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Abstract

Using Special Relativity (SR) as a starting point, then noting a few empirical 4-Vector facts, one
can derive the Principles that are normally considered to be Axioms of Quantum Mechanics
(QM). Since many of the QM Axioms are rather obscure, this seems a more logical and
understandable paradigm than QM as a separate theory from SR, and sheds light on the origin
and meaning of the QM Principles. For instance, the properties of SR can be “quantized by the
Metric”, while SpaceTime & the Metric are not themselves “quantized”, in agreement with all
known experiments and observations to-date. The SRQM or [SR—QM] Interpretation of
Quantum Mechanics: A Tensor Study of Physical 4-Vectors. I also introduce the SRQM
Diagramming Method: an instructive, graphical charting-method, which visually shows how the
SRQM 4-Vectors, Lorentz 4-Scalars, and 4-Tensors are all related to each other. This symbolic
representation clarifies a lot of physics and is a great tool for teaching and understanding. The
use of 4-Vectors allows many deep results simply by noticing symmetries in the equations. 4-
Vectors = 4D (1,0)-Tensors are a fantastic language/tool for describing the physics of both
relativistic and quantum phenomena. They easily show many interesting properties and relations
of our Universe, and do so in a simple and concise mathematical way. Due to their tensorial
nature, these SR 4-Vectors are automatically coordinate-frame invariant, and can be used to
generate *ALL* of the physical SR Lorentz Scalar (0,0)-Tensors and higher-rank SR Tensors.
Let me repeat: You can mathematically build *ALL* the Lorentz Scalars and larger SR Tensors
from SR 4-Vectors. 4-Vectors are likewise easily shown to be related to the standard 3-vectors
that are used in Newtonian classical mechanics, Maxwellian classical electromagnetism, and
standard quantum theory. Each 4-Vector also connects a special relativistically-related scalar to a
3-vector: ex. Temporal energy (E) & Spatial 3-momentum (p) as 4-Momentum P = (E/c,p). Why
4-Vectors as opposed to some of the more abstract mathematical approaches to Quantum
Mechanics (QM)? Because the components of 4-Vectors are physical properties that can actually
be empirically measured. Experiment is the ultimate arbiter of which theories actually
correspond to reality. If your quantum logics and string theories give no testable/measurable
predictions, then they are basically useless for real, actual, empirical physics. In this treatise, I
will first extensively demonstrate how 4-Vectors are used in the context of Special Relativity
(SR),and then show that their use in Relativistic Quantum Mechanics (RQM) is really not
fundamentally different. Quantum Principles, without need of QM Axioms, then emerge in a
natural and elegant way.
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A Tensor Study of Physical 4-Vectors swurgacon

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Vectors = 4D (1,0)-Tensors are a fantastic language/tool for describing the physics of both relativistic and quantum phenomena.
They easily show many interesting properties and relations of our Universe, and do so in a simple and concise mathematical way.
Due to their tensorial nature, these 4-Vectors are automatically 4D SpaceTime coordinate-frame invariant, and can be used
to generate *ALL* of the physical Lorentz Scalar (0,0)-Tensors and higher-rank Tensors of Special Relativity (SR).
Let me repeat: You can mathematically build *ALL* of the SR Lorentz Scalars and larger SR Tensors from empirical SR 4-Vectors.

SR 4-Vectors are likewise easily shown to be related to the standard 3D vectors { 3-vectors = 3D (1,0)-tensors } that are used in
Newtonian classical mechanics (CM), Maxwellian classical electromagnetism (EM), and standard quantum mechanics (QM).

In addition, each SR 4-Vector also fundamentally connects a special relativistically-related toa
ex. time () & 3-position  (1)—(x, v, 7) as SR4-Positon R=(ct,r) @
ex. energy (E) & 3-momentum (p)—(p;,p’,p?) as SR 4-Momentum P = (E/c,p) Q9 = >

Why 4-Vectors and Tensors as opposed to some of the more abstract mathematical approaches to Quantum Mechanics?
Because the components of 4-Vectors and 4-Tensors are physical properties that can actually be empirically measured.
Experiment is the ultimate arbiter of which theories actually correspond to reality. If your quantum logics and
string theories give no testable/measurable predictions, then they are basically useless for real, actual, empirical physics.

In this treatise, | will first extensively demonstrate how 4-Vectors are used in the context of Special Relativity (SR),
and then show that their use in Relativistic Quantum Mechanics (RQM) is really not fundamentally different.
Quantum Principles, without need of QM Axioms, then emerge in a natural and elegant way.

SR is a theory of Measurement, even in QM.

| also introduce the SRQM Diagramming Method: a highly instructive, graphical charting-method, which visually shows how
the SRQM 4-Vectors, Lorentz 4-Scalars, and higher rank 4-Tensors are all related to each other.
This symbolic representation clarifies a lot of physics and is a great tool for teaching and understanding.

