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Relawavity: Relativistic quantum mechanics I Basic theory
(Unit 3 p.45-61 - 4.26.16)

= Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upiase and ckpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase glves exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass?” Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split-mass personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Using (some) wave parameters to develop relativistic quantum theory
ACUphase = Bcosh @z B +% sz(for UKC)

— < coshpz1+% p2
— (K phase= Bsinhp)=Bp  (foru<c) :
sinh p=p
At low speeds: -
Doppler Vgroup vgroup )‘ group K(g oup Tgroup Vphase Doppler
group | by T byue
¢ Uy A 44 Ty ¢
h 1 c £ phase Tphase vphase Z’ phase C 1
p ase bD()ppler V K T ,U— l V bD()ppler
BLUE phase \ A A A A group RED
rapidit - . +
e e” |tanhp sinhp | sechp coshp | cschp cothp | €
SZZZ 71 1/e™ | sino tano COSO seco coto csco | 1/e”
_u | =B B 1 =p7 1 | JB-L 1| 4B
¢ | V148 1 B2—1 1 1-B 1 B 1-B
1 3 3 4 5 4 5 2
pd” | ==05] ==06 ==0.75| —=080 ==125| —=133 ==167 | —=20
2 5 4 5 4 3 3 1

B=1)A
B=1)A=CK'A

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

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

................................ . coshp= 1+2p ~1+2 > b= Uy
—Qphase = Bsinhp)=Bp (for u<c) B=v, = ck,
Uu : sinh P~P~
— = tanhp = (for u<c)
Vo) b :
- At low speeds:--
—
%4 K %4
group bgggplﬂ L g:”ﬁ " gjoup. group pZase bgfglger
hase ! ¢ ¢ 1
P b | Vi Voo | o
m”l’;d"’y e’ @nh ) coth p e’
SZZZ Z 1/e™” | sino cSco 1/e "
v BB 1| (148
e | V148 1 B2—1 B 1-B
o 1 0.5 é=O.6 E:0.75 §=1.67 2:2,0
2 5 4 3 1

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

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

e . coshp= 1+2p ~1+2 > B:vA
_gphase—Bsmhp) Bp 5 (for u<c) B=0,=ck,
77 . sinh p~p~
— = tanhp =p . (for u<c)
C
- [ B o At low speeds
U hase = B+Ec_2u & for (u<c)
/v
g rou p b}?ggpler ngjup 2’ group Kg oup Tgroup VpZase b glj)[];%ler
hase 1 C C 1
p bl?l(,)lljlger Vphase Vgroup bl?ggpler
rapn e’ @nh p cothp | €™

N . _
stellar 1/e*? sino csco 1/e7?

_u | =B B ! 1| 1B
o | V148 1 B2—1 B 1-

1 3 3 4 5 4 5 2
el | =05 | 2=06 ~=075 | ==080 >=125| ==133 2=167 | =20
2 5 4 5 4 3 3 1

Thursday, April 28, 2016 5


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

| 2
U phase = Beosh p= B +5 Bp* (for u<c " _
4( phase P 2 P ( ) coshp=l+3 p?=~ 1+%—2 B=v,4
CK phase = Bsinh p) Bp (for u<c) y B=v, =ck,
77 sinh pzp~—
Y~ tanhp = pj - (for u<c)
c ) :
- | B At low speeds: B g
Uphase = B+ 5_2u & for (u<c) = K phase = 7 U
C C
-
Vv () T T V
¢ . b Doppler group group phase phase group phase b Doppler
ime RED L c j T, ( T, c BLUE
1 c group group A’ phase c 1
Space bI?LOl]}]Z?ler Vphase 2‘ A KA AA Vg roup bgggpler
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
e | V148 1 B2—1 1 1-B 1 B 1-B
" 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 5 3 3 1

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

A@Mase = Bcosh @z B +% B;:)Z(for UKC)

1
Resembles: const.+ EMu2

_;p hase = D S1nh P) 5p (for u<c)
“ = tanhp = pj ___________(_fQ_r__et_ﬁﬁg) ________

€ TR T At low speeds:

U phase = B+——2u & for (u<c) =

2 ¢

u =
coshpz1+% pzz 1+%—2 5=0y4
¢ B=v,=cK
u
sinh pzp~— A A
B
Kphase ~ _2 U Uphase aIld K:phase resemble
C

formulae for Newton’s
kinetic energy and momentum

Resembles: Mu

—
group b I?ggpler ng:up group Vp Z use b EZIIJI;W
hase | ¢ c 1
P b | Vi Voo | o
rapidi - -
£ ¢’ @nh A cothp | €
S;illgll; Z 1/€+p Sin 0 CSCO l/e_P
_u | |18 B 1 1+
= 1+ 1 B B
1 3 3 4 5 4 5 >
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 5 4 3 3 1

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

_gphase = Bsinh p) Bp (for u<c)
7 sinh P~P~
— = tanhp =p (for u<c)
C
~ 1 B At low speeds:
2
U phase = D+ Py u & for (u<kc) = K phase
C
hB
Rescale Uphase by 1 150: M=—5"
C
1
Resembles: const.+ EMMZ Resembles: Mu
7
time b}?ggpler ngroua Ugroup 7:phase ( phaﬂ Tgroup Vphase b gff]]ggr
¢ T, T, C
1 c group group A’ phase C 1
space ——
P b]?l(,)l]}]l??ler Vphase 2‘A KA AA Vgroup b}?ggpler
ropn e’ @nh p sech p @osh p)| cschp cothp | €
S;ff;‘l’er 71 1e | sino COSO seco coto csco | l/e”
_u | 1B B I -5 1 -1 1 | 4B
e | V148 1 B2—1 1 1-B 1 B 1-B
" 1052206 22075 | 22080 22125 | 22133 22167 2220
2 5 4 1

B=1)A
B=1)A=CK'A

B
=—1U Uphase and Kiphase resemble

2
formulae for Newton’s kinetic

energy EMMZ and momentum Mu.

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

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

_;phase = Bsinh p) Bp (for u<c)
= tanh p = pj (for u<c)
= 1 B At low speeds:
Uphase = B+ __2u2 & for (u<c) =
2 hB

0. M=—+
C

Rescale vUphase by 7

1
Resembles: const.+ EMu2

K

coshp= 1+2p ~1+2 2

sinh p~p~

Resembles: Mu

phase =

—
V T %
g r 0“17 b[?ggpler L g:up —° P : group pZase b gfglger
hase I ¢ C 1
PR o | Vi v | o
rapidi - -
£ ¢’ @nhp cothp | €
S;illgll; Z 1/€+p SinG CSCO l/e_P
_u - B B7-1 1 1+
C 1+ﬁ 1 [)’—2_1 1 l_ﬁz 1 ﬂ l—ﬁ
1 3 3 4 5 4 5 2
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 3 4 5 4 3 3 1

B:UA
B=1)A=CK'A

u Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor /4
to match units.

Thursday, April 28, 2016


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

phase = Bsinh p) B P (fOI‘ ULC )
u sinh p~p~
— = tanhp = pj (for u<c)
C
- 1 B At low speeds:
2
U phase = D+ 5 2l <for (<)== Kypgge =
C
hB
Rescale Uphase by 1 1s0: M=—-
! C
2
hvphase~hB + — u = fOI‘ (M<<C) - thhaseN
C
1
Resembles: const.+ EMu2 Resembles: Mu
/v
— LV T
¢ C

phase ! ¢ ¢ 1
bl?[i)gger Vphase Vgi’oup b[?ggp fer

r“pl’;dity e’ @nh ) coth p e’
SZZZ 71 1/e™ | sino csco | l/e™”
v BB p7—1 1 | [14B
e | V148 1 B2—1 1 1-B 1 B 1-B
Py i %= 0.5 §=0.6 %:0.75 Y080 22125 | 2133 2167 %:2.0

B:UA
B=1)A=CK'A

u Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor /4
to match units.

Thursday, April 28, 2016

10


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

phase = Bsinh p) B P (fOI‘ ULC )
u sinh p~p~
— = tanhp = pj (for u<c)
C
- 1 B At low speeds:
2
U phase = D+ 5 2l <for (<)== Kypgge =
C
hB
Rescale Uphase by 1 1s0: M=—-
! C
2
hvphase~hB + — u = fOI‘ (M<<C) - thhaseN
C
1
Resembles: const.+ EMu2 Resembles: Mu
/v
— LV T
¢ C

phase ! ¢ ¢ 1
bl?[i)gger Vphase Vgi’oup b[?ggp fer

r“pl’;dity e’ @nh ) coth p e’
SZZZ 71 1/e™ | sino csco | l/e™”
v BB p7—1 1 | [14B
e | V148 1 B2—1 1 1-B 1 B 1-B
Py i %= 0.5 §=0.6 %:0.75 Y080 22125 | 2133 2167 %:2.0

B:UA
B=1)A=CK'A

u Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor /4
to match units.

Thursday, April 28, 2016

11


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 2

CK phase = D sinh p) Bp (for u<c)
u sinh p~p~
— = tanhp = pj (for u<c)
C
~ 1 B At low speeds:
2
U hase = B+—-—u & for (u<c) = K phase
2 hB
A ] 2 (The famous
Rescale Uppase by 1 150: M= ) or: hB=Mc* .- u
1 2
MU ppgse=hB +— ) us for(u<kce)= Ik 40~
1
Resembles: const.+ EMu2 Resembles: Mu
/v
group bgggplﬂ ngroup Tgroup Vphase bgfg%ler
C C

hase ! ¢ ¢ 1
p bl?l?{?]lger Vphase Vgroup bl?ggpler
r“pl’;dity e’ @nh ) coth p e’
SZZZ Z 1/e"” | sino cSCo 1/e”

v BB p7—1 1 | [14B

¢ | V148 1 B2—1 1 1-B 1 B 1-B
Py 1 o05] 2206 32075 | 22080 2=125| 22133 22167 2220

2 5 4 5 4 3 3 1

B:UA
B=1)A=CK'A

Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor /4
to match units.

