in a few ruler-and- cothip) L Py
compass steps to relate relativistic parame-
ters for group or phase velocity, momentum, Rest Enengy
energy, rapidity, stellar aberration, Doppler (12 Bethio)
shifts, and DeBroglie wavelength. This ex-
poses hyperbolic and circular trigonometry as / Group Veloity
two sides of one coin connected by Legendre ~W/e = Branhig)™
contact transforms. One i1s Hamiltonian-like
with a longitudinal rapidity parameter p (log of Doppler shift). The other is Lagrange-like with a transverse angle parame-
ter o (stellar aberration). Optical geometry gives recoil in absorption, emission, and resonant Raman-Compton acceleration
and distinguishes Einstein rest mass, Galilean momentum mass, and Newtonian effective mass. (Molecular photons appear
less bullet-like and more rocket-like.) In conclusion, modern space-time physics appears as a simple result of the more

If-evident Evenson’s axiom: “A rs goc.”
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Review of optical wave parameters for relativity

...and their geometry

It’s all based on Doppler shifts
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Review of optical wave parameters for relativity

...and their geometry

It’s all based on Doppler shifts
and

and
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Review of optical wave parameters for relativity
...and their geometry
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Review of optical wave parameters for relativity
..and their geometry
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...and their geometry
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Review of optical wave parameters for relativity

Freq is HALF-SUM
cosh

k-vec is HALF-DIFF
sinh

Freq is HALF-DIFF
sinhp

k-vec is HALF-SUM
coshp

GROUP is per-Space axis or

T Ky = dimension

PHASE is per-Time axis or
w = 21 v=Nu dimension

PHASE and GROUP
hyperbolas are p-invariant
due to T-symmetry b=1/r




Review of optical wave parameters for relativity
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..and their geometry
v/= W o
axis
(Units of 300THz)

Review of optical wave parameters for relativity
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Review of optical wave parameters for relativity
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...and their geometry
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Review of optical wave parameters for relativity

Freq is HALF-SUM
cosh

k-vec is HALF-DIFF
sinh

Freq is HALF-DIFF
sinh

k-vec is HALF-SUM
cosh

is per-Space axis or
=2T Ky = dimension
PHASE is per-Time axis or
¢ = 27 v=Nu dimension

PHASE and GROUP
hyperbolas are p-invariant
due to T-symmetry b=1/r
PHASE tangent slope is
GROUP velocity and axis slop

GROUP tangent slope is
PHASE velocity and axis slope

g-circles inscribe Doppler
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p-circles circumscribe Doppler
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Review of optical wave parameters for relativity

...and their geometry
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Review of optical wave parameters for relativity

...and their geometry
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Review of optical wave parameters for relativity

...and their geometry
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Review of optical wave parameters for relativity
...and their geometry
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Review of optical wave parameters for relativity
...and their geometry
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Review of optical wave parameters for relativity

...and their geometry
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% B;:)Z(for UKC)
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Using (some) wave parameters for relativistic quantum theory

1 2
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Using (some) wave parameters for relativistic quantum theory

ACUphase = Bcosh @z B +% sz(for UKC)
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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 cosoc  seco | coto  csco | lle”?

I I I R W B S W I/ I U 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
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Using (some) wave parameters for relativistic quantum theory

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

coshp= 1+2p ~1+2 >
phase — Bsinh p) Bp (for u<c)
sinh p~p~
k_ = tanhp = pj (for u<c)
C
1 B At low speeds: B
2
Uphase = B+ 5 2! & for (u<c) = K phase = 7 U
C C
hB ,
Rescale vphase by 11 80: M=—% or: hB=Mc
C
| 5 .
Looks hkeEMu Looks like Mu
7
time b}?ggpler L‘/groupj vgroup 7:phase ( phaﬂ Tgroup Vphase b gfgger
¢ T, T, C
1 c group group A’ phase C 1

space —
P | Vi b K | A Vo, BT
ropn e’ @nhp sech p @oshp cschp  cothp | ¢
S;ff;‘l’er 71 1e | sino COSO seco coto csco | l/e”

_u | 1B B 1 =7 1 |11 | 4B

e | V148 1 B2—1 1 1-B 1 B 1-B
v Lo05] 2206 2207522080 2=125| %2133 2167 2220

2 5 4 5 4 3 3 1

B=1)A
B=1)A=CK'A
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Using (some) wave parameters for relativistic quantum theory

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

coshp= 1+2p ~1+2 2
phase = Bsinh p) Bp (for u<c)
sinh p~p~
k_ = tanhp = pj (for u<c)
C
1 B At low speeds: B
2
Vphase = B+—=—= U & for (u<c) = K phase = 7 U
2 ¢ C
hB )
Rescale Uphase by I s0: M=—5" or: hB=Mc
C
1 hB hB
M ppase=hB+——u" &tor (ukc)= K ,pu,~—5U
2 ¢ C
—

. oppler V)rou v rou ase ase T rou V ase oppler

time | b L Aca = Lohase ( phj ;AP pZ boivn
1 c gr()up group A’ phase c 1

Space b]?l(,)l]}]l??ler Vphase KA AA Vgroup b}?ggple”
e @nh p sech p @osh P) | cschp cothp | e
S;fg’; 71 1e | sino COSO seco coto csco | 1/e”

_u | 1B B I -5 1 -1 1 | 4B

e | V148 1 B2—1 1-B 1 B 1-B
v 1052206 22075 | 22080 é=1.25 4133 é=1.67 2220

2 5 4 5 3 3 1

B=1)A
B=1)A=CK'A
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Using (some) wave parameters for relativistic quantum theory

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

coshp= 1+2p ~1+2 2
phase = Bsinh p) Bp (for u<c)
sinh p~p~
k_ = tanhp = pj (for u<c)
C
At low speeds:
1B , B
Uphase = B+ 5 2! & for (u<c) = K phase = 7 U
C C
hB ,
Rescale vphase by i s0: M=—5" or: hB=Mc
C
1 hB 5 hB
MU ,pase=hB + Sl Sftor (ukc)= K,y =5 U
C C
r» 1
h s~ Mc™+ > Mu* <for (u<c)= Ik phase™= Mu
7o
tl me b}?ggpler L‘/groupj vgroup phase ( phaﬂ Tgroup Vphase b gff]]ger
c T, c
1 c gr()up group A’ phase c 1
space — ——
b]?L[I}IZ;l Vphase KA AA Vgroup bI?Ef)pl
e @nh P sech p @osh p)| cschp cothp | €
S;fg’; 71 1e | sino COSO seco coto csco | l/e”
_u | =B B 1 -p7 1 | BT 1 | 4B
o | V148 1 B2—1 1-B 1 B 1-B
v 1 0.5 g=0.6 é=0.75 i=0.80 é=1.25 i=1.33 é=1.67 3:2.0
2 5 4 3 3 1