SR 4-Tensor

SR 4-Vector
2,0)-Tensor T+ 1,0)-T V=V SR 4-Scalar - :
{, 1()-T¢insorT”v or T, (SRZI CoVector: OneF(Zm\l? SRQM: A treatise of SR—QM by John B. Wilson
o 5 orentz Scala
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gﬁy;»chM A S RQ M 4-Vector SRQM Interpre;?tiQo,\;l]
A; Some Physics:Mathematics
s Abbreviations & Notation

GR = General Relativity t, = 1 = Proper Time (Invariant Rest Time) =t/y : <« Time Dilation— t=1t

SR = Special Relativity 4D = 4-Dimensional = {0,1,2,3} L, = Proper Length (Invariant Rest Length) = yL : —Length Contraction— L = Loly

CM = Classical Mechanics B = Relativistic Beta = v/c=u/c = {0..1}A4 ; v = u = 3-velocity = {0..c}A ; v=|v| = u = |u]
EM = ElectroMagnetism/ElectroMagnetics y = Relativistic Gamma = y, = 1[1-B-B] = 1/N[1-|B|3] = 1/N[1-|u/c|?] = dt/dt = {1..}

QM = Quantum Mechanics D = Relativistic Doppler = 1/[y(1-|B|cos[6])]

RQM = RelatiViStiC Quantum MeChaniCS /\u‘v = Lorentz (SpaceTime) Transform: prime (') specifies alt. reference frame, {boosts, rotations, reflections, identity}
NRQM = Non-Relativistic Quantum Mechanics = (standard QM) I, = 3D Identity Matrix = Diag[1,1,1] ; I = 4D Identity Matrix = Diag[1,1,1,1]

QFT = Quantum Field Theory = (multiple particle QM) 8= 8, =8; =I5 ={1if i=j, else 0} = Diag[1,1,1] 3D Kronecker delta

QED = Quantum ElectroDynamics = QFT for (e:)’s & photons 8= %= 8,,= Iie) = {1 if u=v, else 0} = Diag[1,1,1,1] 4D Kronecker Delta (unique rank-2 isotropic tensor)
RWE/QWE = Relativistic/Quantum Wave Equation gl = {even:+1, odd:-1, else:0} 3D Levi-Civita anti-symmetric permutation (niqe rank-3 isotropic tenson)
KG = Klein-Gordon (Relativistic Quantum) Equation/Relation " = {even:+1, odd:-1, else:0} 4D Levi-Civita Anti-symmetric Permutation (one ofa few..)

PDE = Partial Differential Equation {other upper:lower index combinations possible for Levi-Civita symbol, but always anti-symmetric}

MCRF = Momentarily Co-Moving Refgrence:Rest Frame N —nuw—Diag[1, -l eat < V" + H" = 1" Minkowski “SR:Flat SpaceTime” Metric

EoS = Equation of State (Scalar Invariant) = w = o / Peo 1, = 8%, = Diag[!, 1] = Iy = " @eowemncr (1,1)-Tensor Identity Mixed-Metric /"

Pr = 4-TotaIM9mgntum = (H/c,pr) = X [P,] = Z[All 4-Momenta] Ve = T*T = Temporal “(V)ertical” Projection Tensor, also \V*, and V,,, -/

H = The Hamiltonian = y(P1U) (energy’ used in aovancea cm, (ke + PE) for v <<c}  H™ = 1" - THT" = Spatial “(H)orizontal” Projection Tensor, also H", and H,, X‘ Hw
L=The Lagrangian = '(PTU)/Y { “energy” used in advanced CM, (KE - PE) for |v| << ¢} 4_UnitTemp0ra| T” = 'Y(1 ,B) Light-Cone

V=V.= 3-g_radient (V)= trectanguiar basis) (0,+0,,9,) = (%lox,%ay,% az) Tensor-Index Notation & 4-Vector Notation:

o = 0/oR, = 9 = @ = dr = 4-Gradient (¢") = (9,/c,-V), a (1,0)-Tensor &= a=(2)) = (a',a’,a’)= (a): 3-vector [Latin index {1..3}, space-only]
3, = dIORY = @ = Gradient One-Form (9,) = (4,/c,V/), a (0,1)-Tensor A" =A = (a") = (a’,a',a’,a’) = (a’,a): 4-Vector [Greek index {0..3}, TimeSpace]
S = Sucion = The 4-Scalar Action ( 4-TotalMomentum Py =-g[S]) A'By =AB"=AB =A',,B". Einstein Sum : Dot Product - Inner Product

® = ®prase = The 4-Scalar Phase ( 4-TotalWaveVector Kr = -9[d] ) A:B: = '°3®“B_3 'I'Snvs]o_r P';\Od_UCt : Outer Producjt , - ,
¥ = Sum of Range = multi (+) ; IT = Product of Range = multi (x) A'B' - A'B" = A¥B" = AAB: Wedge Product : Exterior Product : Anti-Symmetric Product