Thursday, April 28, 2016

12


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

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

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

7 ~

Y~ tanhp = pj (for u<<c)

C

- 1 B At low speeds: B
2
Uphase B + Ec_zu <: fOI’ (l/t <<C) :> Kphase = C_zu Uphase and K'/phase I'CSGmble
N o h o h_B . (The famous Me? formulale fog Newton’s kinetic
escale Uphase Y 1 S0 M= 2 Or: b = MC™ owsuphere!) ~ ENETZY EMM and momentum Mu.
1 hB 5 hB So attach scale factor /
~hB+—— for (ux K ~— .
hvphase h 2 2 u" <tor(uxe)= h phase o2 " to match units.
r» 1
h s~ Mc™+ > Mu* <for (u<c)= hK phase™= Mu
Doppler f‘/group Tgroup Vphase Doppler
group | b.." L byue
C T, c
phase ! ¢ Aptas ¢ !
bl?l(,){yllger Vphase 2“A Vgroup bl?ggpler

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

SZZZ 71 1/e™ | sino coto csco | 1/e”

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

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3

Thursday, April 28, 2016 13


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

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

coshp= 1+2p ~1+2 2 B=vy
_gphase = Bsinh p) Bp (for u<c) B=v,=cKk,
sinh p~p~
7]
Y~ tanhp = pj (for u<<c)
C
- 1 B At low speeds: B
2
Uphase B + Ec_zu <: fOI’ (M<<C) :> Kphase = C_zu Uphase and K'/phase I'CSGmble
o hB | 5 (The famous Mc? formulale fog Newton’s kinetic
Rescale vphase by 11 80: M=—% orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
C
1 hB > hB So attach scale factor /
~hB+—— for (ux K ~— .
hvphase h 2 2 us <ftor(uxc)= h phase o2 “" to match units.
15 e Lucky coincidences?? 5
M pase™ Mc*+ = ; Mi? < for <c)= K ypu5.~ Mu ' Cheap trick?:
Doppler f‘/group Tgroup Vphase Doppler
group | by, L bprue
C T, c
phase | ¢ ;Lphase ¢ |
bl?l(,){yllger Vphase A’A Vgroup bl?ggpler

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

SZZ‘Z 71 1/e™ | sino coto csco | l/e”

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

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3

Thursday, April 28, 2016 14


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

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

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

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

SZZ‘Z 71 1/e™ | sino coto csco | l/e”

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

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

pad’ | ==05| ==06 ==0.75 —=133 ==167 | ==2.0
2 5 4 3

Thursday, April 28, 2016 15


http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upiase and ckprase match to Newtonian KE and momentum
How Mc? pops right up
= Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 18t Lagrangian and 1%t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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rapidity -p +p
; e @nh o, cschp  cothp e

SZZ‘Z 71 1/e™ | sino coto csco | l/e”

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

¢ | V148 1 B2—1 1 B 1-B
1 3 3 4 5 2

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

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

coshp= 1+2p ~1+2 2
_;phase = Bsinh p) Bp (for u<c)
77 sinh p~p~
— = tanhp =p (for u<c)
C
~ 1 B At low speeds: B
2
Uphase = B+ Ec_zu & for (u<c) = K phase = C—zu
hB 2
g ] 2 (The famous Mc
Rescale vphase by 1 s0: M= ) or:hB =Mc”™ s up herel)
1 hB hB
U pase=hB + 22 u® &for (ukc)= hx phasezc_z u
I S S S
h s~ Mc™+ > Mu &flor (u<c)= K 5.~ Mu
hv
v
group bggg’ fer Tgroup phase b gfglger
T, c
1 A c 1
h phase
p e bl?l(,){yllger 2“A Vgroup bl?ggpler
e cschp  cothp -
SZ[Z; o | Ve cotw 1/e”
_u| 1| B 1 1-p° It yB-1 1 4B |(old-fashioned
_C l+ﬁ 1 B—2_1 1 l—ﬂz 1 ﬂ l—ﬁ notation)
o 1 o05] 2206 32075 | 22080 2=125| 22133 22167 2220
2 5 4 5 4 3 3 1

S Lucky coincidences??

B:UA
B=1)A=CK'A

Uphase and K'/phase resemble

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor /4

match unaits.
* Cheap trick?:
TI/:)/ exact Uphase ces

phase™ hBcosh p = Mc’ cosh P

Thursday, April 28, 2016
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Using (some) wave parameters to develop relativistic quantum theory

_ b 1pi2
vp,mse Bcosh py= B +3 Bp~ (for u<c) cosh- 1+2p U . B=v,
CK phase = Bsinh p)= Bp (for u<c) B=v4=cK
A A
7 sinh p~p~
Y~ tanhp = pj (for u<<c)
C
- 1 B At low speeds: B
Uphase B + 5_2142 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB ¢ formulae for Newton’s kinetic
. 2 (The famous Mc¢?
Rescale vphase by 1 s0: M —C—2 orhB=Mc™ owsupherel) CNEIZY > Mu? and momentum Mu.
1 hB 5 hB So attach scale factor /
h =hB+——u for (u<c hK =——1U .
Uphase 2 2 —for ( )= phase o2 to match units.
) 1 B L ucky coincidences?? * Cheap trick?:
hv Mc™+ Mu & for (ukc)= hx =~ Mu
phase ( ) phase TI/:)/ exact Uphase
thphase: hBcosh p =Mc* cosh p
a = ” - = Planck (1 900) M2
Doppler group group gfoup group phase Doppler
group | by, L c TA B T, p byur = Total J
pce | c T o ase 2shase c 1 instein (1 905 ) \/ l-u’/c?
p bl?[i)gger Vphase TA 2“A Vgroup bl?ggpler - (oltdj[fas};mned
.. notation
rapn e’ @nh p sech p cschp  cothp . .‘ ]]‘{9 C?(:g P] ZSZ;k
e o | e | sino COSO cotw 1/e” ; N | _

1+ 1 B>-1 1 1_ﬁ2j 1 B 1-8

1B | B L | 1P [1 X711 | 4B )\

value for
B=3/5

=0.5 é=O.6 E=0.75 i=O.80 §=1.25 i=1.33 é=1.67 %=2.0
5 4 5 4 3 3 1

1
2
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Using (some) wave parameters to develop relativistic quantum theory

V = Bcosh p)= B ++ Bp* (for u<c i' —
phase — @ 2PP ( ) coshp= 1+2p ~1+2 7| 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v, =ck,
T sinh p~p~
— = tanhp =p (for u<c)
< C Max Planck
1B , At low speeds: B 16581947
Uphase B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB The £ ¢ 1.2 formulae for Newton’s kinetic
Rescale v by i so: M=—= or:hB = Mc? (The famons M — Mu? and tum M
phase DY ; . : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB » hB So attach scale factor 2 (or hN)
MU ,pase=hB + 22 u® &for (u<kc)= hx phase~c—2 U oteh units,
) 1 Y L MC]O/ coincidences?? * Cheap trick?:
hv ~ Mc ™+ — Mu &for (uc)= hx ~ Mu
phase o ( ) phase Try exact Uphase ...
" Needtor =l—:hvp,me—hBcosh/o =Mc*coshp
— /i with /N to mat.ch Planck (]900) )
o | o V o V s e.m.*energy density ¥ Total B Mc
8 RED L . ¢ | BE ~hNUase) |7 otal Energy: £ _T \/
phase | — c c 1 Einstein (1905) l-u’/c?
bl?Lf]I;?le Vphase Vgroup bI?Egpl
rapn e’ @nh P cothp | €
e 71 1/e™ | sino csco | l/e”
_u | =B B 1 4B
¢ | V148 1 B 1-B
o Lo05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1

Thursday, April 28, 2016

20



Using (some) wave parameters to develop relativistic quantum theory

() = Bcosh p)= B +1 Bp? (for u<c _
phase @ 2 7P ( ) coshp= 1+2p ~1+2 2 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
sinh p~p~
" = tanh f
\; = fan p - p ( o1 l/t<<C) Max Planck
15, At low speeds: B 16081947
Uphase B + E_zu <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB ot ¢, formulae for Newton’s kinetic
Rescale v by 7 so: M=— or:hB = Mc? \ e Jamops ¢ —Mu? and tum M.
phase DY : . : shows up here!) ~ €Nergy - Mu= and momentum Mu.
1 hB hB So attach scale factor / (or hN)
N pase=hB + = 2 u-  &tor(ukc)= K 44 zc—z Utk units,
T T N S Lucky coincidences?? ! Cheap trick?;
hv Mc+ Mu &for (u<kc)=> K =~ Mu
phase™ o ( ) phase Try exact Uphase ...
" Needtor Thv phase="1B cosh p = =Mc*coshp
— J with /AN to mat.ch Planck (]900) )
gl’OI/lp bDoppler Vgroup £ Tgroup Vphas e.m.*ener gy denS lty T t lE M C
o c TA c \€0E ‘E :hN /Upha@ i ota nergy J \/
, 1 ¢ This motivates the Einstein (1905) l-u’/c”
phase boerter V e ‘particle” normalization
rapli)dity e—p @nhp f Q W dV_N Y= hv
selr ¥ 11/ | sing cote osco e’ For more visit the Pirelli Challenge Site
Quantized amplitude
v =B B p7—1 1 | [14B
c 1+ 1 B2—1 1 -2 ) 1 B 1-B
o 105|206 22075 |2=080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

phase — 5 cosh @N B +2 Bp (for u<c)