B=1)A
B=1)A=CK'A
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Using (some) wave parameters for relativistic quantum theory
ACUphase = Bcosh @~ B +% sz(for UKC)

coshp= 1+2p ~1+2 2 B=vy
phase = Bsinh p) Bp (for u<c) B=v,=cKk,
sinh p~p~
k_ — 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 ,
Rescale vphase by 1 s0: M=—5 or:  hB=Mc
C
1 hB 5 hB
U pase=hB + Ec_zu & for (u<c)= thhasezc_zu
) 1 ''''''''''''''''''''' L Z/ley coincidences??
h s~ Mc™+ > Mu® < for (U<kc)= K ,p45.= Mu
/v
l,ime b}?ggpler L‘/groupj vgroup phase ( phaﬂ Tgroup Vphase b gfggger
C TA C
space 1 c gr()up group A’ phase c 1
b]?l(,)l]}]l??ler Vphase 2‘A KA AA Vgroup b}?ggple”

rap;‘)dizy e P @nh P sechp @osh p)| cschp cothp | €

\a .
stellar 1/€+p sino

angle ©

COSO seco coto CSCO 1/e”

u 1-8 B 1 1-8° 1 B7-1 1 1+

c | V148 | 1 B2-1 1 - 1 B 1-B

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

value for

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

coshp= 1+2p ~1+2 2 B=v,4
_gphase—Bsmhp) Bp (for u<c) B=v,=ck,

7 sinh p~p~

— = tanhp = pj (for u<c)

C

~ 1B, At low speeds: B
Uphase = B+ 5 2! & for (u<c) = K phase = 7 U
C C
hB o
Rescale vphase by 11 80: M=—% or: hB=Mc
C
1 hB hB
hU pgse=hB + 5—2142 Sftor (ukc)= K,y =5 U
C C
h e 1 M """"""" f """"""""""""""" h M --------------------- Lucky coincidences??
U = MC +— l/t —Ior (u<c) = K = viu
phase 9) ( ) phase .. Try exact Uphase ...
-
tl me b}?ggpler ngroua Ugroup phase ( phaﬂ Tgroup Vphase b gfgger
C TA C
s p ace 1 c gr()up group A’ phase c 1
b]?l(,)l]}]l??ler Vphase 2‘A KA AA Vgroup b}?ggpler

rap;‘)dizy e P @nh P sechp @osh p)| cschp cothp | €

\a .
stellar 1/e+p sino

angle ©

COSO seco coto CSCO 1/e”

u 1-8 B 1 1-8° 1 B7-1 1 1+

c | V148 | 1 B2-1 1 - 1 B 1-B

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

value for

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

coshp= 1+2p ~1+2 2 B=v,
#phase—Bsmhp) Bp (for u<c) B=v,=ck,
sinh p~p~
k_ = tanhp = pj (for u<c)
C
At low speeds:
1 B , B
Uphase = B+ 5 2! & for (u<c) = K phase = 7 U
C C
hB ,
Rescale vphase by 11 80: M=—% or: hB=Mc
C
1 hB hB
MU ,pase=hB + Ec_zu &for (u<kc)= K phasezc_zu
h e 1 M2 e f """"""""""""""" h M --------------------- Lucky coincidences??
U = McCc + — I/t —Ilor(u<ke) = K = vu
phase 2 ( ) phase T]/:y exact Uphase
_ _ 2
| |hvphase—hB cosh p =Mc~coshp
I
-
vV () T () T V
. b Doppler group group phase phase group phase b Doppler
rme RED L C] —TA (—UA) T, c BLUE
1 c group K group A’ phase c 1
space —— R —
b]?L[I}IZ;l Vphase 2’A KA AA Vgroup bI?Egpl
e @nh P sechp (coshp) | cschp  cothp | e
S;fg’; 71 1e | sino COSO seco coto csco | l/e™”
_u| =B B 1 =p7 1 BT 1| 4B
o | V148 1 B2—1 1 [i-p? 1 B 1-B
v 1052206 22075 | 22080 é=1.25 4133 é=1.67 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
— Bcosh@zB+%Bp2(for U<KC) B=v,

U
phase . coshp=l+3p*~ 1+%u—2
CK phase = Bsinh p) ~ Bp (for u<c) | y c B=v,=ck,
77 sinh p=p=—
— C
k_ = tanhp = pj (for u<c)
C
At low speeds:
1 B -5 B
U s hase zB+EC—2u & for (u<c) = K phase zc—zu
hB 5
Rescale vphase by 11 80: M=—% or: hB=Mc
C
1 hB 5 hB
U pase=hB + Ec_zu Sftor (ukc)= K,y =5 U
C
h e 1M2 """"" f """""""""""""""" h M """""""""""" Lucky coincidences??
L =~ Mc™+—Mu~ <&lor(ukc)= K ~ Mu
phase ) ( ) phase .. Try exact Uphase ...
| thphase: hBcosh p =Mc* cosh p
' 2
. T phase v phase T group Vphase Doppler M C
fime T, (T) T, sl = Total Energy: E = —
space ﬂ’gmup KgmLp A’phase c 1 ElnSteln (] 905) \/1_u /C
p 2‘A KA AA Vgroup b}?ggple”
ropn sechp (coshp) | cschp  cothp | e
o COSO  seco coto csco | 1l/e”?
u| 1B g [ NB (L1 N YBL 1| [
o | V148 1 B2—1 1 [i-p? 1 B 1-B
v 105|206 32075 | 22080 22125 | 22133 22167 | 2220
2 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
U ,hase = B cosh @z B +% sz(for UKC)

