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Using (some) wave parameters to develop relativistic quantum theory

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

coshpz1+% p2

~+.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics

B=1)A
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Using (some) wave parameters to develop relativistic quantum theory
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Using (some) wave parameters to develop relativistic quantum theory
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Using (some) wave parameters to develop relativistic quantum theory
.and classical mechanics
ACUphase = Beosh p)= B+, Bp (for u<c)
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.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory

.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory
1 ’ ~.and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory
1 ’ ~.and classical mechanics
——(V phase = Beosh p)= B +5 Bp* (for u<c)
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Using (some) wave parameters to develop relativistic quantum theory
1 ’ ~.and classical mechanics
——(V phase = Beosh p)= B +5 Bp* (for u<c)
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Using (some) wave parameters to develop relativistic quantum theory

~.and classical mechanics
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Using (some) wave parameters to develop relatwlstlc quantum theory
. .and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory
: .and classical mechanics
ACUphase = Beosh p)= B+, Bp (for u<c)
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Using (some) wave parameters to develop relativistic quantum theory
: .and classical mechanics
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Using (some) wave parameters to develop relativistic quantum theory
: .and classical mechanics
——( pase = Beosh p)= B +3 Bp? (for u<c) cosh- 1+2p 1 2: |
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L T hase This motivates the Einstein (1905) I-u?/c”
prase T, ‘particle’ normalization .

rapidity sech p [ U gy=N \11—\/; Big worry: I.s got

T 1llator energy quadratic 1n frequency v?
e o COSO  seco coto csco

HO energy= > A*D’

u | [ 1 -8 (1 YJp>-1 1 m .
_u | =B B Vi-p P — BB | Resolution e dirty secret; By N, and Upnase are all

c 1+ 1 B>-1 1 1_ﬁ2j 1 B 1-B .
frequencies!

=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

value for

1
B=3/5 )

So e E<E =l NUphase 1S quadratic in Upnase



Using (some) wave parameters to develop relativistic quantum theory
: .and classical mechanics
——(Vpase = Beosh p)= B +3 Bp? (for u<c)

coshp= 1+ p 21422 ,_
_@phase = Bsinh ’OlN Bp (for u<c) ? et |

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

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

_C At ds: %C;);ZIZZ ;k
15, ow speeds: B

Uphase = B+ 5—2u & for (u<c) = K phase = 75U Uphase and Rphase resemble

¢ hB ¢ formulae for Newton’s kinetic

2 (The famous Mc?
Rescale vppase by 1 so: M=—%" orhB = Mc™  §owsuphere)  €NEIgy > Mu? and momentum Mu.
C

1 hB hB So attach scale factor /i (or hN)

MU ,pase=hB + 22 u- &tor(ue)= K a0 ~2 U\ o match units.

1 —---------Lucky coincidences?? 29
N pase™ Mc*+ 2Mu &for (u<o)= Ik * Cheap trick:

~ Mu
phase e TI”_)/ exact Uphase and /{/phase- .

- ~ _ _ag2
Need to remge_:thvphase— hBcosh p=Mc”coshp

— /i with /IN to match Planck (1900) 2
g”'OI/lp bD oppler Vgroup vgroup A’group f 4 Vphas e.m. enel’gy denSily T 1 E MC
w L ¢ A’A ¢ \ EOE:KE :hN /Uphasg Ota nergy J \/
1 ¢ (Kpae) | Torase ¢ 1 Einstein (190)5) l-u’/c?
phase bD ppler % T 1% bD oppler
BLUE phase A group RED h _
— E—\ cK = hBsinh p =Mc” sinh
m”;"”y e’ anh) sinh p) | sechp cothp | e’ | phase” P = p
e o | e | sinc  tano CoSo csco | l/e”

c 1+ 1 B2—

[E—

_u| =B | B 1| 1B [ 1 Y811 1+
_ﬁ)

1 3 3 4 5 4 5 2
gl | ==05 | ==06 ==0.75| —=080 ==125| —=133 ==167| ==2.0
2 5 4 5 4 3 3 1




Using (some) wave parameters to develop relativistic quantum theory
.and classical mechanics
——(Vpase = Beosh p)= B +3 Bp? (for u<c)

2
coshp= 144 p 2= 1+4 ;
—@phase = Bsinh ’OlN Bp (for u<c) ? et |

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

sinh p~p~
k_ tanhp = pj (for u<c) A~ A
C ax anc
1 B At low speeds: B 16381947
Uphase B + 5_21/12 <: fOI’ (M<<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ formulae for Newton’s kinetic
2 (The famous Mc?
Rescale vppase by 1 so: M=—%" or:hB=Mc™ ' .« upherel) ~ ENEIBY Mu? and momentum Mu.
C
1 hB 5 hB So attach scale factor % (or hN)
MU ,pase=hB + 22 u- &tor(ue)= K a0 ~2 | o match units.

—----------Lucky coincidences??

? Cheap trick??
hO pase™ Mec +2Mu for (u<e)= K a5~ Mu cap e

cee T]/:)/ exact Uphase and /{phase. .o
7~ ~\ _ . 2
Need to reme__:thv phase="15 cosh p=Mc*~coshp

— /T with /N to match Planck (1900) 5
7% v, . t V .| e.m. energy density Mc
group | by || 2L — — - = Total E
RED j—
c ¢ | E*E =/ NUpas, otal Energy: £ T \/
1 ¢ (K e c 1 Einstein (1905) l-u’ /e’
phase Domler | 7 Vv , Doppler
BLUE phase group RED h _
— ?—\ cK = hBsinh p =Mc? sinh
”’”l’)d”y e’ anh) sinh p cothp | e’ |_phas e_ p= p
e o | Ve | sino tano Lcoto esco | el N 1 :
" = 1= - (old—fashloned Cp
u 1-B B 1 1 1+8 \/ﬁ - \/l_u2 notation) \/1_
= - - — - C
c 1+ 1 B2-1 B 1-B
o L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220
2 5 4 5 4 3 3 1