A = Difference : d = Differential ; @ = Partial {Calculus functions} ~A‘B’- A"B"=0": (2,0)-Zero Tensor — . _ B
: ’ . V_RVAH — V] — . ; poral object(+): blue, Spatial object(-): red
[v| << c: speed (v = |v|) approx.: much less than LightSpeed (c) A'B’-B'A"=[A"B"]=[AB]. Commutation) - '/> o biect . 0 burol
(1+x)" ~ (1 + nx + O[x?]), for |x| << 1: Classical limit approx. A'B" - BFA" = 777 i nertank beng blus Qhlect(generic e ) purple
NuII:Ph(_)tonic:Liqht-Iikc_a opiect(O): white
SRQM = The [SR—QM] Interpretation of Quantum Mechanics, by John B. Wilson SpaceTime: | often write it as “TimeSpace”
In full: [6GR—SR—RQM—QM—(CM & EM)] just to match this ordering convention of
4-Vector (temporal, spatial) components
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4-Tensor, 4-Vector, 4-Scalar Conventions:

4-Vectors (4D) in bold UPPERCASE: A

3-vectors (3D) in bold lowercase: a

Temporal scalars (1D) in non-bold, usually lowercase, a°
Individual scalar components in non-bold: ex. A = (a%a’,a?,a®)
Rest scalars in normal non-bold, denoted with naught: a,
Tensor-index-notation in normal non-bold: ex. A* =(a*) = (a%a’)
4D Tensors use Greek indices: ex. { y,v,0,p }

3D tensors use Latin indices: ex. {i, j, k}

4-Vector: A or A or A¥: ex. 4-UnitTemporal T = y(1,B)
4-CoVector or OneForm: A or A : ex. GradientOneForm g = 6p

V]
Null 4-Vector N ~ (|a|,a), which has Lorentz Scalar N-N =0

SR:Metric Convention: Particle Physics, Time-0th-Positive (+,-,-,-)

Good object: ireen

(@ —

Good, but limited-case,
warning, etc.: yellow-orange

Good

But
Limited
Idea

Old, outdated, wrong: red

Quantum Mechanics is derivable from Special Relativit

Existing SR Rules
Quantum Principles

ol
Wrong
Idea

NormalMatter
Black Holes

3

both are the SpaceTime-reversed

situations of the other...

and equivalent under CPT symmetry

4-Scalar (0-index): Ellipse

@ Technically
4-Vector (1 index): Rectangle @

4-Tensor (2 index): Octagon All Tensors

Temporal object (+): blue, Spatial object (-): red
Mixed TimeSpace object (generic <event>): purple
The mnemonic being blue and red mixed make purple I

/
Null:Photonic:Light-like object (0): white

SpaceTime: | often write it as “TimeSpace”
just to match this ordering convention of
4-Vector (temporal, spatial) components

r'lfrz.,r.;:::
9
Temporal(+)

Null (0) Spatial(-)

SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T*, or T,Y
(0,2)-Tensor T,,

SR 4-Vector
(1,0)-Tensor V* =V = (V°,v)
SR 4-CoVector:OneForm

(0,1)-Tensor V, = (Vo,-V)

SR 4-Scalar

(0,0)-Tensor S or S,
| orentz Scalar,

3-Tensor 3D

(2,0)-Tensor Tk
(1,1)-Tensor Ty or Tk

(0,2)-Tensor Ty

Classical (scal

3D Galilean
Invariant

ar A 3-vector)
not Lorentz
Invariant

3-Scalar
3D (0,0)-Tensor,
S
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N The SRQM Interpretation: Links

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

See also:

nttp://scirealm.org/SRQM.html (it discussion)
nttp://scirealm.org/SRQM-RoadMap.html (main sram website)
nttp://scirealm.org/4Vectors.html (-vector study)
nttp://scirealm.org/SRQM-Tensors.html rensor & 4-vector Calculator)
nttp://scirealm.org/SciCalculator.html (complex-capable RPN Calculator)

or Google “SRQM”

http://SCireaIm.Org/S RQM pdf (this document: most current ver. at SciRealm.org)

SR 4-Tensor SR 4-Vector TG
2,0)-T o 1,0)-T V=V = (V0 -Scalar _ . :
(1 1()-Tgnsec?rS$”rv or T, (SR LSE@ZLtono“eF‘Z,r.? SRQM: A treatise of SR—QM by John B. Wilson
’ . . orentz Scala

,1)-Tensor V, = (vo,-v
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SR — QM 4-Vector SRQM Interpretation

SRQM Study: Physical / Mathematical Tensors
() 4D Tensor Types: 4-Scalar, 4-Vector, 4-Tensor -
e CoOmponent Types: , , it