u =
. coshp=l+5p°=~ 1+%—2 E=v,
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v,=ck,
sinh p=p=—
» C
k_ = tanhp =p (for u<c)
C
At low speeds:
1 B , B
U s hase zB+5—2u & for (u<c) = K phase = 7 U
C C
hB ,
Rescale Uphase by 1 s0: M=—5 or:  hB=Mc
C
1 hB hB
N ppase=hB + —C—zu &for (u<kc)= Ik phasezc_zu
h o2 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
U = Mc +—Mu —lIor (ukc)= K = MU
phase 2 ( ) phase Try exact Uphase and K:phase...
_ _ 2
| thphase— hBcosh p=Mc~coshp
I
" 2
. Doppler ‘/gmup v group T phase v phase T group Vphase Doppler M C
time | by L C] v, T (T) T, p byt = Total Energy: E = > 5
1 c ,(Kphase ﬂ’gmup Kgmup A’phase c 1 ElnSteln (1905) \/1_u /C
space pPorvler | 7 K‘ T K'— 2 v pDoppler 2
BLUE phase \_ A A A A group RED hCK — h B Sinh — MC Sinh
r“pl’;di’y e’ @nhb (sinhp) | sechp (coshp)| cschp  cothp e’ L7 hase p p
e 71 e | sinoc  tano COSC  seco coto csco | l/e”
0 I 0 - A W I (U RN/ R S O V77
o | V148 1 B2—1 1 [i-p? 1 B 1-B
v Lo05] 2206 2207522080 2=125| %2133 2167 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
U ,hase = B cosh @z B +% sz(for UKC)

u o
. coshp=l+5p°=~ 1+%—2 E=v,
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
7 sinh p=p=—
_ c
o = anhp - pj (for u<<c)
C
At low speeds:
1 B , B
U s hase zB+5—2u & for (u<c) = K phase = 7 U
C C
hB )
Rescale Uphase by 1 s0: M=—5 or:  hB=Mc
C
1 hB hB
MU pase=NB + 22 u- &for(ukc)= K g zc_z U
h M , 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
), = cC +—Mu &10r (uUkc)= K = u
phase 2 ( ) phase Try exact Uphase and K:phase...
. . 2
| thphase— hBcosh p=Mc~coshp
1
7 2
. Doppler ‘/gmup v group T phase v phase T group Vphase Doppler M C
time | b L C] o | o, (—UJ = sl = Total Energy: E = —
1 c ,(Kphase ﬂ’gmup Kgmup A’phase c 1 ElnSteln (1905) \/1_u /C
space pPorvler | 7 K‘ T K'— 2 v pDoppler o)

BLUE phase \ A A A A group RED hc K — h B Sinh — MC Sinh
e @nhb (sinhp) | sechp (coshp)| cschp  cothp | €™ up hase P p
e o | 1e” | sinc tanci | cosg.  seco. | coto  csco | le” | 1. cp = Mcu

| BB op () () 1 [ EB | P NI
e [ V1+8 | 1 g1 1 e 1 B -8 ¢
v L0s5| 2206 22075 | 22080 2=125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters for relativistic quantum theory
U ,hase = B cosh @z B +% sz(for UKC)

u o
. coshp=l+5p°=~ 1+%—2 E=v,
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
7 sinh p=p=—
_ C
o = anhp - pj (for u<<c)
C
At low speeds:
1 B -5 B
U s hase zB+5—2u & for (u<c) = K phase = 7 U
C C
hB )
Rescale Uphase by 1 s0: M=—5 or:  hB=Mc
C
1 hB 5 hB
N ppase=hB + = 2 u- &tor(ue)= K a0 ~C—2 U
h M , 1 M2 """"" f """""""""""""""" h M --------------------- Lucky coincidences??
() =~ Mc ™+ — Mu & for (u<ke) = K ~ Mu
phase 2 ( ) phase Try exact Uphase and K:phase...
. . 2
| thphase— hBcosh p=Mc~coshp
1
7 2
. Doppler ‘/gmup v group T phase v phase T group Vphase Doppler M C
time | b L C] v, = (UJ = sl = Total Energy: E = —
1 c ,(Kphase group Kgmup A’phase c 1 ElnSteln (1905) \/1_u /C
Sp ace bD()ppler V K T K l V bD()ppler 2
BLUE phase \ A A A A group RED hc K — h B Sinh — MC Sinh
e @nhb (sinhp) | sechp (coshp)| cschp  cothp | €™ |_up hase p p
e o | 1e” | sinc tanci | cosg.  seco. | coto  csco | le” | 1. cp = Muc
ul| [5B| B [ 1) 1B [ 1 BP-1 1 op | VA \/1—”2 \/ 1—u?/c?
=— — — — — c
1+ 1 2_ 1 _B? 1 1-
c B B-1 N p p iy _— ~ Mu
i | 1051 9206 22075 | 2=080 2=125| 22133 2=167 | 2=20 OmeNtum. 11K ppase=P = —
: 5 4 5 4 3 3 I DeBroglie (1921) l=u”lc
3

Saturday, June 21, 2014 4




Using (some) wave coordinates for relativistic quantum theory

Energy (E)

. Momentum

N =

Rest Energy
B=w

Mass (resting) .........
hB—hUA MC _hCKA

Lnergy -
N ,pase= E =hv 4 cosh p

. [~ cp = Bsinh(p)

(a

Hamiltonian

H(p) = Bcosh(p)

'\,;f Per-Space (cp,
|

xact Einstein- Planck Dispersion

matter wave:
positive rest energy Mc?

X E2-c2p2 = M2 /. y
N g
\\\\ Energy \

E=hw

tachyon:
Frame 7 imaginary
\ SCT , :
\\\ r ’ ?é’erOtOHn
[ ’ E=+cp
. ! Momentum
NN cp=hck

\
N
LN | YL L
)
/
7|
d

negative
energy
states

\ N \\\\\\

negativ
energy
states

Saturday, June 21, 2014

35



Using (some) wave coordinates for relativistic quantum theory

Energy (E)
N\ . Momentum e
N\ =l cp = Usinh(p) L”ﬁ

Hamiltonian

H(p) = Bcosh(p)

Rest Energy
B=w

J ‘ "\.“/’7 Per-Space (cp,
|

(a

matter wave:

xact Einstein- Planck Dispersion

positive rest energy Mc?
E2 . 2 2 =( Mc2 )2

Energy \ /
Ezh(ﬂ . , tachyon:
serfframe imaginary
e
E=+cp
Momentum
cp=hck

Mass (resting) .