L _
coshp= 1+2p ~1+2 2 B=0,
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
7 sinh p~p~
= tanhp = pj (for u<c) 4
15, At low speeds: B 16081947
Uphase B + E_zu <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB The £ ¢ 1.2 formulae for Newton’s kinetic
Rescale vphase by 1 s0: M=—5" or:hB = Mc? (1he Tamous Me ~ M2 and tum M
phase DY : 2 : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB hB So attach scale factor / (or hN)
=hB+—— for (u< K ~— .
M0 ppase=h ) 2 u” &lorU<e)= Ik ppgge 2 “ " to match units.
o L o Lucky coincidences?? cpep, yrick?
hv ~ Mc™+ — Mu &for (ukec)=  hx ~ Mu
phase o ( ) phase Try exact Uphase ...
" Need to replace— Thvphase— hB cosh p =Mc*coshp
— /i with /IN to mat.ch Planck (]900) )
roup | bP Vorour . ( T o V s e.m. energy density ¥ Total E Mc
8 RED c T, cle EE =) vaha”) = 10la neI‘gy J \/
, 1 ¢ This motivates the Einstein (1905) l-u’/c”
phase boerter V e ‘particle” normalization .
rapidity e P @nhp f Q W dV_N V= hv Blg Worry: I.S I.lOt
’ illator energy quadratic in frequency v?
el 7\ 1/e*? | sino cotc  csco | l/e” B 5 5
2 HO energy=—A"v
| B | B -1 1| 4B :
e | V148 1 B2—1 1 -2 ) 1 B 1-B
o 105|206 2-075|2-080 2=125| 22133 2-167] 220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relat1v1st1c quantum theory

v = Bcosh p)= B +4 Bp? (for u<c _
phase @ 2 7P ( ) coshp= 1+2p ~1+2 2 5=0y4
CK phase = Bsinh p) Bp (for u<c) B=v,=ck,
sinh p~p~
" = tanh f
\; = lan p - p ( or l/t<<C) Max Planck
1B , At low speeds: B 16581947
Uphase B + E_zu <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB The £ ¢ 1.2 formulae for Newton’s kinetic
Rescale Uphase by 1 s0: M=—5" or:hB = Mc? (1he Tamous Me —Mu? and tum M,
phase DY : . : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
MU ,pase=hB + 22 u” &for (ukc)= Ik phasezc_z U oteh units,
I S S Lucky coincidences?? cpoqp iricio
hv Mc+ Mu &for (u<kc)=> K =~ Mu
phase™ o ( ) phase Try exact Uphase ...
Need tor =I—:hvp,,me—hBcosh/o =Mc*coshp
— J with /AN to ma{ch Planck (]900) )
W T Vo T o V s e.m.*energy density ¥ Total E Mc
8 RED c T, cle EE =) NrUpha9 = 101la neI‘gy J \/
A 1 ¢ This motivates the Einstein (1905) l-u’/c”
phase porer |y ‘particle” normalization
— = _ i Bi rry: Is not
rap;)dlty e P @nhp f \Ij \Ij dV= N V= hv g WO y .S .O
illator energy quadratic in frequency v?
el 7\ 1/e*? | sino cotc  csco | 1/e” I S
¢ HO energy—EA v
1- - -1 1 1 :
| BB - P — 1+p Resolution andiry seeret: £, N, and Upnase are all
c 1+ 1 B>-1 1 1_ﬁ2j 1 B 1-B .
1 ; 3 7 - ; : : frequencies!
pad” | ==05| ==06 ==075| -=080 ==125| —=133 ==167| —=20
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory

1 2
U phase = Beosh p= B +5 Bp* (for u<c | _
phase . P 2 bp ( ) COShpzl+%p2z 1_%”_2 " B=vy4
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
7 sinh p=p=—
— = tanhp = (for u<c) ¢
< C p p Max Planck
1 B At low speeds: B 16581947
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
Rescale v by 7 so: M=— or:hBB = Mc? \ e Jamops ¢ —Mu? and tum M
phase DY : 2 : shows up here!) ~ €nergy > Mu” and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
h =hB+——Fu for (u<c hK =—1U .
Uphase 2 2 —tor ( )= phase o2 to match units.
L 7 s .
» 1 75 , Lucky coincidences?? cpeqp trick?
hv =~ Mc"+—Mu~ <&for(u<c)= hx =~ Mu
phase 2 ( ) phase Try exact Uphase and liphase...
" Needtor Thvphase: hB cosh p =Mc*coshp
— /T with AN to mat.ch Planck (]900) )
g”'OI/lp b Doppler Vgroup vgroup Agroup Vphas e.n. ener, g:y denS lty M C
“ L ¢ UV, Ay C \eoE :kE =hN Uphasv) = TOtal Energy° Ej 2,2
1 ¢ (Kol | Torase c 1 Einstein (1905) \/ l-u”/c
p hase bD()ppler V K T V bDoppler 2
BLUE phase \ A A group RED hCK — hB Si nh :MC Si nh
e @nh p) (sinhp) | sechp cothp | e | phase p p
e g | 1€ | sinc  tano | coso csco | 1/e”
B O [ T S S O AT O s S Y
e | V148 1 B2—1 1 1-p*) 1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upiase and ckprase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase glves exact Planck-Einstein energy formulas (1900-1905)

% Exact crphase gives exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 18t Lagrangian and 1%t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Using (some) wave parameters to develop relativistic quantum theory

1 2
U phase = Beosh p= B +5 Bp* (for u<c | _
phase . P 2 bp ( ) COShpzl+%p2z 1_%”_2 " B=vy4
CK phase = D sinh plz Bp (for u<c) | y ¢ B=v, =ck,
7 sinh p=p=—
— = tanhp = (for u<c) ¢
< C p p Max Planck
1 B At low speeds: B 16581947
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB o f ¢ , formulae for Newton’s kinetic
Rescale v by 7 so: M=— or:hBB = Mc? \ e Jamops ¢ —Mu? and tum M
phase DY : 2 : shows up here!) ~ €nergy > Mu” and momentum Mu.
1 hB 5 hB So attach scale factor 2 (or hN)
h =hB+——Fu for (u<c hK =—1U .
Uphase 2 2 —tor ( )= phase o2 to match units.
L 7 s .
» 1 75 , Lucky coincidences?? cpeqp trick?
hv =~ Mc"+—Mu~ <&for(u<c)= hx =~ Mu
phase 2 ( ) phase Try exact Uphase and liphase...
" Needtor Thvphase: hB cosh p =Mc*coshp
— /T with AN to mat.ch Planck (]900) )
g”'OI/lp b Doppler Vgroup vgroup Agroup Vphas e.n. ener, g:y denS lty M C
“ L ¢ UV, Ay C \eoE :kE =hN Uphasv) = TOtal Energy° Ej 2,2
1 ¢ (Kol | Torase c 1 Einstein (1905) \/ l-u”/c
p hase bD()ppler V K T V bDoppler 2
BLUE phase \ A A group RED hCK — hB Si nh :MC Si nh
e @nh p) (sinhp) | sechp cothp | e | phase p p
e g | 1€ | sinc  tano | coso csco | 1/e”
B O [ T S S O AT O s S Y
e | V148 1 B2—1 1 1-p*) 1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1
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U

Using (some) wave parameters to develop relativistic quantum theory
= Bcosh p= B +5 Bp* (for u<c)

formulae for Newton’s kinetic
energy EMMZ and momentum Mu.

So attach scale factor 2 (or hN)

* Cheap trick?:

Try exact Uphase and liphase...

Thv phase="1B cosh p =Mc* cosh p

Mc2

Einstein (1905)—T \/1— Jc*

=hBsinh p =Mc?*sinh p

op = Mcu
\/ 1—u?/c?

- coshp= 1+2p 2o il 7|
CK phase = D sinh plN Bp (for u<c)
77 n ] sinh p~p~
\; tan p = p ( Or M<<C) Max Planck
1 B At low speeds: B 1o58-1947
2
Uphase = B+ Ec—zu & for (u<c) = K phase = C—zu Uphase and Rophase resemble
hB E
Cag ) 2 (The famous Mc
Rescale vppase by i s0: M= ) or:hB = Mc shows up here!)
1 hB hB
hv =hB+——u"- &for(ukc)= hx ~——1U .
phase 2 2 ( ) Phase o2 to match units.
r» 1 2 --------------------- Lucky coincidences??
N ase™= Mc™+ EMM &flor (u<c)= K 5.~ Mu
” Needtor
— /T with AN to mat.ch Planck (]900)
gromp | DT Vorour vgroup V. as e.m.*energy density Y B
RED L . ¢ | BE ~hNUjpss otal Energy: £
1 c ( phase C h 1
phase | ——— Doppler
bBLUE phase \ Vgroup bRED hc K
e Glnh) (smh p) cothp | €™ |_p hase
e o | 1" | sinc tano: .cotoesco | Mel 1 : |
Ll — = - (old-fashloned
| B (1 1| g | AP i ien
e | V148 1 B21 B -8 ¢
o Lo0s5] 2206 2207522080 2=125| 22133 2-167| 2220
2 5 4 5 4 3 3 1

Thursday, April 28, 2016

27



Using (some) wave parameters to develop relativistic quantum theory

U

= Bcosh p= B +5 Bp* (for u<c)

- coshp= 1+2p 2~ 144 2' ..
CK phase = D sinh ’OlN Bp (for u<c)
7 sinh p~p~
— = tanhp =p (for u<c) , |
L C Max Planck  Louis DeBroglie
1 B At IOW SpeedSZ 1858-1947 1892-1987
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase =—U Uphase and K'/phase I'CSGmble
¢ o f , formulae for Newton’s kinetic
Rescale v by h so: M=—3 or:hB = Mc? (The famous Me — Mu? and tum M.
vhase DY : ; shows up here!) ~ €nergy - Mu* and momentum Mu.
1 hB 5 So attach scale factor 2 (or hN)
h ~hB+——u for (u<c hK —U .
U shase 2 « for ( )= phase to match units.
2 1 I"'2' ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' lral W.ave .C nSpl']/'aC ExpenSlVlf?
., ~Mc+—Mu~ <<for(u<c)= hx,, . = + Credp 1rick?.
phase 2 ( ) phase Try exact Uphase and szhase...
" Needtor Thv phase="1B cosh p =Mc*coshp
— /i with /N to mat.ch Planck (]900) )
erom | DE V o vgroup V s e.m.*energy density ¥ Total B Mc
RED L . ¢ | BE ~hNUjpss otal Energy: £ _T \/
phase | — c ”,,,W c 1 Einstein (1905) l-u’/c?
bl?Lf]I;?le hase \ V rou bI?Egpl ' .