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
: = _ : SR:Minkowski Metric
Matrix Format SRQM Diagram Format Fach 4D Index =10, 1 ) J[R] = "[R]=n"=V" + H" —
WU BRI Diag[+1,-1,-1,-1] = Diag[1,-1(;] = Diag[1 -0
SR,( 4—Sc";alar_S : S SpaceTime Dimensions g[{m Cartesian forr]n} Partlc%e[Physfgé] Co -. ]
a “number”: magnitude only SR 4-Scalar SRQM Diagram Ellipse: 1/{n™ vV — 8 v
0.0)-T S ) 4-Scalars, 0 index = rank 0 _ Ny = 1N} o' =
S (0,0)-Tensor S ofenas 4*0 = 0 corners in diagram (m,n)-Tensor has:
Lorentz Scalar 49 = (1) = 1 component (m) # upper-indices ﬁ A 4-Gradient a“
(N)  #1ower-indices d= a/aRp = (3t /C,-V)
SR 4-Vector V* SR 4-Vector SR 4-CoVector = “Dual” 4-Vector

an “arrow”: magnitude and 1 direction IEvE SRQM Diagram Rectanale: _ 4-Position R"
4D (1,0)-Tensor V =V J—q—q_-Vectors, 1 index =rank 1 4D (0,1)-Tensor C = 4D One-Form

R =(ctr)=
4*1 = 4 corners in diagram
VF = (vF) = (V,v) = (v',v) IESESIREEUERICII C, = n,,C° = (C,) = (Co, C) — (Cy Cs, Cy, C2) SpaceTime
— (V,V,VY,VF) = (c’,-¢) = (¢’,-¢') — (c',-¢*,-¢’,-¢?) IR=9,R' =4
Dimension

VO V1 V2 Vs uses a single upper index, upper bar uses a single lower index, lower bar

SR 4-Tensor T" = Trow:column

SR 4-Tensor

a “matrix or dyadic’: magnitude and 2 directions SR SR SR o :
4D (2,0)-Tensor T ! : , , [pmik
0 | ot 02 - ’ SRQOM Diagram Octagon: Mixed 4-Tensor  Mixed 4-Tensor § Lowered 4-Tensor —
T T T T ™ = 4-Tensors, 2 index = rank 2

4D (1,1)-Tensor§4D (1,1)-Tensor
Ty = Ny T TH = N TH

4D (0,2)-Tensor

TOO TOk 4*2 = 8 corners in diagram _
LT T = NupNvo T

; Tensor Property:
[ o T ] 4% = (1+6+49) = 16 components

T10 T11 T12 T13
T20 T21 T22 T23

Rank = # of indices

— - B {0 = a Scalar}
[ TOO,TOk ] [ TOO,TOK ] [ Too ,TOk ] {1 = a Vector}
30 31 32 33 tt Ttx Tty Ttz _ _ _ _
™ BE i . [T5, T% TUT7] e components: [ TP, T] [ To,Tk] [Tio,Tik] {2 = a Dyadic:Matrix}

t . . tch
Temporal region [TX ’TXX,TXV’TXZ] 6 Antl-SymmetrIC (SkeW) elg

[ +TOO, _TOk]

X ; yETYX TYY T2 +10 Symmetric - 3 i ion =
Spatial region: ULt ! [+T%,+T%] § [+T%,-T%] “TH]
Mixed TimeSpace region: purple [T, T%,T2,T%] 16 General components [ -T,-Tk ] [+T°, -T*] [-T°, +T*] can take.

The mnemonic being and mixed make purple {4D:SR Tensors=4}
235 ‘}I'-Trfnsrqlrw T SR 4'\‘5?‘_“3 SR 4-Scalar Technically, all these objects are “SR 4-Tensors”, but we usually reserve Trace[T"] =N T"=T" =T
(2,0)-Tenso (1,0)-Tensor (V’,V) (0,0)-Tensor S or S, the name “4-Tensor” for objects with 2 (or more) indices, and use V-V = Ve VY = [(VO)P - vev] = (Vo )P

(1,1)-Tensor T", or T, SR 4-CoVector: OneForm

the “(m,n)-Tensor” notation to specify all the objects more precisely. = Lorentz Scalar
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Euclidean 3-Vectors & SR:Minkowski 4-Vectors
°2 Dot Product, Lorentz Scalar Product
Einstein Summation Convention scireonn B Wison

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

In Classical Mechanics (CM), the magnitude of a 3-vector can be the length of a 3-displacement Ar = (r, - r,).
Examine 3-position r—or= ( : ), which is a 3—.displacement with the base at the origin r,— 0= ). _ Di +1 41 411 = Di : - Di 5
The 3D Dot Product of r: { r'r = rJSjkrk =r r<=rl r=(Xx+yy+2z77) = (x* + y* + Z%) = (r)? } is the Pythagorean Theorem. N iag[ o ] iag[lis)] iag[6 "]
It uses the Euclidean Metric Ejk which is equivalent to the 3D Kronecker Delta 6jk = Diag[ ] = Identity I3 = Ejk' {bkk} = 1/{5
The 3D magnitude? is r-r. The |magnitude| is V[r-r] = V[r?] = |r|. 3D magnitudes are always ositive( )- alilean Invarian D Sace
scalar 1-time 3-vector  3-position r ‘p.r = F13 = (x)+(y)+(2)* = (r)? Vr=Vigur=Virk=3

= (r'/c) = (t) =ri=(r')=(r)— (x.,y,Z) J length r = |r = (laX]+ oy [y]+52]) = (1+1+1)
= <time> = <|ocation> Dimension

ﬁ 3D CIassicaI:EucIidean' Metric _
VIr] = VI[r] = Kronecker Delta §* = & = §) = 5

t & |r| are scalar invariants
only in Euclidean 3D space.
However, our universe is
locally Minkowski 4D.