7/
N
N
T
N
4
, N
L N
/7
4

hB—hUA MC _hCKA
Lnergy
N pase= E = th coshp
Momentum
heK ppase=CD =heK 4 sinh p= th sinhp
negative
energy

states

\ \
\K\\

negativ
energy
states
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Using (some) wave coordinates for relativistic quantum theory

(a

xact Einstein- Planck Dispersion

matter wave:

Energy (E)
) omentum v M
- = cr = Usinh(Q) /:ﬁz’ X pE%SlthZe Seit(zjg)gg C
S e \\\ Energy NZ '
[\ \ \\\ E:h(ﬂ . , t.achy.on:
amiltonian SCT frame lmaglnary
u&‘,) - Lcosh(g) \\\\\ photon:
Rest Energy > . Zeron
B=w \ X E =+ Cp
Momentum

I Per-Space (cp) , ’ —

x H pace (cp | \ | - | .C p ﬁC k I
Mass (resting) ......... IR\

hB=hv, = Mc = hckK »4 B
\
Lnergy —

N pase= E = hv AC cosh p \ \\\\\
Momentum \
heK ppase=CD =heK 4 sinh p= th sinhp
Lnergy versus Momentum

2 y .
E2: (Mcz ) CO Sh2 p ene’;l’Zf?a e negcel;l:rgy
states states
N2 .2 2\2 2
:(Mc ) (1+smh p)z(Mc ) +(cp)
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Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) W \ positive rest energy Mc?
N\ <] Cg’:’gzﬁ& R S \ E2 - ¢2p2 =(Mc2 )2
A T 2 \\\\\\ Energy \
~__ g | \ . \ \\\ :hﬂ) , . tachyon:
A Frame K imaginary
| \ N & , ,
H(p) = Boosh(o) S \\\\ . /| photon.
N 7 zero |
e/ " : S E=zcp
. , Momentum
[ A ( . \ - ’ ’ —
| | ] Per-Space (cp)] | . . \ . - : .C p. hIC k. :
Mass (resting) ......... ’ A\
hB — hU A~ MC — hCK A \_ ) , \ .
Energy ' .’ ' t
hvphase k= th COSh P o \ N \\\\
Momentum ‘ ' B
heK ppase=CD =heK 4 sinh p= th sinhp
Lnergy versus Momentum _
) ) 2 ’ negative [negativ
_ energy ) . energy
E (MC ) cosh™p e he need for Negative Frequency arises: states

Phase conjugate light!

2 2
+(Cp)2 = E = (Mcz) +(Cp)2 Counter-clockwise phasoxs!

- (e (vesinnp ) )
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Using (some) wave coordinates for relativistic quantum theory

(aNExact Einstein- Planck Dispersion
matter wave.
Energy (E) positive rest energy Mc?
e e N o ot
aul Nner
N CIgy \ /.
\\\ E=hﬂ) , tachyon:
[\ frame imaginary
] NS ,
H(p) = Beosh(o) \\\\ K lz) e}l’?otin’
eyt /| E=xep
N Momentum
J' | Per-Space (cp, ) \\ . X .’ . \ Cp =hICkl I
’ N
Mass (r e‘mng) """"" Bohr- Schroa’mger Approximaio
Energy ' §h / |
o ppase= E = th coshp 36| | H= DZQM , \\\
N
25 I
Momentum g 16 /
heK ppase=CD =heK 4 sinh p= th sinhp | 0 / <E>=Bm? \
Lnergy versus Momentum / 4] /
energ ‘ / energy

E 2=(Mc2 )zc:osh2 P

- (e (vesinnp ) )

states

2

2
+(cp)2 = E = i\/(Mcz) +(Cp)2 ~ Mcz+ﬁ

-6-4-4-3-2-1 01 2 324 )
P

6{ states
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Using (some) wave coordinates for relativistic quantum theory
(aNExact Einstein- Planck Dispersion

matter wave:

Energy (E) positive rest energy Mc?
o e \¥ B2 -cipt (M2
X En r
\\\\§ CIgY \ 7.
. \\\ E—h()) . tachyon:
[\ 7 imaginary
| \ N er{frame K .
Sk, N 7o/ oo
Reg bomy B ' , E=%cp
* O Momentum
. | | Per-Space (¢cp, . . \\ .\\ .’ . \ : \ Icp I=hICkI
. N
Ma;%(re‘;g)"g) M . Bohr- Schrodmger Approximaio
¢ = he
A A W3, =490 ]
Energy '
hv E = hv Cosh o, 36 B = p2i2m N
phase™ A J N \\QY\
5 N W
Momentum . 6
hek =cp =hckK , sinh hv sinh B m? |
phase™ P = A p=i1v A. P 9
Energy versus Momentum % 4 m
2 2 2 ener
E =(Mc ) cosh Los B energy
P “ 6443210123456\
2 . 2 2 2, P low\speed
:(MCZ) (1+smh2p)=(M02) +(Cp)2 = £ = i\/(Mcz) +(cp)2 = Me +ﬁ approxip ation
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Definition(s) of mass for relativity/quantum

Rest Mass Mes: (Einsteig 5 mass) Defines invariant hyperbola(s)
— — — 2
hB=hv, = Mc” = hck - \/( Mcz) Hep)

Given: Energy: E =Mc? cosh P

=hv phase

momentum.: cp =Mc” sinh p

= hck phase

velocity: u=ctanhp = j—v
K

41
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Definition(s) of mass for relativity/quantum

Rest Mass Mes: (Einsteig 5 mass) Defines invariant hyperbola(s)
— — — 2
hB=hv, = Mc” = hck - \/( Mcz) Hep)

hvphase _M . hCKphase ReSt
2 T rest T Cz Mass

C

Given: Energy: E =Mc? cosh P

= hvphase
momentum.: cp =Mc” sinh p
= heck phase
velocity: u=ctanhp = dv
dK
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mass Myes: (Einsteig 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc” sinhp
hB=hv, = Mc” = hck 2\? 2 T
A A E= i\/(Mc ) +(cp) S L =K ppase
hv phase _ M = heK phase  Rest o dv
2 Mt =73 Muss . velociy: u=ctanhp=-—"

Momentum Mass Muom (Galileo’s mass) Defined by ratio p/u of relativjstic momentum toi group velocity.

_P_ M., csinhp
u CLANN D e

Mmom
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

=hv
phase
Rest Mass Mes (Einsteig 5 mass) Defines invariant hyperbola(s) momentum; cp =Mc? sinh 0
hB=hv, = Mc” = hck 2\? 2 T
A A E= i\/(Mc ) +(cp) S L =K ppase
hv phase _ M = heK phase  Rest o dv
2 restT 2 Mass § velocity: u =ctanhp = Jic

Momentum Mass Muom (Galileo’s mass) Defined by ratio p/u of relativjstic momentum toi group velocity.

p_ M, ,csinhp
u

M =—=
mom 1 0 0
M Moment
- M hp= rest omentum
[ rest COSIL P \/1—u2 /o2 Mass
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
= hv

phase
Rest Mc;jg M,»;:t (Ein;;eiéa ) n}flzass) Defines invariant hygerbola(s) momentum: cp=Mc> sinh 0
— Op = M = KA E= i\/(Mcz) +(cp)2 = NeK ppase
hv phase . hek phase  Rest , dv
7 My =3 Mass velocity: u=ctanhp=—
C C — dK
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, ,csmhp SO : . p
M, = ; _ ’:ianhp Limiting cases: M mom 2 M,, e’ ]2
M > M
M mom UL C rest
=M,,, cosh p = rest Maj\n;enmm
\/1 202 ass
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv
phase
Rest Mass Myest (Einsteig § mass) Defines invariant hyperbola(s) momentum: cp =Mec*sinhp
hB=hv, = Mc™ = hck 5\2 5
) A B =M +(cp) ek,
l’lvphase Y B hCKphase Rest - dv
e S orest 2 Mass velocity: u=ctanhp = e