— i - hck —hBsinh p =Mc? sinh
rapn e’ Glnh) (smh p) cothp | e’ |_p hase p p
e o | 1€ | sinc  tano': _coto_csco | 1e” | . Muc

Ll — = (old- fashloned Cp =
| B B ( 1 [ g | NP e NI
1 1 2_ 1-
c +f3 B2-1 B B "y . — Wi
e for 105|206 22075 |2=080 2-125| 22133 2-167| 2220 omentum: 1K phase™ 7 ™ 2, 2
. 5 4 5 4 3 3 I DeBroglie (1921) l=u”lc
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U ,hase = B cosh @z B +% sz(for UKC)

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

> .
: coshp=1+3 p= 1+%u—2 B = B=v,
CKphase:Bsmhplz Bp (for u<c) sinh pp=" ¢ ‘3 T L b=v =cKy
inh p=p=~— \ ’ .
u %
IR = tanhp = p j (for M<<C) ¢ Max Planck  Louis Degfg'e
\_C - At low speeds: 5 1858-1947  1892-1987
2
Uphase = B + 5_214 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB The £ ¢ 1.2 formulae for Newton’s kinetic
R le v by h so: M=—3 or:hB = Mc? (The famous Me — Mu? and tum M.
escale Uphase DY : 2 : shows up here!) ~ €nergy —Mu and momentum Mu.
1 hB 5 hB So attach scale factor /4 (or hN)
~hB+—— for (u< K ~— .
hvphase h ) 02 U & for (u<c)= h phase 02 " to match units.
Ly 7 wral wave conspirag Expensjvlf?
h ., =~Mc+—Muy~ <for(u<c)= hx,, .~Mu + Creap trick?.
phase 2 ( ) phase Try exact Uphase and szhase...
" Need to replace— Thvphase: hB cosh p =Mc*coshp
/1 with /N to match Planck (]900) 5
gromp | b2 ngmup Vo T eroup V sl €.m. energy density Mc
RED L c v, T, ¢ |e OE:kE iy vaha”) — TOtal Enel‘gy. Ej \/ > 5
h 1 c (Kphase This motivates the Einstein ( 1905 ) l—u~/c
pnhase bl?li){?][ger Vphase \ K-A ‘partiCIC” normalization

[ W gy=N ¥=|—E NeK ppase=nBsinh p =Mc”sinh p

DeBroglie (1921)

e @nh@ (sinh p) T
- u
e o | Ve | sinc tano coto eseo | Vel I 1 . | Muc
:;- \/ = 1= - (old-fashloned Cp =
_u 1—,3 [3 1 '3—2_1 1 1+[3 ﬁ - \/1—u2 notation) \/1—1/{2/62
- 12R T - — c
c | NI+ | 1 | (B2l 1 B 1-B 7
Momentum: hx =p=
o 1 o05] 2206 22075 | 22080 22125 22133 22167 2220 O phase 7. 9
2 5 4 5 4 3 3 1 1—u“/c
2
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upiase and ckprase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase glves exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
2 Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!/)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 18t Lagrangian and 1%t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Using (some) wave coordinates for relativistic quantum theory

RelaWavity Web Simulation
Relativistic Terms - Einstein-Plank Dispersion

Energy (E
8 ) Momentum r~<ov
=] cp = Usinh(p) /‘&

Hamiltonian
H(p) = Bcosh(p)

Rest Energy
B=w

| Per-Space (¢p,

(aNExact Einstein- Planck Dispersion

matter wave:

E=hw

positive rest energy Mc?
E2 2 2 —(MCZ )2

X\\\\ Energy
W\ N
\\\ Yy

tachyon:
orlframe imaginary
X O e
T L’ ’ E=+cp
- \\ Momentum
\ ' cp=hck

ORI

Mass (resting) .........

, Bohr- Schrodmger Approximaio
hB hUA MC hCKA : . ‘.‘ (D'y 0_490))
Energy ' ‘
MU yase= E = th coshp 14 & 30| | H=p2e
"""" 1885-1962
25
Momentum .
h =h h h h 16
CKphase Cp = CKA Sln p UA Sln p 9
Lnergy versus Momentum 4
E*= (Mc2 )zcosh2 P frere i
sates 6-4-4-3-2-1 012 345 4

(e (1ssinnp = me? )

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

2
P

States
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Using (some) wave coordinates for relativistic quantum theory

RelaWavity Web Simulation

(a

xact Einstein- Planck Dispersion

matter wave:

Relativistic Terms - Einstein-Plank Dispersion
. Energy (E) y positive rest energy Mc?
\\,\ =7 cp L"EZEEE"Q) /F;‘*{Q’/ \ E E2 . 2 2 =( Mc2 )2
‘\._\\ //,/' nergy \
T~ _— . \\\\\ E—hﬂ) , / tachyon:
[\ ’ framo imaginary
I X < ,
11831?3223'(19) \\\\ ) photon:
7 zero |
N pe .’ E=+cp
\ Momentum
i | ’\";’i Per-Space (cp) \ . \ . \ : \ .Cp,=ﬁ,Ck. |
A N
Mass (resting) ... Bohr- Schroa’mger Approximaio
hB=hv, = Mc = hcK 4
Energy ' | L~ ™~ | |
MU ppase= E __l?_l_)__A_coshp ‘ | 36 B =p2ou / \\\Q\
| | | | | : | \ | | \
| 25 | / IR\
Momentum V- 16 | / Lo
heK ppase=CP =hck 4 sinhp= th sinhp /| \ 0 / <E>=Bm¢
Lnergy Vel”SI/éS Momentum 7 4 > / -
N/
E*=(Mc? | cosh’p N
-6-4—4—3-2-]0]23245 4
2 2 2 P | d
2 ) 2 2 ) 2 2 ow\spee
(Mc ) (1+s1nh p) (Mc ) +(cp) =7’ _\/(Mc ) +(cp) M approximation
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact ckphase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What s the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
2 (1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 1%t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc?coshp

= hv
phase
Rest Mass Myes: (Einsteiéa 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc” sinhp
— — = 2
hB hUA Mc hCKA E = i\/(Mcz) +(Cp)2 — hCKphase
dv

VQIOCl.l‘y.' U :Ctanhp — d_
K

e What's the matter with Mass?

Shining some light on the elephant in the spacetime room
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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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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact ckphase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What s the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass s%2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 1%t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion

Thursday, April 28, 2016

36



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

Thursday, April 28, 2016



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 COSILP \/1—u2 /2 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
hvphase _M . hCKphaSe ReSt l .. dU
2 restT 2 Mass velocily:  u=ctanhp = e
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
— Mrest COShp _ rest Moj\n}entum
\/1 202 ass
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact ckphase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What s the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass  (2) Galilean momentum mass=%3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 1%t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mass Myes: (Einsteig 5 mass) Defines invariant hyperbola(s) momentum: cp =Mc” sinhp
hB=hv, = Mc” = hck 22 2

A A E= i\/(MC ) +(Cp) = hCKphase
hvphase hCKphaSe ReSt dv
=M. . = — velocity: u=ctanhp = —
2 rest -2 Mass i dx

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

M,,csinh o | \
M, = P _ M rest P Limiting cases: M, —— M., P2
u ctanh p . ;
= M h — Mf’eSf Momentum mom ULKc rest
= Mg COSNP = 5 -
\/ 1-u”/c Mass

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
Uphase M= K phase  Rest L dv
2 T rest T3 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 _ M rest P Limiting cases: M, —— M., P2
u ctanh p . ;
= M h — Mf’eSf Momentum mom ULKc rest
= Mg COSNP = 5 -
\/ 1-u”/c Mass

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
— Mrest COShp _ rest MOAI”ZQI’UMM
\/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

Thursday, April 28, 2016 43



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
— Mrest COShp _ rest Moj\n}entum
\/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

csech? . e
P\ Effective Mass M M,

ukc

dp
Meﬁ‘ =E Mrest
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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
— Mrest COShp _ rest Moj\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

dp c cosh 3 L . X 3
Meﬂ — d_ =M,,, P ( =M, cosh”p Limiting cases: M off o M,,.e"/2
“ csech” P\ Effective Mass I, 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
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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 hygerbola(s) momentum: cp=Mc> sinh 0
VA ¢ =heka E= i\/(Mcz) +(cp)2 = NeK ppase
no phase hCK phase — Rest . dv
=M . = > e Group velocity: u=ctanhp = o
C C _—_—

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
— Mrest COShp _ rest Moj\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

dp ccosh p 3 S . . 3p
M off = d_ =M, ( =M, cosh”p Limiting cases: M off TS M,,.e 2
“ csech’p Effective Mass M Y
eff <o 7 rest
More common derivation using group velocity: u=V,,,,,= ‘f;;{’ Zz
pTTLT e ~
dp hdk h - h o M 3
M 5 = = d do "5 =M ey cOSITP
dk dk di? \ Effective Mass )
- — an

general wave formula; - to accompany Vo =g°
46
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Definition(s) of mass for relativity/quantum