Using (some) wave parameters to develop relatwlstlc uantum theory
A@Mase = Bcosh @~ B +2 Bp (for u<c) :

coshp= 1+2p ~1+2 7\
CK phase = Bsinh 'DlN Bp (for u<c)
7 sinh p~p~
— = tanhp =p (for u<c)
< C Max Planck  Louis DeBroglie
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'CSGmble
¢ hB ¢ , formulae for Newton’s kinetic
Rescale vphase bY i s0: M=—5- or:hB = M62 (1he famous Mc — Mu2 and tum M,
phase DY : : shows up here!) ~ €nergy —Mu? and momentum Mu.
1 hB 5 hB So attach scale factor / (or hN)
= —— < ~— .
hvphase hB + 2 u- <for (ukc)= thhase ) ‘o match units.
5 1 2L ral wave conspirac Expez;zszvlf??
h ., —=~Mc+—Mu- <&for(u<c)= hx ~ Mu + Credp Iric
phase 2 ( ) phase TI”_)/ exact Uphase and /{/phase...
" Need to remgel:thv phase="1B cosh p =Mc*coshp
— /1 with /IN to mat.ch Planck (]900) 5
arom | DE V o vgroup V el €.m. energy density ¥ Total B Mc
RED L . - \EOEfE =" NUphase otal Energy: £ _T \/
phase | — ¢ (K e c 1 Einstein (1905) l-u’ /e’
bl?L{?]I;?l V hase V rou, bI?Egpl
— - ?—\ - hck —hBsinh p =Mc’ sinh
r“”;)d”y e’ anh) sinh p cothp | e’ |_phas & p= p
e o | Ve | sinc tano .coto cseo | Vel | I .
s 1 == - (old—fashloned Cp
| B 8 (1 1| g | AP i ien J 1—
e [ N1+B | 1 R B -8 -
sl L05| 2206 22075 | 2080 2-125| 22133 2-167| 2220 Momentum: /i phase 5. 9
. 5 4 5 4 3 3 I DeBroglie (1921 ) I—u~/c




Using (some) wave parameters to develop relativistic quantum theory

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

coshp= 1+2p ~1+2 7 .

CK phase = Bsinh ’OlN Bp (for u<c)
7 sinh p~p~
— = tanhp =p (for u<c)
< C Max Planck  Louis DeBroglie
1 B At IOW SpeedSZ B 1858-1947 1892-1987
2
Uphase B + 5_214 <: fOI’ (l/t <<C) :> Kphase = —21/t Uphase and K'/phase I'GSGmble
¢ hB ¢ , formulae for Newton’s kinetic
Rescale vphase by i s0: M=—5" or:hB = Mc? \ e amous /¢ —Mu? and tum M
phase DY : : shows up here!) ~ €nergy > Mu? and momentum Mu.
1 hB > hB So attach scale factor / (or hN)
~ —— < ~— .
MU, pase=hB + 2 u-  &tor(ukc)= K 44 ) ‘o match units.
5 1 2L ral wave conspirag Expei;zszvlf??
., ~Mc+—Mu~ <&for(u<c)= hk,, .~ Mu  Creap tric
phase 2 ( ) phase Tr_)/ exact Uphase and /{phase...
- -~ _ )
Need to repl_age_:thv phase="15 cosh p=Mc*~coshp
/T with /IN to match Planck (1900) )
g”'OI/lp b Doppler f‘/group v 2’ gro Kg oup Tgroup Vphas e.m. ener, g:y denS lly M C
RED L ; . ¢ |« EE =/ Nopae) |~ = Total Energy: E _T \/
" 1 c This motivates the Einstein (1905) l-u’ /e’
prase poorer |y ‘particle” normalization h LB sinh M h
— - c cK = hBsinh p =Mc”sin
rap;)dlty e—p anh) Slnhp f \IJ*W dV_N "P \/; hase p p
e o | e | sino tanO' _coto__csco | 1e” | % _
= == - (old—fashloned Cp
u 1-B B 1 '3—2_1 1 1+ \/ﬁ -1 \/1_Mz notation) \/1_
=— — — — — c
c [N+ | 1 B 1 B -8
Py L0s5|2206 2207522080 2-125| 22133 22167 | 2220 Momentum: /K phase=P = 5. 9
: 5 4 5 4 3 3 I DeBroglie (1921) l=u”lc




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

Energy (E)
=}

Rest Energy
B=w

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

hB = hUA MC = hCKA

Lnergy

hv phase™

Momentum
hck

phase™

Energ % versz%s Momentum
E2=(Mc2) costh

- (e (vssinn?p ) )

Momentum

E= th coshp

=cp =hcK 4 Sinhp= hv 4Sinhp

cp = Usinh(Q) %)

Hamiltonian
H(p) = Bcosh(p)

| Per-Space (¢p, |

matter wave:

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

\
\\\\\ Energy ,
\\\ \ E—h 0 \, , ’

tachyon:
orlframe imaginary |
\\\\\ . photon:
v , zero
. , E=+cp
~. \\ Momentum
\ ' cp=hck
\ NN N

a—‘

Neils Bohr
1885-1962

A
energy

Bohr- Schrodmger A

Pproximaio

W4, =49

0

| 2

30

E = p2i2M

25

N\

/6
9
4

m

sStates

2

P

-6-4-4-3-2-1 0 1 2 324 5 6\7\ srates
2 2

2
+(Cp)2 = FE= i\/(Mc ) +(cp)2 =~ Mc +ﬁ



Using (some) wave coordinates for relativistic quantum theory

Energy (E)

Rest Energy
B=w

Mass (resting) .........
hB=hv, = Mc = hckK »4

Lnergy

hv E= hv A cosh P

phase™

Momentum
hck

phase™

Energ % VBVS%S Momentum
E2=(Mc2) costh

=(Mc2)2(1+sinh2 p)=(Mc?)