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

M., .csinh o | \
M, = P _ Myest P Limiting cases: M mom ———= M., P2
u ctanh p ; .
=M hp= M, o5 Momentum mom  y<c rest
_ rest COS p — 5 > Mass
\/ l—-u“/c Mdass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv phase

Rest Mass Myes: (Einstein s mass) Defines invariant hyperbola(s)
hB=hv, = Mc* = hek

momentum.: cp =Mc” sinh p
2\? 2
E = i\/(Mc ) +(cp) = hck

7 7 phase
v phase M . K phase  Rest o dv
2 T rest T 2 Mass velocity: u=ctanhp = e
C C -

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

M., .csinh o | \
M, = P _ Myest P Limiting cases: M mom ———= M., P2
u ctanh p ; .
=M hp= M, o5 Momentum mom  y<c rest
_ rest COS p — 5 > Mass
\/ l—-u“/c Mdass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mc;jg M,»;:t (Em;;ezn ) n}flzass) Defines invariant hygerbola(s) momentum: cp=Mc> sinh 0
VA ¢ =heka E= i\/(Mcz) +(cp)2 = NeK ppase

no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.

_p M, csinhp ST : .

M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest MOj\Izentum
\/1 202 ass

Effective Mass M. (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That 1s ratio of change dp=Mc coshp dp in momentum to change du= = sech?p dp 1in velocity

dp ccoshp -~
Meﬁc ZE =M =M

rest
csech? P
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;ezn ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, csinhp ST : .
M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Maj\n;enmm
\/1 202 ass

Effective Mass M.; (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.
That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity
ccoshp C =M, cosh’p ] Limiting cases: M SM,, e P12

c¢sech” : e
P\ Effective Mass M, M,

ukc

dp
Meﬁ‘ =E Mrest

49
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;em ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase M hCK phase  Rest o dv
2 rest 2 Mass velocity: u=ctanhp = e
Momentum Mass Muom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
_p M, csinhp S : .
M, = ; _ f:i; ahp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Moj\n;em‘um
\/1 202 ass

Effective Mass M.; (Newton's mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity

dp c cosh p 3 Ny . X 3
M 5 = S =M, ( =M, cosh™p Limiting cases: M f T M,,. e "2
“ csech” P\ Effective Mass v gy,
~ eﬁ UZLC 7 rest
More common derivation using group velocity: u=V,,,,,= ‘j;;{’ j’z
M . = dp hdk R _ B _ M 51
B - - ~ 312

50
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Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hv
phase
Rest Mc;jg M,»;:t (Em;;em ) n}flzass) Defines invariant hyperbola(s) momentum: cp=Mc> sinh 0
= 2
VA ¢ Ka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase hCK phase  Rest . dv
=M . = > Mass Group velocity: u=ctanhp = o
C C E—

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

_p M, ,csmhp ST : .

M, = ; _ ’:ianhp Limiting cases: M mom 52 >M e )
M > M
M mom UL C rest
=M,,, cosh p = rest Moj\n;em‘um
\/1 202 ass

Effective Mass M.; (Newton's mass) Defined by ratio F/a=dp/du of relativistic force to acceleration.

That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity

dp ccosh p 3 S . . 3p
Meﬂ = d_ =M,,,, 5— =M cosh”p Limiting cases: Meﬁ, ——> M,,.e*2
u csech™p .
Meﬁ‘ <c >M o5
More common derivation using group velocity: u=V,,,,,= ‘f;;{’ Zz
fT : ~
dp _  hdk h . h M 3
M 5 = = d do "5 =M ey cOSITP
dk dk di? \ Effective Mass )
- —— an

general wave formulaj - to accompany Vo= g
51
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Definition(s) of mass for relativity/quantum

How much does a y-photon weigh?

(a)y-rest mass: M?, . =0 Newton complained about
e his “corpuscles” of light having

(b)y-momentum mass: M) = p_hK_ h;) : “fits” (going crazy).
c ¢ ¢
(c)y -effective mass: M 87;7; oo,
hv _ _
MY = o - v(1.2-10 kg -s=4.5-107%kg (for: v=600THz)
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Definition(s) of mass for relativity/quantum

How much does a y-photon weigh?

(a)y-rest mass: M7, =0, N.ewton complained about
e h his “corpuscles” of light having
(b)y-momentum mass: M) = PR 12) : “fits” (going crazy).
c © c For him this would be evidence
(c)y-effective mass: M /= oo. of optical-triple-schizophrenia!
hv _ _
MY = o - v(1.2-10 kg -s=4.5-107%kg (for: v=600THz)
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Relativistic action S and Lagrangian—Hamiltonian relations

-
-
-

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

\hCK phase

\

=cp =hv,sinhp

-
-="
-
-
-
-
-
-

-
-
-
-
-
-

.
-
-
.
-

Prior wave relations (

«—linear Hz
format

-
-

-
-="
-
-
-
-

angular phasor—

format

. hck

ho =Mc*=Fick ,
ho phase

phase

~N

=E=hw,coshp

=cp =hw 4 sinhp

Saturday, June 21, 2014

54



Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=/'x"-w't’ for wave of k=/k,j.5c and w=wphase.

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation

dd  d
L=hs== hk—x — o,
dt - di
p = hk=Mesinh p E = hw= Mc*cosh p

" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
N pase= E =0y Co.sh p |—linear Hz  angular phasor— hwphase E=hw, coshp
\hCKphase:Cp =hv , sinhp ) format format thphase cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=/'x"-w't’ for wave of k=/k,j.5c and w=wphase.

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation

do  d dx
L= h——hk—x—ha) p——E pi—E
dt .- dt dt
p = hk=Mesinh p E = hw= Mc*cosh p

" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
N pase= E =0y Co.sh p |—linear Hz  angular phasor— hwphase E=hw, coshp
\hCKphase:Cp =hv , sinhp ) format format thphase cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=/'x"-w't’ for wave of k=/k,j.5c and w=wphase.