Rest Mass Mes: (Emstezn 5 mass) E=hw
hB = hUA MC = ]’lCKA Finite-mass M }'QQ;Z./
. . <
MU pase Iy heK ppase  Rest dispersion o .
-2 rest 2 Mass function hw(c 2,
Momentum Mass Muon (Galileos mass) Defined by p/u E()
M csinh A é &
Mmom = B — ret p M02 =FE minimum %%po O\;‘; Qf&o
U C tanh p radius of curvature E,?Q%c% QOQ Ab
M,,s  Momentum =
— Mrest COSh p — FZS > MaSS (momentum
\/ I1-u”/c i v
Effective Mass M.; (Newton's mass) Detined by F/a=dp/du K ok
That is ratio of dp=Mc coshp dp to change du=c sech?p dp in velocity ' \\0\’@‘&5‘0’
d ccosh
Meﬁ‘ - » Mrest p (Mrest COSh3p
du csech? p
Effective Mass
L : : do _dv
More common derivation using group velocity: u=V,,,,,= e
"""" A )
M 5 = dp hdk _ _n — h — M o5 =M, cosh’ P Effective mass 1s
D du dngup ddo d'o (1 2 62)3/ 2 proportional to the
dk dk g2 I\ Lffective Mass ) radius of curvature
----------------------------- do of w(k) dispersion.
: general wave formula to accompany ngup=ﬁ
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact ckphase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What s the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
3 Three Faces of Eve: A photon’s split personality

Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 1%t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Definition(s) of mass for relativity/quantum

How much mass does a y-photon have?

Rest Mass (a)y-restmass: M/, =0,

hxk  hv
Momentum Mass (b)y-momentum mass: M}, = F_T- 5
C & C

Lffective Mass (c)y-effective mass: M /= oo.
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Definition(s) of mass for relativity/quantum 7 :h_;):v(l 210 kg 5
C

mom
How much mass does a y-photon have? —45.10%kg  (for: v=600THz)
Rest Mass (a)y-rest mass: M, =0, Newton complained about
Momentum Mass (b)y-momentum mass: M7, =£ = h _ ho , ‘}f b ,?orpgscles of light having
c ¢ ¢ fits” (going crazy).
Effective Mass (c)y-effective mass: M 7;?: oo, (For Newton these 3 mass values would be evidence

of triple Schizophrenia.)
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Definition(s) of mass for relativity/quantum  p7 " _ 42,1075 ke s

mom-— 2
c
How much mass does a y-photon have? —45.10%kg  (for: v=600THz)
Rest Mass (a)y-rest mass: M, =0, Newton complained about
Momentum Mass (b)y-momentum mass: M7, =£ = h _ ho , ‘}f b ,?orpgscles of light having
c o2 fits” (going crazy).
Effective Mass c)y-effective mass: M 7;?: oo, (For Newton these 3 mass values would be evidence

of triple Schizophrenia.)

v-(non)-dispersion has
INFINITE
radius of curvature

Finite-mass M

dispersion
Junction huw(c Zero-mass M |E=h
E(p) Non-dispersion
w =ck
M02=E minimum
radius of curvature E —C p
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

P Relativistic action S and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
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Relativistic action S and Lagrangian—Hamiltonian relations

-
-

-
="
-
-
-
-="
-
-
-
-
-
-
- ."
- -
-
-
-
-
-
-
-
-="
-
="
-
-
-

" v, =Mc*=hex | Prior wave relations ( nw =Mc2=hck A
MU pase= E =0y Co.shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
€K pase=cp =hv, sinhp format format ik s =cp =ho , sinhp oY s

Thursday, April 28, 2016



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 dx h
L= h——hk——ha) h=—
dt .- dt 21
p = hk=Mcsinh p E =hw= Mc*cosh p
" v, =Mc*=hex )| Prior wave relations . e ,=pc?=nck , \
MU pase= E =0y Co.shp «—linear Hz  angular phasor— hwphase E=hw , coshp f= i
\]’lCK' phase=CP =NV 4 sinhp ) format format thphase cp =hw, sinhp oY s
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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

dd dx dx h
L= h——hk——ha) p——E px—FE h=—
dt .- dt .dt 27
p = fik=Mecsinh 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— ho phase™ = E =hw, coshp
\hCKphase:Cp =hv , sinhp ) format format thphase cp =hw , sinhp

Thursday, April 28, 2016

55



Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works
% The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions
Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential
Hamilton-Jacobi equations
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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 .- dt dt
p = hk=Mcsinh p E =ho= Mc*coshp=H
(" hv=Mc*=hex )| Prior wave relations . e ,=pc?=nck , A
WU pase= E =hv 4 coshp [—linear Hz  angular phasor— hwphase E=hw , coshp f= i
\]’lCK' phase=CP =NV 4 sinhp ) format format thphase cp =hw, sinhp oY s
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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 s
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
MU pase= E =0y Co.shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s
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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
dr  dt dt "
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p  E=ho=Mccoshp=H
L= pu=H =(Mesinh p)ctanhp)—Mc’coshp
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
MU pase= E =0y Co.shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works
The Legendre transformation relations
= Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations
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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 = p)'c—E EEDM—HZ L transformation ]
dt dt dt Ix
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p  E=sho=Mccoshp=H
L= pu~H =(Mesinh p)(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
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp f= i
\hCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s
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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 ]
dr  df dt i
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh 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 —-—i = —Mc” sechp
C :
" v, =Mc*=hex )| Prior wave relations ( #w ,=Mc2=hck A
N pase= E =h0y C(?Shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T
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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

d D d d Legendre
L=h—2= hk—x—hw = p—x—EE px—EEEDu—HZ L transformation ]
dt dt dt -
............................................U.S?.QKQ%B.Y??QQ??XE.%%.?EZ,.Q.@@P

p =hk=Mcsinh p

= Mc = — Mc’sechp
coshp
(Compare Lagrangian L > h
. U
L=h®P= —Mcz\/l——2 = —Mc’ sechp
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc°coshp
C
N J
" hv,=Mc*=hcic, | Prior wave relations ( nw ,=mc?=tck , A
M ,pase= E =hV4 coshp [—linear Hz  angular phasor—; ne pgse= E =nw, coshp i
\hCKP hase=CP =hv 4 sinh p ) format format _ hick 5 =cp =ho , sinhp | 2T
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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

d D 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=Mecsinh 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 Also: ep=Mc” sinhp
(Compare Lagrangian L 2 )
L=h®= —Mcz\/l——2 = —Mc’sechp
C
with Hamiltonian H=E ;2
H=hw=Mc/,[l-— = Mc’coshp
C
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
\ J
g N h=hl2mw | p -
hv ,=Mc>=hcic, Prior wave relations ( s ,=Mc?=hck
MU ppase= E=hv, coshp |—linear Hz  angular phasor—{ h® = E =hw, coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =ho, sinhp 2T
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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 — H =L transformation ]
dt dt dt dx
e USC GTOUp velocity su=— =c tanh p
p =Tk=Mesinh p  E=ho=Mccoshp=H =csino
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc’ tanhp
sinh’p— cosh > YER
= Mc’ P P_ _ Mc’sechp ¢ Smo
coshp Also: ep=Mc” sinhp
(Compare Lagrcfngian L 2 \ =fick= Mcttano
L=h®d= —Mc’ l-— = —Mc’ sechp = —Mc*coso
C .
with Hamiltonian H=E ;2 Including
H=hw=Mc*/ J1-= = Mc’coshp = Mc*seco stellar
C , — , - angle o
=Mc \/1 +sinh “p =Mc \/1+(cp)
N J
" hv,=Mc*=hcic, | Prior wave relations ( aw ,=mMc?=tck , A
N pase= E =h0y C(?Shp —linear Hz  angular phasor— h® ., = E =hw 4 coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ hick . =cp =ho ,sinhp 2T
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations

Deriving Lagrangian and Hamiltonian functions

2 Geometry of 1%t Lagrangian and 1%t Hamiltonian equations
Poincare invariant action differential
Hamilton-Jacobi equations
How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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Phase Velocity

Bec/u =

=Bcs

Bcoth(p)

~aa
-

Re\st Energy

-Coordiﬁﬁté angle v=atan(u/c)
\ ‘\\'~

Stellar aberration angle o-asm(u/c)

Momentum 'H_M s Mot u ‘
cp Bsinh(p) L cop_ |
.~ =DBta | -
L \
LY BaSonian DeBroglie Wavelength
ATt o BM/e = Besch(p)
B H(p.)_Bco._‘xl p)=Bseco —Broto
S -Laqranman
-L( ) = Bsech(p) Bco o
Vi s, 2
RONCS
I , \ \\‘[‘
: " '1 2 07 "
Group V‘plocity>v Vf NN |
u/c = Btanh(p)=Bsino
_Phase Velogity
Be/u = Beoth(p)=Bgesco
=-Mc“sechp |="-Mc“+Mu“/2+...