(a

amiltonian
H(p) = Bcosh(p)

\'fl Per-Space (cp,

xact Einstein- Planck Dispersion
matter wave:
positive rest energy Mc?
X& E2 - ¢2p2 =(Mc2 )2
Ny Energy %
\\\\\ E—h(l) i : tachyon:
Framo 7 imaginary |
\\ cr )
. photon:
. \\ ! ’ zero u
MR , E=+cp
< Momentum
NI\ cp=hck
\ NS\ NN B\

Bohr- Schroa’mger Approxzma

\ d 3’6 Ei: p2/2;\4

\ 9 /r <l*?>:_Bm. \

=cp =hcK 4 sinhp = hv ASinhp

%

N4

2
\

m

A
energ)y

energy

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

7 States

low\speed

2 2 2~ M2y £
+(Cp) :>E=i\/(Mcz) +(Cp) =~ Mc +2M approximation



Relawavity variable tables

Jrou, v orou, orou, Jrou, T rou ase oppler
group b ]?ggpler group group group group group ph b gL {] %l
c v, A, K, T, c
hase 1 C K phase T phase v phase A‘ phase c 1
p b Doppler V /’L V b Doppler
BLUE phase KA TA UA A group RED
rapidity -p ; +p
) e tanh p sinh p sech p cosh p cschp coth p e
e o | 1/e" | sino tano COSO seco coto csco | l/e™”
u 1-8 B 1 J1-p? 1 B-1 1 1+
c 1+ 1 B2—1 1 1-B2 1 B 1-B
vatwe for |1 3 3 4 5 4 5 2
ﬁj;jsf —=0.5 | ==0.6 —=0.75 —=0.80 —=1.25 —=1.33 —=1.67 | —=2.0
2 5 4 5 4 3 3 1
_ i . (Einstein) )
effects yDoppler Verou g L?S,;Zl etzt/tre x-contraction*""® z)dlla_Z?l’zl fion inverse Jp Dovper
RED (Oﬁc}_;iagml Vit phase” contraction (ogfl[;;g; ol asymmetry phase BLUE
Lorentz-transform) Lorentz-transform)
Relativistic quantum mechanics variable tables
b Doppler group v group group group group phase b Doppler
group RED — - ),— - T - BLUE
c v, N K, T, c
h 1 c K phase T phase v phase )“phase c 1
p ase b Doppler V i T D A’ V b Doppler
BLUE phase A A A A group RED
rapidity -p . +p
) e tanh p sinh p sech p cosh p cschp coth p e
e o | /e | sino tano COSO seco coto csco | 1/e”
2 2
gt | B B p 15 ! SB[
¢ 1+f 1 -3 1 1-82 B 5 1-f
1 3 3 4 5 4 5 2
;‘;’gj;‘“ —=0.5 | —=0.6 —=0.75 —=0.80 —=1.25 —=1.33 —=1.67 | —=2.0
2 5 4 5 4 3 3 1
: V = momentum -Lagrangian Hamiltonian | DeBroglie 'V, ., =
functlons group 7 . ) ) phase
ctan cp=Mc"sin =-Mc’sec =Mc~cos = CCO
tanhp cp=Mc sinhp | L=-Mc*sechp H=M. hp | A=occschp thp




Derivation of relativistic quantum mechanics
3 What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~

Relawavity 1n accelerated frames
Laser up-tuning by Alice and down-tuning by Carla makes g-acceleration grid
Analysis of constant-g grid compared to zero-g Minkowsi grid
Animation of mechanics and metrology of constant-g grid



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 =Mc2sinhp
— — — 2
hB hUA Mc hCKA E = i\/(Mcz) +(Cp)2 — hCKphase
dv

velocity. u=ctanhp = d_
K

e What's the matter with Mass?

Shining some light on the elephant in the spacetime room



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” = hek 2 2
A A E= i\/(MCZ) +(Cp) = hCKphase
AU ppgse Rest . dv
3 =M., Mass velocity: u=ctanhp = e

e What's the matter with Mass?

Shining some light on the elephant in the spacetime room



Given: Energy: E =Mc? cosh p

Definition(s) of mass for relativity/quantum

= hvphase
Rest Mass Mes: (Emstezn 5 mass) Defines invariant hyperbola(s) momentum: cp= — Mc2 sinh 0
hB hU MC — hCK 2 2) T RREEEEEEEEEE
- = E= i\/(MCZ) +(cp) e - = heK ppase
hvphase Rest : . dv
C2 :Mrest MCZSS V@IOCZW' I:tctanhp — d_K

Momentum Mass Mom ( Galileo s mass) Defined by ratio p/u of relat1v1stlc momentum to group velocity.

Mmom =

Shining some light on the elephant in the spacetime room



Given: Energy: E =Mc? cosh P

Definition(s) of mass for relativity/quantum

= hvphase
Rest Mass Mes: (Emstezn 5 mass) Defines invariant hyperbola(s) momentum: cp= — Mc2 sinh D
hB hU MC = hCK 2 2 L TCICITICILEE
- = E= i\/(MCZ) +(cp) e - = ICK s
hvphase Rest : . dv
C2 :Mrest MCISS V@lOleV' I:tctanhp — d_K

Momentum Mass Mom ( Galileo s mass) Defined by ratio p/u of relat1v1stlc momentum to group velocity.

M
[ = M, cosh p = ——L& MOAnZ?;umJ




Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
=hv

phase
Rest Mass Mes: (Einsteizn 5 mass) Defines invariant hyperbola(s) momentum: cp= M2 sinh p
hB=hv, = Mc” = hck 2 )
A A E = i\/ (Mcz) +(cp) — hCKphase
hvphase Rest . Jv
C2 :Mrest Mass VelOCllj/.' U zctanhp — d_K

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

M, = P _ M,,csinhp Limiting cases: M, — M, ePl2
U ctanh p
M > M
=M hp = M, o5 Momentum mom  y<c rest
" e SONAP 2.2 Mass
\/ l—u“/c AZ AN




Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

=hv
phase
Rest Mass Myest (Einsteizn § mass) Defines invariant hyperbola(s) momentum: cp=Mc? sinhp
hB=hv, = Mc” = hck 2 )
A A E = i\/ (Mcz) +(cp) — hCKphase
hvphase Rest | e
C2 :Mrest Mass VelOCllj/.' U zctanhp — d_K