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=E

dd dx dx Legendre
L=h—2= hk——ha) p——E px—FE = [DM—HZ L transformation
dt - di di
p = hk=Mcsinh p E =hw=Mc*coshp=H
" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
WU pase= E =hv 4 coshp [—linear Hz  angular phasor— hwphase E=hw , coshp
\hCKphase:Cp =hv , sinhp ) format format thphase cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dd dx dx . Legendre

L=h—=hk——-hw=p—-—-E=px—FE E[pu—H: L transformation j

dt dt dt —
Use Group velocity :u :E:C tanhp

p = hk=Mcsinh p E =hw= Mc’*coshp=H
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
M ,pase= E =hV  coshp [—linear Hz  angular phasor— ne 0= E =N, coshp
\hCKphase:Cp =hv , sinhp ) format format | hick 0 =cp =hw , sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre

L=h—=hk——-hw=p—-—-E=px—FE E[pu—H: L transformation j

dt dt dt -
e USC GTOUp velocity su=— =c tanh p

p = hk=Mesinh p  E=ho=Mc’coshp=H
L= pu—H =(Mecsinh p)(ctanhp)— Mc’ coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
MU pase= E =0y Co.sh p |—lincarHz  angular phasor— h®,,,,,= E=ho 4 coshp
K ppase=cp =hv, sinhp | format format _ hick ), =cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt i
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p  E=sho=Mccoshp=H
L= pu~H =(Mcsinhp)(ctanhp)~Mc*coshp
sinhp— cosh
= Mc’ P P_ _ Mc’sechp
coshp
, -1
L is:Mc’ = — Mc’sechp
coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hvphase: E=hv,coshp [—linear Hz  angular phasor— hwphase: E=hw,coshp
\hc’cphase:cp =hv , sinhp ) format format _ Tick ,),50=cp =hw 4 sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt s
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p  E=ho=Mccoshp=H
L = pu—H =(Mcsinh p)(ctanhp)— Mc*coshp Note: Mcu=Mec" tanhp
sinh’p— cosh > s
= Mc’ P P_ _ Mc’sechp
coshp T
Compare Lagrangian L 2
L=h®d= — Mcz\/l——2 = —Mc’sechp
C :
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
\hCKphase:Cp =hv , sinhp ) format format _ hick s =cp =ho , sinhp |
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt  df dt "
e USC GTOUp velocity su=— =c tanh p
p =Tik=Mcsinh p  E=ho=Mc’coshp=H
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc’ tanhp
sinh®p— cosh
= Mc’ P P_ _ Mc’sechp
coshp
(Compare Lagrcfngian L 2 )
L=h®d= —Mc*[1- — = —Mc” sechp
C
with Hamiltonian H=E ”
H=ho=-Mc*/ ,[1-— = Mc’coshp
C
N J
" v, =Mc*=hcic, | Prior wave relations ( #w =Mc?=hck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
th;(p hase=CP =hv 4 sinh p ) format format _ hick . =cp =ho ,sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P P

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dd dx dx . Legendre
L=h—=hk——-hw=p—-—-E=px—FE EEDM—HZ L transformation ]
dt dt dt dx
e USC GTOUp velocity su=— =c tanh p
p = hk=Mcsinh p  E=ho=Mccoshp=H
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ . Note: Mcu=Mc” tanhp
sinh’p— cosh >
= Mc’ P P_ _ Mc?*sechp .
coshp Also: ep=Mc” sinhp
(Compare Lagrcfngian L 2 )
L=m®= —Mc*[1-— = —Mc’sechp
C
with Hamiltonian H=E ”
H=ho=-Mc*/ ,[1-— = Mc’coshp
C
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
N J
" v, =Mc*=hcic, | Prior wave relations ( #w ,=Mc?=hck , h
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =ho, sinhp
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Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-w=/,'x'-\'t’ for wave of k=, e and w=wmhase.
grang g P P P

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dD d d Legendre
L=h—2= hk—x— ho = p—x— E=px—FE EEDM — H =L transformation ]
dt dt dt dx
............._._._._._._._._._._._._._._._._.[_J_S.Q_QKQ%B_Y??QQ??IY.E.’fl.fz:,.?i.t.%l.l.l.hp
p =lk=Mesinh p  E=ho=Mccoshp=H =csino
L=pu—H = (Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc” tanhp
_ M2 sinh’p —cosh*p _ _ Mcsechp = Mc’sino
coshp Also: cp=Mc’sinhp
(Compare Lagrangian L 2 \ =hick= Mc? tanc
L=h®= —Mcz\/l——2 = —Mc’sechp = —Mc*coso
< Including

with Hamiltonian H=E uz
H=ho=-Mc*/ [1-= = Mc°coshp = Mc*seco stellar
C

angle o
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
J

\
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , A
hvphase: E=hv, C(?Shp «linear Hz  angular phasor— ha)phasez E=hw,coshp
th;(p hase=CP =hv 4 sinh p ) format format _ fick ,j,,s=cp =h , sinhp |
64
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°Coordiﬁ:a[té angle v=atan(u/c)

-——

Stellar aberration angle o-asm(u/c)

Momentum L / 2 TNV T
P = - Bsinh(p) H" Mccoshp = McH Mur
. =Dta | -
Phase Velocity 7
Bc/u = Bcoth(p) _ ==
=Bcs , ) DeBroglie Wavelength
/ / | />¥ Hamiltogian B\e = Besch.
./ / H@) = Beosh(p)=Bseco S BESC (P)
Rest Energy ST~ ] —/ _. =Bcoto
\ ’ £ / -Laqranman
-L( ) = Bsech(p) Bco o
" | Y,
. NN
:fl ', Yé’ 7 I'
Group V'plocity>v V’, NN |

u/c = Btanh(p)=Bsino

Phase Velogity
/U = Beoth(p)=Bgsco

=

L=—Mczsech,0 M+ MuP /2+...
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Momentum L
cp = Bsinh(p) |
N =DBta
Phase Velocity 1%
Be/u = Beoth(p) VA <=
=Bcs \\ A Tarmoqi DeBroglie Wavelength
N Vb BJc - Besch(p)
| /. H“:_ co =Bcoto
-Lagrangian S
S A.(u) = Bsech(p)= &>

Group V:'pIocity>V v

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

L=-Mc? sechp M +MuP/2+...
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS () Legendre
[ ] hd——hkd——hw pZ’——E px—FE = EDM—HZL transformation ]

dt dt dt

(Compare Lagrangian L 2 A
(S=L=ndy - Mcz\/l -— = —Mc"sechp =—Mc*coso
C

with Hamiltonian H=E

2
H =ho = —Mcz/\/l—z2 = Mc’coshp = Mc’seco
=Mcz\/1 +sinh’p =Mc2\/1+(cp)2
J

(Deﬁne Action S =h€[>)