RelaWavity Web Simulation

{Physical Terms - All Terms}
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http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8

<&
Momentum
TH 5 = Bsinh(p) 5
| N =DBta '
— B
Phase Velocity | I
Be/u = Beoth(p) X _ .
=Bcs AN = |, ‘
Rest Energy [ =F e |
\53 =X/ -Lagrangia
2 {(u) = Esech(p)
: Group V"plocity;
p-circle Bu/c = Btanh(p)=]
b-cfycle

Broglie Wavelength
Ne = Beseh(p) =Bcoto

L=-Mc? sechp

M+ M2+

DeBroglie Wavelength

BA/c = Besch(p)
=Bcoto

RelaWavity Web Simulation

{Physical Terms - All Terms
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http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=4%7C8

Phase Velocity

Bc/u = Bcoth(p)
=Bcs

Rest Energy
\B =%/

p-c)’rc/e

e = 2csch(p) ;B

5

&
__Momentum  __~«
THS cw = Bsinh(p) -7
=DBta T
il
-L

/¥ Hamil

-Lagrangian

Group V:ielocity V rﬂ

¥

= .
Bu/c = Btanh(p)=Bsino

L=-Mc? sechp

o°/~
2" Hamilton Equation is zero o %)
0H . :
. p=0 (with no outside force)
X

. Coordir{a{te angle v=atan(u/c)

/A (u) = Bsech(p)= Bcow

M+ M2+

DeBroglie Wavelength

BM/e = Besch(p)
=Bcoto

2" Lagrange Equationis zero

L
0 =p=0 (with no outside force)

ox
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Poincare [nvariant Action dS=Ldt=p dq-H dt=nd® (phase)
Hamiltonian H(p,q)=pq -L

VS.

Lagrangian L(qq)=pgq-H

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 - D
group velocity u. H o
O o ’
- = q B
P _
\u
\ \-_ = // H//
/
7 H’
)24
TLight cone u=1=c
//7zas infinite\H
‘and zero L
/ Momentum p
Here slope is group velocity u=¢g
Y-coordinate is eneroy H=hw SRQTbyR&C Unit 3

Fig. 26

(b) Lagrangian

radius = Mc? ()]

L(q.9)

Velocity u=q

_H/I

ii)z'

i

slope is
momentum p:

dL

Here slope 1s momentum p
Y-coordinate 1s phase rate L=h®
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations

% Poincare invariant action differential
Hamilton-Jacobi equations
How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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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 ®=/x-wt=/'x"-w't" for wave of k=/k,j.5c and w=wpiase.

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 L= 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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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations

Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential
=» Hamilton-Jacobi equations
How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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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,

Thursday, April 28, 2016 75



Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

= How Hamilton-Jacobi derives Schrodinger-op equations
How Huygens contact transformations determine motion
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum wave”)

() =e

dS 1s integrable if{a—S: pJ and: [B—S: — j
or ot

These conditions are known as Jacobi-Hamilton equations

1S /h — ei(p-r—H-t)/h — ei(k-r—a)-t)
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum wave ")

l//(r H=e¢e

dS 1s integrable if: [aS pJ and: [B—S: — ]
or ot

These conditions are known as Jacobi-Hamilton equations

i1S/h — ei(p-r—H-t)/h — ei(k-r—a)-t)

Similar to conditions

for integrating work
differential dW=fedr
Q: When 1s the Action-differential dS integrable? aw o potential Wir).

A: Differential dIV=f.(x,y)dx+f,(x,y)dy 1s integrable to a W(x,y) if: f, = —and f, = That condition is no
dy curl allowed: Vxf=0

or 0-symmetry of W:
of. oW W df,
dy dyox oOxdy Ox
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum wave ")

l//(r H=e¢e

dS 1s integrable if: (BS pJ and: [B—S: — j
or ot

These conditions are known as Jacobi-Hamilton equations

i1S/h — ei(p-r—H-t)/h — ei(k-r—a)-t)

Iry Is' r-derivative of wave |

0 0 n OSIH) wn (., .08

arl//(r )= Bre =T e —(l/h) . v (r,t)

0 | ‘h 0 h
—y(r,t)=(i/h)py(r,t) or: ——w(r,t)=py(r,r)
or i or

_/
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum wave ")

l//(r H=e¢e

dS 1s integrable if: [BS pj and: [B—S: — j
or ot

These conditions are known as Jacobi-Hamilton equations

Iry Is' r-derivative of wave |

0 0 o a(iS/h) SiSih 0S

=2 o = /T
or 5 V0= or e or (l )ar y(r.n)
0 ‘h o

—y(r,t)=(i/h)py(r.) or: y(r,t)=py(r,t)

or

i or

\

_/

i1S/h — ei(p-r—H-t)/h — ei(k-r—a)-t)

Momentum Operator
or p-op in r-basis

LS
P o) §
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum Wave ")

l//(r H=e¢e

dS 1s integrable if: (BS pJ and: [B—S: — j
or ot

These conditions are known as Jacobi-Hamilton equations

i1S/h — ei(p-r—H-t)/h — ei(k-r—a)-t)

Iry Is' r-derivative of wave |

0 0 ., O(iS/h) oS
—yr)=—e" = ¢ / t
or virn= or or =i )8 y(r,t)
0 . (h 0 \Momentzftm Obpelfator
gl//(l’,t) = (l /h)pl//(l‘,t) Or. T I//(l',t) = p[/j(r,t) or p-op Z”lg" asts
N J P=
Iry I8! t-derivative of wave | i or
0 0 wm O(S/R) i S
- JI)=— l — l /h A
ot I//(r ) ot ‘ ot (l ) Ot W(l’ )

=(i/h)(—H )y(r,t) or: ihail//(r,t):Hl//(r,t)

\_ 4 J
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How Jacobi-Hamilton derives Schrodinger equations

(Given “quantum Wave ")

W(l‘ t) — elS/h — ei(p-r—H-t)/h — ei(k-r—a)-t)
dS 1s integrable if: (BS pJ and: [B—S: — j
or ot
These conditions are known as Jacobi-Hamilton equations
Iry Is' r-derivative of wave |
J o ., 0iSIn) ., 35
(r,t)=—e""" = e"” i/ h (r,?)
or o’ or or =(i/h)5] or 4
0 4 h o \Momentum Operator
—y(r,t)=(i/h)py(r,t) or: |———y(r,1)=py(r,z) |7 Popinrbasis
or i dr JNL
Try I’" t-derivative of wave i or
0 J . d(iS/h oS
_I//(r’l-) — _elS/h — ( ) lS/h (l /h) W(l’ Z_)
ot ot ot - o N Schrodinger time
0 equation

=(i/h)(-

H)y(r,t) or:

iha—W(r,t) — Hl//(l’,l‘) iy (r,t)=Hy(r,r)
[ J

\_
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Using (some) wave parameters to develop relativistic quantum theory
Low rapidity approximations to Upnase and crpnase match to Newtonian KE and momentum
How Mc? pops right up
Exact vpnase gives exact Planck-Einstein energy formulas (1900-1905)

Exact crpnase glves exact Bohr momentum and dispersion formulas (1921-1927)
Bohr-Schrodinger approximation to dispersion (Who threw away the Mc? ?!!)

“What's the Matter with Mass? " Definition(s) of relativistic and quantum mechanical mass
(1) Einsteinian rest mass (2) Galilean momentum mass (3)Newtonian effective mass
Three Faces of Eve: A photon’s split personality

Relativistic action § and Lagrangian-Hamiltonian relations: How invariant phase works

The Legendre transformation relations
Deriving Lagrangian and Hamiltonian functions

Geometry of 15t Lagrangian and 15t Hamiltonian equations
Poincare invariant action differential

Hamilton-Jacobi equations

How Hamilton-Jacobi derives Schrodinger-op equations
% How Huygens contact transformations determine motion

Thursday, April 28, 2016

83



Huygen s contact transformations enforce minimum action

Each point ri on a wavefront “broadcasts” in all directions.
Only minimum action path interferes constructively

I, rt

gﬁ;iﬁiﬁg ser;ZZea;tclzzZ 0n39 g = _[p-dr S, (r,1)=30 Time-dependent action S = J. (p-dl' — H-dt )
. | dial inteoral I, (Hamilton’s principle action) vy,

15 a purcly spatial fntegrat S(ryr)=20 1s space-time integral .

Sy(ryr)=10

X7

I'30
Optimal path rg to ry : .
accumulates 20 CMwBang! Unit 1
east action possible)

(T 10:7)ET0 Flg 12.12

Non-optimal path r( to ry

seamies /| Subn=20
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Huygen s contact transformations enforce minimum action

Each point ri on a wavefront “broadcasts” in all directions.
Only minimum action path interferes constructively

n

r
eadatsctn s, = [t S Tnedpenionacion 5, = | (v~ 1)
\ | cal int | I (Hamilton’s principle action) r,
15 a purely spalial Infegral . Sy(ryr)=20 is space-time integral .
IS \ryry )/ 7 - :
_ H\'0"1 )= IS(rn.tnr )/ ]
<r1‘r0>—e (rom) Sy(ry)=10 <r1,tl‘r0,t0>=e (g-to7114 )

’W“ ..because action is
)(‘v,‘ - quantum wave phase

I'30
Optimal path rg to ra | :
accumulates 20 CMWB ang: Unit 1
east action possible) (T 10:7)ET0 Flg. 12.12

Non-optimal path r( to ry

seamies /| Subn=20

Feynman's path-sum closure relfestign

)= Z,ei(SH(roir')JrSH("':rl))/h _ JASulrm ) _ (1],

e ) Iy

5 (r,
r
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Huygen s contact transformations enforce minimum action

SRQTbyR&C Unit 3
Fig. 28

— \ ...neither
\8

“false” paths
are neither

7\ slowest nor
‘ I fastest

\ Clock on natural
W or “true” path
runs the fastest

...and wins
| “phase lottery”

slowest nor
fastest

) s stopped
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Huygen s contact transformations enforce minimum action

Stationary phase )/
gives a“True” path: /
by constructive
interference
/

—
—
i
—
——

—
—
——
—
—_
—
—
—
—
—
-—

“False” paths

SRQTbyR&C Unit 3
Fig. 29
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2015 DAMOP

ty and Quantum Mechanics by Ruler and Compass 1.

Galilei Gaileo

looks worried?