The magnitude of an SR 4-Vector is very similar to the magnitude of a 3-vector, but there are some interesting differences.

One uses the Lorentz Scalar Product, a 4D Dot Product, which includes time & space components, and is based on the 4D SR:Minkowski Metric

SR:Minkowski Metric Tensor. “Particle Physics” signature convention {time,0",+}—(+,-,-,-) of the Minkowski Metric giveﬁ 3[R] = au[Rv] = r]uv = = VW + HY —

n, — Diag[+1, ] {Cartesian form}, with the other entries zero. Note the 3D {space, 1293 -} part is negative. Di +1.-1.-1.-11 = Di ‘f]" 1.1= Di 1 -5k

Only the mixed (1,1)-tensor form of Minkowski Metric n ¥ is equivalent to the 4D Kronecker Delta & ¥ = Diag[1, ] =L iag[ R 1= , '39[ » (%)] - .Iag[ 0]
y i {in Cartesian form} "Particle Physics” Convention

A-A'=A-A= An A= (%’ - a-a) = (a%)? = (a%a’ - a'a’ - a%a® - a’a’)
=A'A =3 [a'a]= (%, + a'a; + a’a, + a*as)
=AA'=Z _ [aa]=(aa’+a:;a' +aa’+ aza’)

using Einstein Summation Convention which has upper-lower paired indices summed over.

{nu} = 14n*} : n,' = §," = Diag[1,1,1,1]

v=0..3

RR = (Ct)2 -rr= (Ct)2 _ (XZ + y2 + 22) = (Cto)z = (CT)2 4'VeCtOr 4'OPOSItIOn R Inteval C - . \“
for 4-Position R = (ct,r) =IREE= (rU) = (r ’rJ) = (Ct,l") — (ct,x,y,z) Tlmle (t). |stNC21T\;a 4:3 SRlnvarlantt [_(
. > ! . ; s _ _ . . scalar, just a 4-Vector component. S al) ACEe s
4D magnitude? can be: negative(-), zero:null(0), positive(+) = <Event> = <time>&<location> ProperTime (1) is & 4D SR invariant _ D 2 L ‘
O ’ U
The 4-Vector version has the Pythagorean element in the spatial components, the temporal component is of opposite sign. 3 5 5 5
This qives a “causality condition”, with SpaceTime intervals (in the [+,-.-.-] SR:Minkowski Metric) that can be: J 9 9 9
(cAt)? (+) {causal = 1D temporally-ordered, spatially relative} 0 % 0 2
AR-AR = [(cAt)? - Ar-Ar] = (0)  Light-like:Null:Photonic (0) {causal & topological, maximum signal speed (|Ar/At|=c)}
(—) {temporally relative, topological = 3D spatially-ordered} Dime 0

3-Tensor 3D
(2,0)-Tensor Tk

SR 4-Tensor SR 4-Vector

Trace[T"] = nuTW =TH, =T

3D (0,0)-Tensor A AN AU M A [(v)? - vv] = (V5)?
S = Lorentz Scalar

Classical (scalar
3D Galilean

3-vector)
not Lorentz

SR 4-Scalar
(0,0)-Tensor S or S,

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm

(1,1)-Tensor T or Tk

Invariant

N\ Invariant
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G Pryseal - vectors Tensor Index Raising & Lowering e
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4-Vectors are tensorial entities of Minkowski SpaceTime which maintain covariance for inertial observers, meaning Index Raising

that they may have different relativistic components for different observers, but describe the same physical object. 4-Vector A

(like viewi Ipture fi diff t I hot pict look diffi t, but it's actually th bject) n* HCEIEET 2\
ike viewing a sculpture from different angles — snapshot pictures look different, but it's actually the same objec i K
There are also 4-CoVectors, aka. { One-Forms = 4D (0,1)-Tensors } and dual to { 4-Vectors = 4D (1,0)-Tensors } 4D (1 '0) Tensor Diagonal 4D (0’1 ) Tensor
. . ; - A=A"=(a")=n"A, gt A=(a)=n,A*
Both GR and SR use a metric tensor ( g"' ) to describe measurements in SpaceTime (TimeSpace). =(ao a‘)=(a° a) =(a a-)=(+a° _a)
SR uses the “flat” Minkowski Metric g" — n™' = n,— Diag[1,-1;] = Diag[1,-0] = Diag[1, ] {Cartesian form}, which is ’ ’ MNuv . Bt ’
the {curvature ~ 0 limit = low-mass limit} of the GR metric g"*. SR is valid everywhere except extreme gravity, like near BH’s. g