" hv,=Mc*=hcic, | Prior wave relations ( nw ,=mc?=tck , h
hv phase= E = hv 4 C(.)Sh p |—linear Hz  angular phasor—| % phase=E = hao , coshp
hCK phase=Cp =hv 4 sinhp ) format format _ fick p,=cp =ho 4 sinhp |
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS dD dx dx Legendre
[ ] h——hk——hw pd——E px—FE = EDM—HZL transformation ]

dt dt dt

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

_ Y
(Compare Lagrangian L > A
: - u
(S =] = hCI)): — Mcz\/l -— = —Mc? sechp = —Mc’coso
C

with Hamiltonian H=E

2
H =ho = —Mcz/\/l—bct2 = Mc’coshp = Mc’seco
=Mcz\/1 +sinh’p =Mcz\/1+(cp)2
J

(Deﬁne Action S =h<I>)

" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hv phase= E = hv 4 C(.)Sh p |—linear Hz  angular phasor—| % phase=E = hao , coshp
\hc;(p hase=CP =hv 4 sinh p ) format format _ Tick ,),50=cp =hw 4 sinhp
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Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wr=/I'x'-\'t’ for wave of k=/k, . and w=wyhase.
grang g P P p

Use DeBroglie-momentum p=hk relation and Planck-energy E=hw relation to define Hamiltonian H=FE

dS dd dx dx Legendre
[E ZZJE hE — th_ ho = pE— E= p)'c— E E[Du — H =L transformation j
Use Group velocity :u =%:c tanhp
(@S =1ldt=hd (@: hldx —hodt = pdx—Hdt (POincare Invariant action a’iﬁ‘erentialj
a_S — p a_S :_H (Hamilton—JaCObi equations)
dx o ot "
e Y,
(Compare Lagrangian L 2 h
(S=L=ndx - Mcz\/l —— = —Mc’sechp =—Mc*coso
C
with Hamiltonian H=E ”
H=hwo=-Mc/ ,]1-— = Mc’coshp = Mc’*seco
C
=Mc’\/1+sinh >p =Mc’\J1+(cp)’
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
hvphase: E=hv,coshp [—linear Hz  angular phasor— ha)phase: E=hw,coshp
\hc;(phasech =hv , sinhp ) format format . thphase:Cp =hw , sinh P,
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Poincare [nvariant Action dS=Ldt=p dq-H dt=nd® (phase)
vs.  Lagrangian L(qq)=pqg-I

Hamiltonian H(p,q)=pq -L
Contact transformation: (slope,-intercept) of 1 (or L) tangent
determines the (X Y coordinates) of L (or /7).

(Also, called a Legendre contact transformation which 1is a special case of a
Huygens transformation that uses contacting tangent cu7ves instead of /ines.)

(a) Hamiltonian H(q,p)
slope is 57
group velocity u: H

o/ ;

/

AN

Light cone u=1/=c

/ H//

y4
s has

infinite
and zero L

H

Here slope is group velocity u=¢g
Y-coordinate 1s eneroy [H=h®

Momentum p

(b) Lagrangian |L(g,q)
radius = Mc2_ (D Velocity u= q

ii)z'

-H
H /
_H//

Here slope 1s momentum p
Y-coordinate 1s phase rate L=h®

slope is
momentum p:

oL
E—P
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4—

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

hw =E(cp)

Relativistic optical transitions |kigh)=|w,) &/ |mid)=|e,) = |low)=|o,)

R
%
(2
%

w, sinhp P/

T 50—._€{"'C‘/e

=m,le/ P=w,

nt

W | &

+
w, e =3 =w,

2 _
Doppler RED factor: 3=¢ p

3

Doppler BLUE factor: 5

hck =cp
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4

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

‘e+P: 3 =w,

> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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4

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

Initial stationary
UE K thing thMh,cz

.+.
D€ F= 3 = @y,

®,, coshp

4 yi -
3=0, =0 0
| /" | | | I
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp
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Review of Thales geometry of
relativistic hw(ck) or E(cp)-space

Initial stationary
UE K thing wh—Mhlcz

4

On =34

=

W | &

n

C)—p: a)g ,"

+
w, le'P=3 =w,

| | i

2
Doppler RED factor: —=

3

e Doppler BLUE factor: =

;’ _ P hck =cp
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Review of Thales geometry @
relativistic hw(ck) or E(cp)-spaee

Initial stationary
UE K thing wh—Mhlcz

4

a)h;- a\

=

It

C)_p: a)g ,"

W |

L4
L4
L4
L4
24
L4

2 _
Doppler RED factor: 3=¢ p

Doppler BLUE factor: =

;’ _ P hck =cp
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Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)

4 . )
hw =EL(cn) m
. 4 by emitting an
Review of Thales geometry @ oppositely c-moving
relativistic hw(ck) or E(cp)-spaee Y ELLOW Kpm “photon” whm=c| k,, |Fwmsinhp
R
Initial stationary AR |
UE K, thing wy=Maic? X KinSe, -
X \& Feynman
v .
. diagram
T p D/ | (scaled down)
M- T pecirgy,
of
| emission
process
- y,

w, e =3 =w,

w | &

| | [ | | |

hck =cp

2 3 4p
Doppler RED factor: 3 =e Doppler BLUE factor: 5 =e
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Review of Thales geometry @

Initial stationary

relativistic hw(ck) or E(cp)-splieg

UE K, thing wy=Maic?

4

a)/ =%

1 y

hw :f/r’n)

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

by emitting an
oppositely c-moving

Y ELLOW Kpm “photon” whm=c| k,, |Fwmsinhp

/ e

R

| | I

Ns

N
lake-away point [

Classical (and spectroscopic)
Energy-momentum conservation|
1s due to
conservation
quantum-phase space-time

-

K

Feynman
diagram
(scaled down)
of
emission
process

’UIH(')

“wiggle-count”

3

2 _
Doppler RED factor: —=e P

3 4p
Doppler BLUE factor: 5 =e

hck

Th— 3 =W,
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Relativistic optical transitions |kigh)=|w,)

4
hw =E(cp)
Revie Thales geometry of
relativistic k) or E(cp)-space
=
4 / d N
lake-away point 1.5
It’s very easy to compute
recoil rapidity p
‘ or recoil velocity u
m
P ,,
L N 4 Key recoil relations:
' 3 Q — = (:),,,e“): 3 =w,
Ky ) AN
1 QE p — ln Mg/Mm
4 Lp Y, or:
Ez(!)me =y u~clnMg/Mm
Photons are more
like “rockets”
than “bullets” l
| | | | | |
2 3 _
Doppler RED factor: 3¢ i Doppler BLUE factor: 5 =¢€ 7 ek =cp