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

M, = P _ M,,csinhp Limiting cases:  M,,,,, ———> M, eP/2
u ctanh p ; .
=M hp= M rest Momentum mom  y<c rest
~ et COTIP 2.2 Mass
\/ l-u”/c £G5S

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




Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp

= hv
phase
Rest Mc;;?g Mr;:t (Ein;;eizn 5 n}flzass) Defines invariant hy]é)erbola(s) momentum:  cp =Mcsinhp
= UA - C = CKA E: i\/(MCz) +(Cp)2 _ th‘phase
hvphase Rest | e
2 :Mrest Mass VelOCllj/.' U zctanhp — d_K
C e
Momentum Mass Muom (Galileo’s mass) Defined by ratio p/u of relativistic momentum to group velocity.
M ., .csinh S .
M, . = 5 = ':i; ohp p Limiting cases: M, ——> Mrestep /2
M M t Mmom UKLC ? Mrest
- M rost cosh p = rest OAIZQVI um
\/ 1—u?/c? 2ass

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

That 1s ratio of change dp=MCc coshp dp in momentum to change du=c sech?p dp 1n group velocity.



Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
=hv

phase
Rest Mc;fg Mr;:t (Em;;em 5 n}flzass) Defines invariant hygerbola(s) momentum. cp =Mc? sinh 0
VA ¢ Theka E= i\/(Mcz) +(cp)2 = NeK ppase
AU ppgse Rest . dv
2 =M ¢ Mass velocity: u=ctanhp = dic
c Mass
Momentum Mass Myom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
M., ..csinh U :
M, . = 5 = ’:i; ohp p Limiting cases: M mom ——— >M ,,.e )
M M / Mmom UL C > Mrest
— Mrest cosh p= rest OAIZQVI um
\/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 1n group velocity.

dp ccoshp -~
Meﬁc ZE =M =M

rest
csech? P



Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
=hv

phase
Rest Mc;fg Mr;:t (Em;;em 5 n}flzass) Defines invariant hygerbola(s) momentum. cp =Mc? sinh 0
VA ¢ Theka E= i\/(Mcz) +(cp)2 = NeK ppase
AU ppgse Rest . dv
2 =M ¢ Mass velocity: u=ctanhp = dic
c Mass
Momentum Mass Myom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
M ., .csinh B :
M, . = 5 = ’:i; ohp p Limiting cases: M mom ——— >M ,,.e )
M M / Mmom UL C > Mrest
— Mrest cosh p= rest Oj\n}en um
\/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=MCc coshp dp in momentum to change du=c sech?p dp 1n group velocity.

dp
M 5 = o =M

rest res u—«c

sech” :
C P\ Effective Mass M M

ULC rest

ccoshP(M tcosh3p J Limiting cases: M >M,,este3p/2




Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
=hv

phase

Rest Mass Myest (Einsteizn § mass) Defines invariant hyperbola(s) momentum: cp=Mc? sinhp
hB=hv, = Mc” = hck 2 5
A~ A E = i\/ (Mcz) +(cp) — hCKphase
hvphase Rest . Jv
C2 :Mrest Mass VelOCllj/.' U zctanhp — d_K

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

_P Mrestcsnlhp Limati : N
M, =L£= imiting cases: M, sM ,.eP/2
u ctanh p e
Mmom > Mrest
y hop— M, Momentum U<c
= Mress COSAP = 2, 2 Mass
\/ l1-u“/c —=

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

That 1s ratio of change dp=MCc coshp dp in momentum to change du=c sech?p dp 1n group velocity.

d c cosh imiti : 5 3
M eff = dp M, p ( =M, COSh3P Limiting cases: M eff  u—oc 7 M esi€ P12
u csech? P\ Effective Mass M >M
eﬁ u<kc g rest
More common derivation using group velocity: u= Veroup= Cfg j:;

Vo _dp __ hdk o R M,

eff — - - 3/2
du dV, group id_w d’o (1—u2 /62)




Definition(s) of mass for relativity/quantum  Given: Energy: E=Mc*coshp
=hv

phase
Rest Mc;fg Mr;:t (Em;;em 5 n}flzass) Defines invariant hygerbola(s) momentum. cp =Mc? sinh 0
VA ¢ Theka E= i\/(Mcz) +(cp)2 = NeK ppase
hvphase Rest . dv
=M o5 Mass Group velocity: u=ctanhp = o
c Mass
Momentum Mass Myom (Galileo's mass) Defined by ratio p/u of relativistic momentum to group velocity.
M ., .csinh B :
M, . = 5 = ’:i; ohp p Limiting cases: M mom ——— >M ,,.e )
M M / Mmom UL C > Mrest
_ M,,est COShp _ rest OAI’I}QI’Z um
\/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=MCc coshp dp in momentum to change du=c sech?p dp 1n group velocity.

dp ccoshp 3 S . . 3p
Meﬁ =d_ =M, (Mrest cosh™p Limiting cases: Meﬁ U—c >Mesie /2
U csech’ P\ Effective Mass M s M
eff n<c T Trest
More common derivation using group velocity: u=V,,,,,= Cfg Z:;
T . .
dp hdk h L oho M 3
M 5 = ~ddo 2 375 M req COSM™p
du dVgroup __CO Ed (OF (1_u2 /6‘2)
dkc dk ﬁ b Effective Mass )
R SLCLLLLEET da)

: general wave formula to accompany Vo= T



Definition(s) of mass for relativity/quantum

Rest Mass Myes: (Emstem 5 mass) E=hw
hB = hUA MC = hCKA Finite-mass M }'QQ;Z./
MU e iy _hCK phase Rest dispersion Lo .
2 et 2 Mass function hw(c 2, 3
Momentum Mass Myon (Galileo’s mass) Defined by p/u E() ‘e
M sinh 2 é C"QJ
M ,om = P = —resi P VP =E mini N Qﬁ%&
U C tanh p radius of curvature v:%é%% QOQ Abo
M Momentum %
— M COSh — rest momentum
[ rest P \/1 2, 2  Mass <o
—u-/c v
Effective Mass M.; (Newton's mass) Detined by F/a=dp/du g o
That 1s ratio of dp=Mc coshp dp to change du=c sech?p dp 1n velocity \0‘9@‘@&9?&\’
d ccosh cp=hck
Meﬁ‘ - L Mrest p ( Mrest COSh3p
du csech? p /
Effective Mass
L : : do _dv
More common derivation using group velocity: u=V,,,,,= e
e .
M 5 = dp hdk _ _h : h = rest =M, cosh’ P Effective mass 1s
du dngup ddo d'o (1 22 )3/ 2 | proportional to the
dk dk g2 3 Lffective Mass ) radius of curvature
"""""""""""""""" do of w(k) dispersion.

to accompany V,

group ZE



Definition(s) of mass for relativity/quantum

How much mass does a y-photon have?