4-Vectors = 4D (1.0)-Tensors Index Raising & Lowering with sl _npv 4-Vector
A=A"=n"A =(a") =(a"a) = (a",a) = (&, ) — (@, ) SR:Minkowski Metric Tensor [?'jg_ﬂ”i'] B=B'=(b°,b)

B=B'=n"B, = (") = (5°0) = (b',0) = (b°'.b° ") — (b, b7) | | 7 Or,, (both = Diagl 1)) sl
v This Metric is also used with
other SR 4-Tensors to create

nvariant Lorentz
4-CoVectors = 4D (0,1)-Tensors

A A=(a)=( = )= ) ( ) raised, lowered, and mixed tensors Scalar Product (0,0)-Tensor
= Y=(a)=(a,a)=(a,a)=(a, — (a, ’
o T T S T e L T oon T A-B=AB'=A"n,,B'=A'B,=A"B’
=(a()’ )=(a’ )=(a’ )_)(a7 ) ex. UV_r]UG v —AE—KE—KB
B,=n, B"=(b)=(b,.b)=(b,-b)=(b, ) — (b, ) W =i =3 =4 =T = =
H v H 0 0 0 ! nn,=n % 4 =Tr[n"] — ObO -b)= O‘bO’ b’
= (byb) = (6°,-b) = (", )= (b, ) S RS EHRER e
=(a’6b")
A"B'=AB= A“r]wBV =AB'= A"Bu =z _Jab1=%  [ab]= (@%” - a-b) = (a°° - a'b’ - a’b? - a°b®) = (a%b°)
using the Einstein Summation Convention where upper-lower-paired indices are summed over :
4-\ector 4-\ector y o
Proof of invariance ( using Tensor gymnastics and the properties of the Minkowski Metric n & Lorentz Transforms A ): A’:AP':/\P’VAV:(aO',a’) B’=B“Y=/\”’VBV=(bO',b’)
A'-B' = A¥n,,B" =

(AeA) Nue(A'6BP) = (Nanuw\'s) ABP = (Aval\'s) ABF = (Noa/\*v\'s) A"BP = (Napd’s) A'BF = (Nas) A'BF =
A‘(nas)B° = A-B

TrAY J={-e0..+w}

=Lorentz Transform Type

Lorentz Scalar Product of 4-Vectors — Lorentz Invariant Scalars = 4D (0,0)-Tensors.
They have the same measured value for all inertial observers, i.e. the same value in all 4D inertial reference-frames.

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

Einstein & Lorentz “saw” the physics of SR, i . _
Minkowski & Poincaré “saw” the mathematics of SR. TIaCS[TW] B r]uv;l";v =T N TO .
We are indebted to all of them for the simplicity, beauty, V-V = Vi VY= [(v0) - vevl = (Vi)
and power of how SR and 4-vectors work... = Lorentz Scalar

SR 4-Scalar

(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
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SRQM (Physics) Diagramming Method

physical objects/tensors in a graphical way. This “flowchart” method aids understanding. @

Representation: 4-Scalars bycellipsesy 4-Vectors by rectangles; 4-Tensors byloctagons!
Physical/mathematical equations and descriptions inside each shape/object. . X X
Sometimes there will be additional clarifying descriptions around a shape/object. Minkowski Metric

ARI=[R=n"
—Diag[1,-1,-1,-1]=Diag[1,-5"]

: 4-Tensor :
Relationships: Lorentz Scalar Products or tensor compositions of different 4-Vectors are on Sl SBIGWBEIEEE  4-Displacement
simple lines(—) between related 4-Vectors. Lorentz Scalar Products of a single 4-Vector, or [ () - AR=(cAt,Ar)
Invariants of Tensors, are next to that object and often highlighted in a different color. =0/0R, 45 (F(%—?:nsor dR=(cdt.d

Flow: Objects that are some function of a Lorentz 4-Scalar with another 4-Vector or
4-Tensor are on lines with arrows(—) indicating the direction of flow. (ex. multiplication) &R

r
4-Position R"
4-Scalar R=(ct,r)=<Event>
4D (0,0)-Tensor z

paceTime
Properties: Some objects will also have a symbol representing its properties nearby, and E¥=QIEF~ y &) R—a Ru 4 U-9[..]
sometimes there will be color highlighting within the object to emphasize temporal-spatial Transform yd/dt[..]
properties. | use — 4@@ 1 d/dt[