A *road-runner” axiom
s a *show-stopper”

Pulsc wave (PW) i

mum o otian Acos o 20t Ao S+ o dox

USlng though comforting to the.
o “BIW peaks precisely locate places where wave i,
Occam's "ottt e
O seras preciel locai places where wave 1
. AXAZOF b oo Simpler] W conerence
Jean-Bapisie o e ey v it
Josesh Frer Evenson Continuous Wave (CW) axiom: CW speed for all colors is c - e,
Kenncih Evenson ‘and productive
(TCW is affected by|
sorder Doppler
iR b zer
and
Red shifts r=e?
. /of frequency v
s ‘ s
)

How does space-time andor per space-per-time carry llght waves? ¢

,,,,,,,,,,, Hetareich

(wavelength \ - period 7) andor  (wavenumber r: - frequency v)

( A=Ur and 7=1/v) ( k=1/A  and
(A= meters per wave and 7 = seconds per wave) (i = waves per me
reek “t” N m
for time 2 of waves per second

or Hertz (Hz)

The “Keyboard of the gods”
3 Or per-space-per-time graphs vs. space-time graphs

0 ©)-graph

seaceniee
p— pero7 (\7)-graph
R L e

“1-CW" means
“single Continuous Wave”

(and hold)
[ Pressa key\la getayave (11 1cw)

...That “continues”

everywhere...
. per i)
wave-speed el uals Sope-io-horizontal in (v,1)-graph or
wave-velocity formula PGS, all
distance _wavelengih__frequency time.
dime period  wavenumber
2
at a speed of:
e A1 {disance
(574 =) jduance
Sime
j wl/a
g LA

M

@ Doppler Shift in per-space-per-time

per-SPACETIME
(crv)-graph

sthpe-to-vertical in (hr)-4 graph

frequency
(units: 600TH7)

SPACETIME
(\er)-graph

etine period er
)

=0, o ct,=,  FAtom traveling along wave
- sees lesswave “hits” fsec.
(that is: Poppler red-shift)
-2 gains) il
sees more wave “hits"\see.

Atom traveling agams\\{ave

(that is: Doppler blue-shf)
"hit"

cr=lex /
N ! " Christian ki

i

Doppler A
| | & o 1803-1853 hit!
0
il v 2
1 v, 1 2
o i B4 % 5 % | |
T T T TR NS N
" cwavenumber e,

Move fast enough this way then the
“green” wave gets bluer and bluer
until YOU die

Move fast enough (his way then the
“green” wave gets redder and redder
until it dies

wm"

decrease exponenialy

P
(Muvmg against a 600 TH= 1CW could Doppler blue shlﬁ itto 1200 TH) \

/

Th : 7 < 1 122,
The-stmptest  motecute ™

Special relativity and quantum mechanics
are very much a story of
the geometry of light-wave motion

@ Clarify Evenson’s CW Axiom (All colors go ¢) by Doppler effects
Alice tries to fool Bob that she’s shining a 600THz laser. (Bob’s unaware she’s moving really fast...)
- Bob: “Alice! My frequency meter reads v=600THz for your laser beam.
Vol \
*J'W\ —— Alice: “Well, what is its wavelength 4, Bob!"
A really fast Alice shmes her MOOTHI laser

frequency v

(Tnverse period v=11%) QI: Can Bob tell it's a “phony” 600THz
900 (v=cx] by measuring his received wavelength?
‘:/’/’/’ Q2:If s0, what “phony” X does Bob see?
THz 600 9, Hzline  Answer o Q2 is C, the one with slope v/k=uv\=
500 If he sces Green 600THz then he measures X=0.5m.
o Ifhe sees Red 300THz then he measures \=1.0pum.
Answer to Qlis NO!
alowed s e CW Light carrics no birth-certificate!
= 100n 030wm 033w (inverse wavelength k=1/0)

K= V10%m 2109 310°m

tiso could be labeled
Linear-(non)-dispersion
axiom: v =ck

Vacuum only makes one X for cach v.*
“All colors goc= v =v/k”
Then Evenson s axiom nolds:

*for cach beam and polarization orientation

@ Easy Doppler-shift and Rapidity calculation

Alce: Hey, Bob and Cerl! Read of your Doppler
¥ Shitratos (51) and (1) o my 6007z
o R 1 otos P18 an C13) o my G00TH boAM. oo ey
GAUNTLE] 4 Al apidy s and pis rolaivo ome.  Bluo s to 1200z
> e - got (5]3}=2,
0 P =i

ALICE'S

what's your rapidiy . reltive to 50b?

min

Doppler ratio: Bob-Alice Doppler ratio: Carla-Alice Dopplcr rati

”nt_rﬂu:n _Up_1200_2 AV 400 _
iR|S)= {B|A}= = {c|a) -
v, 600 1 00 3

Bob-Alice rapidity:
Pus =log, {B]4)=

Puy =0.69

Carla-Alice rapidity: N
L =log {C|A)= log,%

o

log,f
(s0:p,,=—0.69) Pen

=041

Carla-Bob Doppler ratio:

Galileo's Revenge (part 1)
Rapidity adds just like
Galilean velocity

Carla-Bob rapidity:

ePr = gPrgPs

implies:

PeatPus
=-041-0.69=-1.10

@ 1 CW Laser-phasor Wave Function @
v = A F5 = Acos(ke— ﬂ)!)+lASIn(kt ﬂ)l)

phase-angle

Dimensionless Light wave-velocity c/e=1

Amplitude
mlxk_v 1.’1

kmk:

“angular frequency

ingular wavenumbe

dentical phasor
clock (s.ct) array

Clock velocity 1<

frequency~0.0 TH:

must match this phasor
clock-(x.ct)-array, too.
That's gauge invariance!
rx-vt = KXV

Space x

@ 2 Doppler shifted CWs Interfering in Space-Time

* How do we measure space and time with light waves?
Use /CW laser-phasors for a phase-based theory

* How do we make spacetime coordinate graph with light waves?

Use 2CW laser-phasors and wave interference geometry

Relawavity - Using light’s own wave-like
nature to better understand special relativity
and quantum mechanics

@ 2 CWs lnterfen'ng in Space-Time

Leﬂ moving cwerm )

@ Thales Mean Geometry (600BCE) helps “Relawavity”

Thales showed a circle diameter subtends a right angle with any circle point P

Thales of
Miletus
624-543 BCE

Easy!
You get zeros of any wave-sum ¢ +¢'"
by factoring it into phase and group parts.
Remember your algebra? Exponents of prod-
uets add,

Time ct

ath
So, half-sum

and half-sum

avelength 721
0 510%m) plus haititt 5

minus half-if
2 2

aib (o

 gves a,
gives b.

Prestol

You factor ¢+ into

oy
& > Spacex
AL 2op.
Cooll
You guys
made me
a space-time
graph out of
real zeros.
Howd it
do that?

Bb ZBe*P

2 :1‘8 "
R leu?r,l

Biue shit =

Geometry of the
Haltsum

o H

Galileo's Revenge (part 2)
Phasor angular velocity
adds just like
Galilean velocity
0, 40,

Minkowski-Lorentz Grid
in terms of P’, G’

,

phase =

-0,
0, =—>—"
2

Br Bb,
Red shift Blue shift

ight-directed 1CW &0

ﬁ -directed ICW ¢(bx0)
=-1

Dopplﬁr SeTShted en it
10 300THz
Rey,

“Lewis Camll Birkn

= @ Comparing Longitudinal relativity parameter: Rapidity ) = log{(Doppler Shift)
toa Transverse*relativity parameter: stellar aberration angle 0"

Per-Space (ck)

Observer fixed below star sees it directly overhead.
Observer going u sees star at angle(’ in u direction
a. S

Stella 2¢€ [ Jle:

aw!englh 2RR=1/R)
(1= li}"m}

N -’/ =cleosh 1%
=c sech)=c cos
2CW Minkowski-Spacetime Grid | L& X ____
Frequency 20 Minkowski-spatetime grid

"
(units of
= 600TH:)

)
R-K,
Bob: The spacetime

wave-zeros replicate [
the same pattern.

Epstein’s trick is to

turn a hyperbolic form ¢t =+(er') = ()}

into a circular form:

(Except P'-phase and
G/ ~group indicators
get switched again.)
Let’s measure these
in careful detail! -]

ct’)

(cT) +(x

Then everything (and everybody)

I ,
Wavévector ex always goes speed ¢ through (x',c7) space!

‘We used notion 0

y for stellar-ab-angle,
(a “flipped-out™ ).
Epstein not interested
in ) analysis or in

Lation of 0" and /).

% sinhp—>

Harter-Soft Educational Tool:
Heyoka Technical Consultin

/ Anaid to
. /" patern recognition:
) _
9 Occam’
¢ Sword
3 (ule=3/5)
isinh p Py sink p "
G s
P VR
~_ P
i
Al i
\ j i
9 = s
-

.