Newton complained about
his “corpuscles” of light havin
. p_hx _hv P . .

Momentum Mass (b)y-momentum mass: M}, == =—, “fits” (going crazy).
C C C
‘(L (All this would be evidence of triple Schizophrenia.)

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

Lffective Mass (c)y-effective mass: M [y= oo.

MY = }C’—'Z) =0(1.2-10™ kg -5s=4.5-10" kg (for: v=600THz)



Derivation of relativistic quantum mechanics
What’s the matter with mass? Shining some light on the Elephant in the room
> Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~



Relativistic[action S)and Lagrangian—Hamiltonian relations

-t
-

-
-="
-
-
-
-="
-
-
-
-
-
- -
_____
-
-="
-
-
-
-
-
-="
-
-
-

dP dx | h
L=hi— == -ho = —
! dt 2T
" v =Mc*=heic )| Prior wave relations ( aw ,=Mc?*=hck A
MU pase= E =0y Co.shp «—linear Hz  angular phasor—| %@ ,,,,.= E =h® 4 cosh p f= i
ek pase=cp =hv, sinhp format format ik s =cp =ho , sinhp oY s




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=I'x"-w't’ for wave of k=/k,ju5c and w=wpiuse.

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

dd dx h
L= h——hk——ha) h=—
dt .- dt 27
p = hk=Mcsinh p E =hw= Mc*cosh p
" v ,=Mc*=hex ) Prior wave relations (" s =Mc2=hck , A
MU pase= E =0y Co.shp «—linear Hz  angular phasor— hmphase E=hw , coshp f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format i kphase cp =hw, sinhp oY s




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/x-wt=I'x"-w't’ for wave of k=/k,ju5c and w=wpiuse.

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 = hk=Mcsinh p E =hw= Mc*cosh p
" v ,=Mc*=hex ) Prior wave relations (" s =Mc2=hck , A
M ,pa5e= E =hv  coshp [—linear Hz  angular phasor— ho phase™ = E =hw, coshp
\hck‘p hase=CD = hv A sinh P ) format format hckp hase=CD = =ho A sinh P




Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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—2= hk— — ha) p ——FE=px—-E= EDM H=L transformation
dt .- dt dt
p = hk=Mcsinh p E=hw=Mc’coshp=H
" =Mc*=hcic, | Prior wave relations (" s =Mc2=hck , A
N pase= E =0y Co.shp —linear Hz  angular phasor— ho phase™ = E =hw, coshp f= i
ek y50=cp =hv y sinhp format format thphase cp =hw, sinhp oY s




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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 j
dt dt dt i
Use Group velocity :u :E:C tanhp
p = hk=Mcsinh p E=hw= Mc’coshp=H
" h,=Mc*=hcic, )| Prior wave relations ( aw ,=Mc?*=hck A
MU pase= E =0y Co.shp «—linear Hz  angular phasor—| %@ ,,,,.= E =h® 4 cosh p f= i
\]’lCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s




Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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——-hwo=p——-E=px—E EEDM—HZ L transformation J
dt dt 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
" v =Mc*=heic )| Prior wave relations ( aw ,=Mc?*=hck A
N pase= E =h0y Co.shp «—linear Hz  angular phasor—| %@ ,,,,.= E =h® 4 cosh p f= i
\hCK' phase=CP =hv 4 sinhp ) format format ik s =cp =ho , sinhp oY s




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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——-hwo=p——-E=px—E EEDM—HZ L transformation j
dt dt dt Ix
e USC GTOUp velocity su=— =c tanh p
p = hk=Mesinh p . E=ho=Mc’coshp=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*=heic )| Prior wave relations ( aw ,=Mc?*=hck A
M ,pase= E =hV4 coshp [—linear Hz  angular phasor—; he 0= E =N, coshp f= i
\hCKphase:Cp :hUA sinhp ) format format . thphase:Cp :ha)A Sinhp) 21T




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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——-hwo=p——-E=px—E EEDM—HZ L transformation j
dr  df dt T
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 :
", =Mc*=hex )| Prior wave relations ( nw ,=Mc2=hck , A
N pase= E =h0y C(?Shp —linear Hz  angular phasor—| 7@ ,,,,= E =ho 4 cosh p f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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——-hwo=p——-E=px—E EEDM—HZ L transformation j
dt dt dt dx
e USC GTOUp velocity su=— =c tanh p
p =hk=Mcsinh p  E=ho=Mc’coshp=H
L=pu—H = E(Mc sinh p)(c tanhp)— Mczcoshp ________________ Note: Mcu=Mc’ tanh p
sinh’p— cosh >
= Mc’ P P_ _ Mc’sechp
coshp
(Compare Lagrangian L 2 )
L=h®= —Mcz\/l——2 = —Mc’sechp
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc°coshp
C
N J
" hv,=Mc*=hck | Prior wave relations ( #w =Mc*=hck , A
N pase= E =h0y C(?Shp —linear Hz  angular phasor—| 7@ ,,,,= E =ho 4 cosh p f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =hw , sinhp 2T




Relativistic action § and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-wi=/I'x'-\'t’ for wave of k=, . 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——-hwo=p——-E=px—E EEDM—HZ L transformation j
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: cp=Mc~sinhp
(Compare Lagrangian L 2 )
L=h®= —Mcz\/l——2 = —Mc’ sechp
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc°coshp
C
=M02\/1 + sinh 2,0 =Mcz\/1+(cp)2
N J
: h=h/2m , ..
" hv,=Mc*=hck | Prior wave'telations ( #w =Mc*=hck , A
MU ppase= E=hv, coshp | —linear Hz  angular phasor—{ Lo = E =hw, coshp f = i
\hCKP hase=CP =hv 4 sinh p ) format format _ fick . =cp =hw , sinhp 2T




Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lageraneian L using invariant wave phase ®=/kx-wt=/'x'-J't for wave of k=l j..c and w=wyhase.
D D

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

ds do dx dx , Legendre
[— ZZJE h—=hk——hw = pP—— E= PX— E E[Dl/t —H=L transformation j
dt dt dt dt T
e Use GrOup velocity u=— =clanh p
p = hk=Mcsinh p  E=hw=Mc’coshp=H =csing
L= pu—H =(Mcsinhp)(ctanhp)— Mc*coshp - Note: Mcu=Mc” tanhp
sinh’p — cosh VAR
= Mc’ P P_ _ Mc’sechp ¢ omo
coshp Also: ¢p=Mc” sinhp
fCOI}lpare Lagm.mgian L 2 \ =fick= Mcttano
(S=L=hmd}r —M*|l-— = —Mc’sechp =—Mc*coso
C .
with Hamiltonian H=E ” Indudlng
H =hw = Mc’ 1—- — = Mc?cosh p = Mc’sec O stellar
C angle o
=Mc’yJ1+sinh”’p =Mc*\/1+(cp)”
(Deﬁne Action S=h<}[>> \/ P \/ (cp) y
" hv,=Mc*=hck | Prior wave relations ( #w =Mc*=hck , A
MU ppase= E=hv, coshp | —linear Hz  angular phasor—{ Lo = E =hw, coshp f = i
th;(p hase=CP =hv 4 sinh p y format format _ hckp hase=CP =h , sinh P 2T




Phase Velocity

Be/u = Beoth(p)
=Bcs

cle

p-cfrc/e

Broglie Wavelength
Mo = Beseh(p) =Bcoto

Momentum

N =DBta

L=-Mc? sechp

cp = Bsinh(p) 7

u/c = Btanh(p)=Bsino

DeBroglie Wavelength

/> Hamil o

‘ /H(p) = Bco co BMc ;ggfﬁg(g)

: ~Lagrangian 4

-L(u) = Esech(p)= S
Group V"plocity>v v

Phase Velo ity
Be/u = Beoth(p)=Bgesco

M+ M2+

RelaWavity Web Simulation
{Physical Terms - All Terms}



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
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What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
3 Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~



Relativistic[action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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

dS dD d dx Legendre
[ ] h—= hk—x—hw pd——E px—FE = [DM—HZL transformation j

dt dt dt

(Compare Lagrangian L > h
: : u
(S=L=1dxr — Mcz\/l —— = —Mc’sechp = —Mc’coso
C
with Hamiltonian H=E ;2
H=hw=Mc| [1-— = Mc’coshp = Mc’seco
C
=Mc’\/1+sinh >p =Mc’\J1+(cp)’
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" hv,=Mc*=hck | Prior wave relations ( #w =Mc*=hck , A
hvphase: E=hv, C(?Shp «—linear Hz  angular phasor— hwphase: E=hw,coshp f = i
ek pu50=cp =hv 4 sinhp format format ik ,p,,,=cp =N sinhp | 21




Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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

dS dD d dx Legendre
[ ] h—= hk—x—hw pd——E px—FE = [DM—HZL transformation j

dt dt dt

(@S = [dt = hd(@: hkdx —hwdt = pdx— H dt (Poincare Invariant action diﬁerentialj

g Y,
(Compare Lagrangian L > h
: : u
(S=L=ndx - Mcz\/l —~— = —Mc’sechp = —Mc’coso
C
with Hamiltonian H=E ;2
H=hw=Mc*/ 1-— = Mc’coshp = Mc’seco
¢’ 2 2 2 2
=Mc"\/1+sinh“p =Mc"\/1+(c
(Deﬁne Action S=h€[>) \/ P \/ (cp) y
" v =Mc*=heic )| Prior wave relations ( aw ,=Mc?*=hck A
N pase= E =h0y C(?Shp —linear Hz  angular phasor—| 7@ ,,,,= E =ho 4 cosh p f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T




Relativistic(action S)and Lagrangian-Hamiltonian relations

Define Lagrangian L using invariant wave phase ®=/lx-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

S 0 Legendre
[— :[JE hd— — hk@— ho = p%— E=px—FE E[Du — H =L transformation j

Use Group velocity :u :E:C tanhp
@S = Ldt = hd(@: hldx —hodt = pdx—Hdt (Poincare Invariant action diﬁerentialj
s as
— =D —~ —_ H | Hamilton-Jacobi equations
% i )
\_ V),
(Compare Lagrangian L > h
— . 5 U 5 X
(S=L=1dx —Mc \/1——2 = —Mc"sechp =—-Mc“coso
C
with Hamiltonian H=E ”
H=hw= Mc’ l-— = Mc’coshp = Mc’seco
C
_ 2 . 2 o 2 2
(Deﬁne Action S=h€[>) =Mc \/1 +sinh p =Mc \/1+(Cp) )

" v =Mc*=heic )| Prior wave relations ( aw ,=Mc?*=hck A
N pase= E =h0y C(?Shp —linear Hz  angular phasor—| 7@ ,,,,= E =ho 4 cosh p f= i
\hCKphase:Cp :hUA smhp ) format format . thphase:Cp :ha)A Sinhp) 21T




Derivation of relativistic quantum mechanics
What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

3 Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~



Relativistic optical transitions |kigh)=|w,) &/ |mid)=|e,) = |low)=|o,)
4—
hw =E(cp)
Review of Thales geometry of

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

&
C,.
%
3

(l)m sinh p p’
P

— ‘—’i:g{.{' C[e

+
@,,e F= 3 = @y,

4 /
5 - (l)mé’ F= wﬁ
| | | | |
> 3 _
Doppler RED factor: Z=e¢” Doppler BLUE factor: 5 =€"” hck =cp