2
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Relativistic optical transitions |kigh)=|w,)

4
hw =E(cp)
Revie Thales geometry of /
relativistic k) or E(cp)-space
Take-away point 2 )
e Emission photons
are more like
rocket exhaust than bullets
_ ( Vbwrnour=c exhaustln [Mnitial/ M, ﬁnal])
- Y,
"‘“n{‘_._
L Key recoil relations: o
‘ 3 _2' (Dme_p = Wy W€ "= 3 = Wy,
) \
4 _p Y or.
3~ Ome =0 u~cIn MyIM,,

Photons are more

like “rockets”

than “bullets” |

I | | | | |
2 : 3 4 p hck =cp
Doppler RED factor: 3 =e Doppler BLUE factor: 5" e
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Relativistic optical transitions |kigh)=|w,)
4

hw =E(cp)
Revie Thales geometry of

relativistic

/.

lake-away point 2.5 h
Emission photons
are more like
rocket-exhaust than bullets
( Vbwrnour=c exhaustln [Mnitial/ M, final ])
Same for absorption processes
except those rockets suck.

(Raman-Compton processes

are not rocket science.)
\_ J

Key recoil relations: i
(Dme_p = My Dl "= 3= Wy,

p=1In My/M,,
or:

u~clnMy/M,,
Photons are more
like “rockets”

than “bullets” |
| I

2, 3 4p
Doppler RED factor: 3 =e Doppler BLUE factor: 5" e

I | |

hck =cp
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2nd Quantization: NEWS FLASH!!

hv is actually hNv

(10 pas=E=hv sc0sh p) is actually (RN phase=E n=hNV 4coshp with quantum numbers)

A 15t Quantization:
> Mode quantum number n of half~waves
S o~
g, v e
o VNN,V E=hN,»
n N, =12 N,=6 L2
e r—

il
W
\

Energy

\

\z_
\
"
\

N=1,2,3,..
— N\
" " BN
E=hN — 4U4
N :_4% \]_\]4_:__3/

2 ] 1,///// B
cp=hcx | cp ‘ . o
| 7 T . _ \ /
| / N 7
| 7/ c-Momentum = hc-Wavenumber
Boosted wave mode J/
9 | J Boosted cavity
EaERN f—
=8 | / wave —
| / has invariant
| 7 mode number n x
| ) photon number N, Lorentz
| // /./ contracted
cavity length
/ // L=32
/) Proper length
/ X B 1=4.0
/ l/ | "o \
1IN |
! | ‘ +4

/

-4 -3 -2 -1
Lo bbbl

£
+1 oo 43
Ll |

/|

e

20d Quantization:
Photon number N oscillator quanta

o

N
lake-away point 3

|Cavity quantum electrodynamics

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

IIIIIIIIIII

\_ J
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2nd Quantization: NEWS FLASH!!
(hv phase=E=NhV 4cosh p) is actually( hNv

>

red photons

\
—

=
—

NJ:] n=1

red photon

2"d-Quantized Amplitude (“photon” number)

N1=0 e e

n=1

ckn=1-00

N =2

2

> green photon

N,=1

n=2

n=2

green photo

N

n=2

hv is actually hNv

phase™

Zero-point energy

N =1

— — N
— =

n=4

E=hNv,coshp  (N=1,2,..) )

—f

violet phot

n=4

15t-Quantized Wavenumber (“kink” or momentum number)
ck =2-®
n

ckn=3-(x)

ckn=4°0)
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Fig. 8.2 Accelerated reference frames and their trajectories painted by chirped coherent light
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http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html

Links to the current Harter-Soft Web A r

(Bold links have default redirect pages. [Italics are not yet meant for production. Red are in the final stages of testing or

Production Links - For the students & general public

Textbooks & Lectures

Classical Mechanics with a Bang! - URL is "hup://www uark .edu/ua/modphys/markup/CMwBangWeb.html"
up Th in Quantum Mechanics {Lectures} - URL is "http://www uark.edu/ua/modphys/markup/GTQOMWeb.html"
Modern Physics and its Classical Foundations - URL is "http://www uark .edu/ua/modphys/markup/MPCFWeb.html|"
Principles of Symmetry, Dynamics, and Spectroscopy {7Text} - URL is "http://www .uark .edu/ua/modphys/markup/PSDSWeb.html"
Quantum Theory for the Computer Age - URL is "http//www .uark edu/ua/modphys/markup/QTCAWeb .html"

Learnlt Web Applications

Production Portal Page: URL is "hup://www .uark .edu/ua/modphys/markup/LearnltWeb.htmnl"

Bouncelt - Pmducuon, URL is "htp://www uark edu/ua/modphys/markup/BounceltWeb html"
BoxIt - uction: URL is "http://www uark.edu/ua/ hvs/markup/BoxItWeb.html"

Coullt - Production: URL is "http:/www .uark .edu/ua/modphys/markup/CoulltWeb.html"

Cycloidulum - Production: URL is "http://www .uark .edu/ua/modphys/markup/CycloidulumWeb.html"
o .

RL is "http://www .uark .edu/ua/modphys/markup/JerkItWeb. .html"
MolVibes - Production: URL is "hup://www .uark.edu/ua/modphys/markup/MolVibesWeb.html"

Pendulum - uction: URL is "http://www uark.edu/ua/modphys/marku ndulumWe "
Quantlt - Production: URL is "hup://www .uark.edu/ua/modphys/markup/QuantitWeb.htmnl"
Relativity - 2005 Pirelli Challenge Entrant - Production: URL is "http:/www.uark.edu/ua/pirelli" or "http://www .uark .edu/ua/pirelli/html/default.html"

Relativit Production: URL is "http://www .uark edu/ua/modphys/markup/RelativitWeb .html"
RclaWavi Producuon URL 1s "hup://www .nark edu/ua/rnod h s/marku elaWav1 Web.html"

Wacht Producuon, URL 1s ”ht_tg//www uarkedu/ua/modphys/markup /WaveIthbhtml" |
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b Doppler group group phase phase group phase b Doppler
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c v, T, v, T, c
b—] Doppler c K phase 2’ group K group )" ‘phase c b—l Doppler
BLUE RED
Vphase K-A /lA KA lA group
e’ tanhp sinhp | sechp coshp | cschp cothp | e
sinc tano | COSO  seco | coto  csco
0.5 0.6 0.75 0.80 1.25 1.33 1.67 2.0

Saturday, June 21, 2014

85