Alternate ways of writing 4-Vector expressions in physics: PropoTls
(A-B) is a 4-Vector style, which uses vector-notation (ex. inner product "dot=-" or exterior

product "wedge=A"), and is typically more compact, always using bold UPPERCASE to . @--- =58 >
represent the 4-Vector, ex. (A-B) = (A"n, BY), and bold lowercase to represent 3-vectors, E = mc? = ymec? = 1Eq 4-Velocity U¥

ex. (a-b) = (a'db*). Most 3-vector rules have analogues in 4-Vector mathematics. 9 - > Rest Mass mo:Rest Energy Eo —y(c,u)

(A"n.B") is a Ricci Calculus style, which uses tensor-index-notation and is useful for more
complicated expressions, especially to clarify those expressions involving tensors with
more than one index, such as the Faraday EM Tensor F* = (¢"A" - 8'A") = (2 * A)

SR 4-Tensor
(2,0)-Tensor T+

(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar Trace[T"] =N, T"=TH, =T
(0,0)-Tensor S or S, Relativistic Gammay = 1/\[1-B-B 1, B = ulc V-V =V, VY = [(V)? - vev] = (Vo)
orentz Scala = Lorentz Scalar

(1,0)-Tensor V" = V = (V°,v)
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LY SRQM Tensor Invariants |
s INherent 4D SpaceTime Properties ....iussis

One of the extremely important properties of Tensor Mathematics is the fact that there are numerous SRQM (Physics) Diagramming Method
ways to generate Tensor Invariants. These Invariants lead to Physical Properties that are fundamental ﬁ
in our Universe. They are totally independent of the coordinate systems used to measure them.

Trace Tensor Invariant
SpaceTime Dimension

Thus, they represent symmetry properties that are inherent in the fabric of SpaceTime (TimeSpace). J[R]=0"[R"]=n" _ from Tr[..] of Minkowski
See the Cayley-Hamilton Theorem, esp. for the Anti-Symmetric Tensor Products. —Diag[1,-1,-1,-1]=Diag[1,-5"]

A Minkowski Metric
Trace Tensor Invariant: Tr[T"] = n, T" = T", = T, = T, = X[ EigenValues A, ] for T#, o—e

4-Tensor
4-Gradient ¢" ZDIPROREIEE  4-Displacement

for 4D anti-symmetric a=(at /C,‘V) AR (CAt Ar)
_ 4-Vector dR=(cdt d
Inner Product Tensor Invariant: IP[T*] = T*T,, = Tp : IP[T¥] = LSP[T*, TY] = T"nuT" = T*T, = T-T =0loR, PRI

Determinant Tensor Invariant: Det[T*'] = I1[ EigenValues A, ] for T*, — (Pfaffian[T"])?

r
4-Position R*
4-Scalar

R=(ct,r)=<Event>
) 4D (0,0)-Tensor E
Lorentz Scalar Product Tensor Invariant: LSP[T¥,S"] = T"n,S' = TS, = T,S' = T-S = t%s’-t-s = t%,s%, Lorentz paceTime ®

a,[R"]=0R"/oRv=A", o R—a R“ 4

4-Divergence Tensor Invariant: 4-Div[T"] = ,T" = dT*/oX" = 6-T : 4-Div[T"] = 9,T"' = 9T*/oX" = S*

Ual..]

Phase Space Tensor Invariant: PS[T"] = (d® /1% ) = ( dt' dt? dt* / t° ) for (T-T) = constant

Transform 7 yd/dtr..]
The Ratio of 4-Vector Magnitudes (Ratio of Rest Value 4-Scalars): T-T / S-S = (% / 8%)? ‘mmﬁﬁrﬁ:ﬁam ]—z, ] d/de[..
. Determinant_ Inner Produqt 7SpaceTime Dlimaisian Proper'!'ime
Tensor EigenValues A, = { A1, A2, As, As }: could also be indexed 0.3 Teqsor Invariant ~ Tensor I_nvarlant from 4-Divergence of Derivative
Affine Transform  SpaceTime L i
. ] ; . 4-Position

. ) . (Anti-)Unitary from Dimemsion from ®----Pp
The various Anti-Symmetric Tensor Products, etc.: Det[..] of Lorentz  IPJ..] of Lorentz Einstein’s - "
T¢ = Trace = X[ EigenValues A, ] for (1,1)-Tensors E = mc’ = ym.c? = yE, 4-Velocity U
T%TPs = Asymm Bi-Product — Inner Product o - P RestMassiEREEUEEES —y(C,u)

T T8 T, = Asymm Tri-Product — ?Name?