Relativistic optical transitions |high)=|w,)
4

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

etP=13 = w,

4 /
3= 0 =0, |
' R w | |
2 3 _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7= e’ hck =cp



Relativistic optical transitions |high)=|w,)
4

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

wll;- '\ 9,

Initial stationary
UE K thing wh—MthZ

L/ : B 11 ' _;: eP=3 =w,
1 S
=
% =m, e/ P=w ) §
I R | | |
Doppler RED factor: == ¢~ Doppler BLUE factor: sl hck =cp

3 2



Relativistic optical transitions |high)=|w,)
4

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

a)h;- v,

Initial stationary
UE K thing wh—MthZ

etP=13 = w,

4 / -
E @€ F= 605
| S | |
2 3 _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7= e’ hck =cp



Relativistic optical transitions |high)=|w,)
4

hw =E(cp)
Review of Thales geometry G
relativistic hw(ck) or E(cp)-splee

wll: '4‘

Initial stationary
UE K thing wh—MthZ

m & j
L _— 4
// (1); — Q. e-l-p: 3 -
S 3 E :
. Z
8:
4 / -
3= 0, = w, .-
' R | |
> 3 . _
Doppler RED factor: 3¢ g Doppler BLUE factor: 7 =¢ : hck =cp



Derivation of relativistic quantum mechanics
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Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
3 Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~



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

4

Review of Thales geometry G
relativistic hiw(ck) or E(cp)-spliee

— Y/

L

Initial stationary o

UE K thing wi=Mhic?

K,

—

hw=Flen) _
s Recoil from emitting an
oppositely c-moving
@ELLOW Kam “photon” whm=c| Knm |:meinhp
/ R
kS

: 2.4
@,, sinh .

Y/

T Pcirej,

L. |
4 /
3= 0,e P= w,
|
| | | | | |
_ P 3_
Doppler RED factor: —=e Doppler BLUE factor: 5 e

3

-

K

Feynman
diagram
(scaled down)
of
emission
process

J

w, e =3 =w,

hck =cp



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

4
hw =FLlen) : —
_ Recoil from emitting an
Revze.w of Thales geometry oppositely c-moving
relativistic hw(ck) or E(cp)-sp YELLOW K “photon” whnm=c| k.., |=wnsinhp
- o / .
Initial stationary '
UE K thing wi=Miic? K, Kin, "
\& Feynman
diagram
@,, sinh p 7 (scaled down)
GREEN K, thing P — of
| . W’ n A~ emission
N process
[ o .Take-away point () | L y
Wy ==y o || Classical (and spectroscopic) »,le"P=3 =w,
" "8: Energy-momentum conservation
] e is due to
., S/ conservation in
3 , e/ P= w / quantum.-phase space-time
“wiggle-count”
\ Y,
| S | | |
—p 3_ +p hck =cp
Doppler RED factor: 3= ¢ Doppler BLUE factor: 5 =€




Derivation of relativistic quantum mechanics
What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
> Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~



Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)
4

hw =E(cp)

4 / d p
lake-away point 2

Easy to compute

recoil rapidity p

or recoil velocity u

Key recoil relations:

w, e P=3 =w,

w,;e P =wy

o=1In My/M,, Exact recoil rapidity

u .
or where: —*“% = tanh p
C

Q
2

Ky o) N\
S

_ FP_ '
~ W€ =0, u~c In My/M,,
Low-ttrecoir approximation where: p =

w | &

recoil

C

| | | | |
hck =cp

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



Relativistic optical transitions |kigh)=|w,) &/ |mid)=|w,) 2 |low)=|o,)
4

hw =E(cp)

lake-away point 3
Emission photons

are analogous to
rocket exhaust (not “bullets”)

( Vibwrnour=c exhaustln [Mnitia/ M, final ])

Si | E ...and this process is reversible
L 4 Key recoil relations:
| T Q w, leP=3 =w
O \
1 = p=In My/M,, Exactrecoil rapidity
A Yy or- where:
4_ o tp
3- Omé "= O u~c In My/M,,
LOW-urecoi approximation where: p = -t
c
| S | | |
2 3 4 hck =
Doppler RED factor: == g Doppler BLUE factor: - = ¢ g ch=ap



(p.q)— coo;‘dzfgzates

rest frequency : “"rq‘pidity :

0, =0,e" p,=rp
Pp 4 T (Ckp’ q? wp g )

=,,e* (sinh pp, cosh pp)

o~ —

— 02—

N .

All-rational-fraction lattice - , -
defined by discrete sub-group | ah ,/
of Lorentz Poincare Group |——@0 — 7/ |
(Feynman path integrals defined
by group transformations)
\ o ) ..\".
coordinate

transformations :

- R-L R+L
p=— =",

R=p+q.L=q-p

RelaWavity Web Simulation -
{Compton Scattering}

Doppler BLUE factor: % —¢®



http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=5%7C6&freqExpStopNum=1&vertBranchInd=1&horiBranchInd=0
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=5%7C6&freqExpStopNum=1&vertBranchInd=1&horiBranchInd=0

Derivation of relativistic quantum mechanics
What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

3 Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber x



2nd Quantization:

hv is actually hNvV

(10 ppase=E=hv 4c08h p) is actually (AN ppg5=En=hNv coshp with guantum numbers)

A 15t Quantization: N=1,2.3,..
? Mode quantum number n of half-waves
_ N
g /h\ hN " " n4 BN
o AU TAN, U, E=hN,v E=hNv =nIV,V,
e r—— Nzo net T T s

Energy

(

(i

\z_
\
"
\

\

\\
N\

2 ] 1,///// B
cp=hck | cp ‘ . o
| 7 7 . _ \ /
| / 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
/ / %, [=4.0
/ l/ | "o \
/ \ \ ® / \
)| | ! +4

4 -3 2
Lo bbbl

£
+1 oo 43
ERIRENRERRERE NRRE

/|

e

20d Quantization:
Photon number N oscillator quanta

o

) )
Take-away point 4

|Cavity quantum electrodynamics

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

(and geometry!)