L L
T B
Tow s | dum S
v comracron'o  IAOn ! | ey
o e e S e

.and values for we=3/5

Geometry applies to (x,y) space-space
to (kxky) per-space-per-space
to (x,cf) space-time

@ Optical wave guide relativistic geometry aided by Occam’s Sword

Relativistic mode wuh near-c Vep=c/2 and

=2 (Low dlspersion )

Dispersion
fiunction

v=cr=Beosh

crest” trough

upard downward

Vohase
=ccothp

=cosca

Example of near-cut-off mode with low Veyg=¢/d and high 1/,

@ Per-space Per-space Geometry

(it of o, =2-10%m)

Phase vector P/ pL R Group vecor G
1/2-sum vector PR 2 1/2-diff vector
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@ Relawavity variables plotted versus Group Velocity Veroup=c tanhp @ Feynman diagram of relativistic optical traj
|highyw,; 2| mid=w,,; 4-

DAMOP - 2015
. .. . : Geometry and plots of
Special Relativity and Quantum Mechanics by Ruler and Compass I1. “Relawavity” variables | oomeene -2 2

= e = N
. e . . sinh p=tan o, cosh p=sec o, coth p=csc a, 19 Hyper- 7 (7.q) - coordinates
The simplest “molecule”: Relativistic mechanics by optical coherence geometry {anh pcin o, scch y—cos o cach p-cot o \ - Ffunction Thales geometry of e o rest froquency: | “rapidity:
\ values relativistic hw(ck) or E(cp)-spaé (YELLOW K “photon wi=c| k., [=onsinhp)| ®,=0,6" p,=pp
4 Py= ek, @,

William G. Harter and Tyle C. Reimer "
University of Arkansas - Fayetteville 3

QKIEVEARS]TYOF 3}

@Using wave parameters to quickly derive Planck (1900), Einstein (1905), and DeBroglie (1921) formulation

“\_ Initial stationary =3

LUE K thing wi=Miic? K,

=w,e*(sinh pp, cosh pp) oz~

BT

act Einstein-Planck Dispersion

Feynman
diagram
(scaled down)
P!
emission
process

positive rest energy Me
2 (M2

©, sinhp

All-rational-fraction lattice
defined by discrete sub-group
of Lorentz Poincare Group
(Feynman path in

1/ way point 0
Classical (and spectroscopic)
[Energy-momentum conservatiol

is due to

s defincd

by group transformations)

Momentum
cp=ic

, coshp

2

— o a2 i) o X

Uphase = Beosh p)= B3 Bp? (for usce)  coshp=haip®=iiy Basescale: B =0, for vy .
P.9-RL)

=i = 5 sinhp=p="
(for e Bolr-Schrodinger Approximaion. g a, quantum-phase space-time ;
- Low speed Uphase and Kprase approximations vary with u i =49 | 37 “wiggle-count” transformations :
ggl
! B like Newton’s kinetic M and tum Mi Group iy trbp -35-05 R-L _R+L
Ve = SRor )= Ky 3 ke Newton’s kinetic energy 3 Mu? and momentum Mi \ S e P 1205 \ ‘ S ‘ p=tg- L
: | |
(Famous Melshowsup ere @So attach scale factor  (or £N) to match units Group Doppler RED factor: 2= ¢™ Doppler BLUE factor: > =% hek =ep AL
LhB 5 hB hB ! 3 2 -
"V,,hﬂ.\fh’“EcT“ <« for (uxc)= lephmc=7“ Rescale tptase by /i s0: M=—5 or: hB= Mc? velocity Doppler BLUE factor: 3=
c .= 2
| \lwe =sin(a)
IV ppase™ Mc2+§Muz for (use) = K = Mt @anw Uphase and Kphase o o3 03 |1: tanh(p)
10, ane= s cosh p =Mc?coshp 6-4-4-32-1C i . . o ) - Discrete (fw) versus (fick) plot
) —_— — e 51y2-0 ‘MTOW 6.-0.7862 @ The “Rocket Science 0;" relativistic optical transitions of Compton scattering
sroup St |y < Total Energy: E =——— [ with AN to match Ve | highy Y 2| mi ) r
< I m. energy densi ighy= 0, ) 2| midy= o, ) 2| low)= o, _
p T Finstein (1903) 4 Y -u?le? e \ w=Energy . jm/‘ v geometry of hw =E(cp)
phase = | oEE Nt Relawavity geometr Q
v |V 7t cla Y geometry Coordi I tan(u/ relatISJuw(ck) or E(ep)-space
e | 10 5= B Osh p =2 —coshp of oordinate angle v=atan(u/c) ~ i
v p 2 . Take-away point 1
i o : (hw) versus (hck) plot Emission photons
H K ppase=hEsinh p =Mc?sinh p %, \96 are analogous to
3 3 7 3 . s - Vi \\”/fg, Z5 rocket exhaust (not “bullets™)
= s| g0 37075 e = [ oo™ | Momentum: /i 0= p :7T \ %, 9 / (Vinmour=CeshausIn[Maniia/ Myinal])
nctions V.= momentum | -Lagrangian  Hamilionian | DeBroglie V... = <M eBroglie (1921 T-u”le’ % / and this process is reversible . .
Sunci ciantp_cpuicsihp | Le Mcscehp HMccoshp | Acacsehp ceoihp p= "Z‘ . DeBroglie (192 ’Mr \\ eszr el i @ Discrete time (ct) versus space (x) plot
N ek ppas,= B sinh p ==—sinh p \\/\‘J / of constant acceleration paths
Definition(s) of mass for relativity and quantum theor: { AN i d . .
@ (s) y q y \ N Momentum L / = - Key recoil relations: 0,67=3 =, (a) Constant acceleration g | (b) Traveler paths of acceleration g,
@Rmt Mass M (Finsiein’s mass)  Defines invariant hyperbola(s) Given: Energy: & = Me® cosh p = 0y \ ™ cp = Bsinh(p) : % omeP =op [ ' Rapidity p vs proper time© |Al:g =g.e" Bob: g="- Carl:g, =g,
\ - ~ 1= g =In M/} act recoil ra s " 2 s
hB=hvy = Mc? = hex momentum:  cp=Mc*sinh p=hex 50 \ g-circle~_ . .- =Btan 3 p=1In MMy, \L“‘\‘:i“_"“”“”‘”d'“ /e | Inertial frame coordinates
~ al o Z
§ dv - Bl .- < / y Fop> o) =
Group velocity: u=ctanhp =22 u~cln MyiM, . .
Group velocity: u=ctanhp =2 \\ LOW-thro BpprOXimatibp where: o =2 a,e™(coshpp,, sinh pp, ). <
\ < Geometric scale : /
Phase Velocity 1 R
@ Momentum Mass Moo (Galileo’s mas) Defined by ratio /i ofrelativisc momentum t group velocity Be/u = Beoth(p) » Doppler BLUE fuctor: 2= hek =cp
My = 2 = Mrcucsinhp Limiting cases: My, ———> M ee?/2 =Besc eBroglie Wavelengtt ;
o = = o p M T g
‘mom e Mres \ A B
M, cosp = Moz Momentum e et F\t g Bseco D =B§§§g(p)
Vicu? 2 Mass qs[} nergy
\B = w ;
Effective Mass Moy (Newton s mass) Defined by ratio F/a=dp/du of relativistic force to acceleration. \ -Lagranglan
That is ratio of change dp=Mc coshp dp in momentum to change du=c sech?p dp in velocity \ -L(u) = Bsech(p)=Bcoso \:bﬁo
My = u,,, <P Limiting cases: Mgy ——— Moy e*?/2 | Q// ~
du csech’p| W v \&\
ef e Mrest \ RN
§ . sing oroun velocity: uzy, d@_dv c z =T oot N
More common derivation using group Velocity: s V== 2 : /Group Veloci \ \ 4Q hw=Energy Realtivity angle U
_dp __hdk h LM - 3 -circle =B Stellar aberffion| &
M= Wy~ T 0 0 =M, cosh’p bchele P Bu/c = Btanh(p| '50’ 4
dk dk | 7 ° I\ hck=Momentum
| o accompany V=g Hamiltonian Legendre transforms to Lagrangian 1! oglie Wavelengtt A Tnertial§
(@ Hamiltonian \H(g.p) | (b) Lagrangian |L(q.q) ¢ = Besch(p) =Bcoto Bo/u <
@ Defining{phase ®, action S=/i®,|Hamiltonian, and Lagrangian slope is - )7 L edis = M2 locity u=§ .
group velocityu:  |H / \ sinhp
Ul _ ’ \
@ Define Lagrangian L in terms of phase ®=kx-wt=k's"-'t" for k=kpjue and w=wphase. 37-‘7 H P 7 ]
=u / o " 7
ds do dx h P ’ L 7 2 %
PR LT L i z = L=-Mc?sechp =/ Mc?+ Mu?/2+ 70
adar prs ‘ o L v =-Mc"sechp ="- uw/2t ... fanhy . )
X ) < | Lﬁé ~ AN Cartsobjor hitsl & /{//V/{e’
@ Use DeBroglie-momentum p=/ik relation and Planck-energy £=/iw relation < W T Y ) NN Cons object i 13« ///////
ds_ do_ dv dx . TN A i siope i / N S ////
=208 _po=p® _E=pi—E=[p i D 1 Light cone u=I=c o momentum p. B E E Bops object s AL s 4
dr— dt dt dt K, has infinite |1 9L,/) ! [ \ 0.97 11 &4‘
P = [ = cotho_ —10.97 1. year
@ Use relawavity relations: Group veloci[y:u*dX*clanhp, Rest energy:hw =Mc*=hck, 3 nd zeto L 9 1 € ! 6
dr Momentum p _H” 1 ’ 3 _
. L \ hek=Momentum
Momentum: p= ek, =cp=ho, sinhp Comparing \ \
Hamiltonian: H=ho,,, = F =1 h do u’ . . . Doppler geomet B
amittoniar = £ =104 COSP L=7:7=—Mc1,,17—Z =-Mc*sechp=—Mc’cosc | Lagrangian  L(velocity u)| 4= Vi, = ctanhp = csino PP ng YA / NN
T C . r' N\
@ L= pu— H = (Mesinh p)(ctanhp) - Mc* coshp 5 with ’ " - \
u 2 . . )) versus (ck) plot
, sinh*p—cosh’p N H=hv,,, =M]\1-— = Mccoshp= Mc’seco  |Hamiltonian H(momentum p)|cp = chx,,,,=Mc*sinh p = Mc’tanc (@) (k) pl §\
= Mc¢’ ————————=—Mc’sechp c - & -
coshp B e 1 =M T+ sinh*p =M\ 1+(cp)’ ®) T ?/

N
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