\_ J




2nd Quantization:
(hv phase=E=NV sc0sh p) is actually( ANV ppa5e=Eny=hNVcoshp  (N=1,2,..) )

>

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

red photo?zs

N =1

\
—

=
—

n=1

red photon

N,=0

—

n=1

ckn=]-u)

N =2

2

> green photon

N,=1

hv is actually hNvV

n=2

0
D)

n=2

green photo

N

n=2

N=1| -,
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Rapidity p vs proper time t

. Radius

=qT7/cC
ap=crt
Cct
x =a coshp”
S Q
=
R=
N
" ~Area X
— 2
a=a 0/2 5
< >
| CZ:CZ/g X

(b) Traveler paths of acceleration gq g
Al: g =g,e™” Bob: go—c— Carl: gﬂ—g0
Cl

Inertial fmme coom’mates
(xq p’ q p )=

a,e’(cosh pp,, sinh p/o1 PR

Geometric scale :




Derivation of relativistic quantum mechanics
What’s the matter with mass? Shining some light on the Elephant in the room
Relativistic action and Lagrangian-Hamiltonian relations
Poincare’ and Hamilton-Jacobi equations

Relativistic optical transitions and Compton recoil formulae
Feynman diagram geometry
Compton recoil related to rocket velocity formula

Comparing 2nd-quantization “photon” number N and Ist-quantization wavenumber ~

Relawavity 1n accelerated frames
Laser up-tuning by Alice and down-tuning by Carla makes g-acceleration grid
3 Analysis of constant-g grid compared to zero-g Minkowsi grid
Animation of mechanics and metrology of constant-g grid





http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69

Inertial
frame
| X

NN S

/4 - \ by — .
P AL / P 4

{ Accelerated proper-time
ame

Relativit Web Simulation

! —
NN s B
N )
~— R
SN ~
N N

4]

Bob's object hits


http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html?scenario=69

mirror

. for region inside aSymptotlc ‘event horizon”

" R ", -ﬁ."\._ ; g : _::-_,. : g -;-.__..

., -, ", =, it ; r

S ., ", Py ’ .

| . b Y ., \\ Lab view of s :

ﬂ ™, ™ ~, Shi has received 10 [
*. Ship view of w,  Loreniz P

™., reen waves.
*invariant . contractzng é: ]

proper . separ a’lo’?? "."':-':_:.-' /x,, JP/ ,/I / BLUE-
.. Sseparation> =——@ o i CHIRP
1 =04,

< From Lect. 35

""" ModPhys (2012
G&Omethcal Ch‘bkps leas Accelerated Minkowski Grids /” odPhys (2012)
ﬁ Coharent wa\xgs make' Space- _time “eoordinates of accelerating ship & tmllef(s)

- ~.____.~. .._‘_,-"" , ,.:; E

\res ults if

spectrum

mirror - -
Trailer has received 10

moves blue waves.
oUT A )
<t/ [0 S
NN S 7
: , & a5
o A
: e ., .,
il Trailer has received 5 -
rIVE ;. blue waves. ;

Bouncing light

Circular arc s = - —L
, P Interfering light beams make Minkowski diamondls
9 \ys_re //
Hyperbolic x T X o A
proper time T
.—-/S

Fig. 8.2 Accelerated reference frames and their trajectories painted by chirped coherent light



Realtivity angle V
Stella

RelaWavity Web Simulation
Comprehensive dual plots
with parameter table

A more compact
circle-based geometry

% v A K T c
rou bDoppler group group ‘group group group b Doppler
group | Opep - v, A, K, T, Vg i BLUE
1 c Ko T U, h " 1
hase phase phase phase phase phase
P b lli‘)li)glger phase KA TA vA 2’A ¢ b gggpler
rapidi - . +
"1 e” |tanhp sinhp | sechp coshp | cschp cothp | e
s;ff;‘}: Y1 e | sino tano cosO seco coto csco | 1/e”
p=t -8 B 1 1-p7 1 g1 1 1+B
e | VI+B LB 1 J1-B° 1 B 1-B
1 3 3 4 2
pedr | ==05 | ==06  ==0.75 | —=0.80 Soios| doizz 2o167| 2220
2 5 4 4 3 3 1



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

Bob's coordinates

Space-time parameters

S : / Z. Per-space-time parameters
for Alice's G-point Cl o) C 2 =7 esch .
x,G :;l/ASinh_p (Alice) phase™ 4CSC p CKphase_CKASIth
, =;LT Asm}}llp A prop="48€Chp CK ., =CK ,cOshp
ct,=A,coshp .
G A N —
------- . cT , =cT,sech v, =1 ,cosh
=ct,coshp * Blue-Doppler, phase=CLASECP phase™ VA COSAP
\‘ N - > . _ .
NN =1,e"” CT 400y =CT sCSChP V0, =0,SINNP
Beb's coordinates . - X
forAlice's P-point ™, Y,
’r . N Sl (Alice)
ctp=/, ysinhp - s
=c7 ,8Sinhp -
, —
'xI)_ﬂwAC()§l:lp----~ .~.~ P
=c7,coshp ™ )
' /
) X (8o
A
Doppler group vgmup )" group K group T group phase Doppler
GO | Do | T Ty 7, T, R
A A A A
1 K T v A
p hase T c phase phase phase phase c Dol —
bBLUE phase KA 7:A vA A’A group bREgp ’
| e | tanhp sinh p sech p cosh p cschp cothp | e’
e o | /e | sinc tano coso seco coto csco | l/e™®
| o st | B B 1-F ! Bt 1| [B
RelaWavity Web Simulation c [ V1B | 1 B21 1 -2 1 B 1-B
Comprehensive dual plots e | 1 3 3 4 5 4 5 >
with parameter table ol | 5=05] S=06  2=075 =080 =125 J=133 =167 | =20
RelaWavity Web Simulation poppier | V. past-future x-contraction'™" "™ t-dilation'™""" inverse
, e effects | byepy g asymmetry . V,,...-dilation " b
(ct’vs x’) with parameter table of-disgonal T phase™ COMITACTON. (1 conan asymmetry e
* Lorentz-transform) Lorentz-transform)
/



http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C3
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C3
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C3
https://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
https://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5
https://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html?plotType=8%7C5