Rest 4- Scalar Lorentz Scalar Tensor Invariant

These invariants are not all always independent, some invariants are functions of other invariants. @ Phase Space Tensor Invariant Speed of Light (c) from
4-Momentum Phase Space LSP[..] of 4-Velocity

SR 4-Tensor SR 4-Vector Weighting Factor T W e —
(2,0)-Tensor T (1,0)-Tensor V" = V = (V°,v) SR 4-Scalar — Tracue[T ]V_ "]uv;l—2 =TH= TO )
(1,1)-Tensor T or T, § SR 4-CoVector:OneForm R(0.0)-Tensor S or S, Relativistic Gamma y = 1\[ 1-B-B ], B = u/c V-V = ViV = [(V)7 - vv] = (Vo)
orentz Scala = Lorentz Scalar
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£4; Tensor Types: 4-Scalar, 4-Vector, 4-Tensor
AT - = = . John B. Wilson
s Physical Examples — Venn Diagram..,...sqeneseen
Physical 4-Tensors: Objects of Reality which have Inva 4D SpaceTime
SR 4-Scalar—Speed-of-Light (c=[U-U ProperTime
(0.0)Tensors Dervane.-
Lorentz Scalar M-

paceTime
0-R=0,R"=4
Dimension

SR 4-Vector 4-Position 4-Velocity 4-Momentum SR 4-CoVector = “Dual” 4-Vector Gradient One-Form
4D (1,0)-Tensors | R=R¢=(ct,r)=<Event> || U=U"=y(c,u) | |P=P*=(mc,p)=m,U|" 4D (0,1)-Tensors aka. One-Forms 8=0,=(3,/c,V)=nw &"
V=V=V=( —(ctxy.2) “dR/de__Ji| ~(E/cp)=(E/c)U IR €= Cy = MueC? = (C) = (60,C) = (CuCxCC) | =a1R* —(9,/c,0,6,0))
= (V,v) = (VO V) = (V,v, VY, V) = (c’,-¢) = (c’,-c) — (c',-c,-¢',-c%) =(9lcat,%ox,%ay,%loz)

2 index-count Tenso: = Projection (Mixed) Tensors P*,
inkowski . T W\ SR Lowered 4-Tensor
) I e A Tonsor (Temporal Projection P¥, — V v)

n"=0"[R"]=9[R]=V""+ 4D (0,2)-Tensor
SR 4-Tensor Metric 4D (1,1)-Tensors (Spatial Projection P*, — ) Ty (0.2)- e.l. SOIS/Lowered Minkowski
4D (2,0)-Tensors T =N T+ v = Meelvo d[RJ=nw=(-)=LSP
™ = Faraday EM 4-Tensor = Lorentz Lorentz Boost T T Metric
[T T L FeP = o°AP - PA“ =9 A A [T%T0%] &RY]=AY, N, — B, { TOO ,TOK]] Projection Tensors Py,
j j i i j0 5 ik 1 N
[T, T*] Berfoct Fluid 4-Tensor [ Tho,Ti ] Ef;r;fgm Lorentz Paritylnverse 0 1] (Temporal Proj. P,, — V,)
T = (Peo) V"' + (-Po) A — (PI)"y (Spatial Proj. P,, — H,, )
Higher index-count Tensors: Riemann Curvature Tensor Weyl (Conformal) Curvature Tensor
RPouv = 9y Pus - A Puo + TPMe — Ml — 0%, for SR “Flat” Minkowski SpaceTime CPsu = Traceless part of Riemann [R%,]

SR 4-Vector
(1,0)-Tensor V* =V = (V°,v)
SR 4-CoVector:OneForm
(0,1)-Tensor V, = (Vo,-V)

SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T, or T,
(0,2)-Tensor T,

Trace[T"] =N, T" =T, =T
V-V = Vi, VY = [(VO) - vev] = (V!
= Lorentz Scalar

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

Ricci Decomposition of Riemann Tensor
R Sp (scalar part)+ Ep (semi-traceless part)+ Cp (traceless part)
ouv T
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4-Vector = 4D (1,0)-Tensor S| Dimensional Units Temporal_: Spatial ] components
4-Position R =R" = (ct,r) = X = X" {ait notation) [m] [Time (t): Space/length/extent ( r )]
4-Velocity U = U" = y(c,u) = (yc,yu) [m/s] [Temporal “velocity” factor (y) : Spatial “velocity” factor (yu), Spatial 3-velocity (u)]
4-UnitTemporal T = T" = y(1,8) = (y,yB) [dimensionless = 1] [Temporal “velocity” factor (y) : Spatial normalized “velocity” factor (y3), Spatial 3-beta ()]
4-UnitSpatial S = S* = y4(B-1,1) = (7B, 7:A) [dimensionless = 1] [Temporal “velocity” factor (y;:8-i) : Spatial normalized “velocity” factor (y,:n), Spatial 3-beta ([3-1)n]
4-Momentum P = P* = (mc = E/c,p) [kg-m/s] [mass (m) : energy (E) : 3-momentum (p)] with E = mc? = ym.c? = yE,
4-TotalMomentum Py = Py* = (E-/c = H/c,p:) = Sa[Pa]  [kg'MV/s] [total-energy (Er) = Hamiltonian (H) : 3-total-momentum (p+)]
4-Acceleration A = A" = y(cy',y u+ya) [m/s?] [relativistic Temporal acceleration (") : relativistic 3-acceleration (y'u+ya), 3-acceleration (a = 0)]
4-Force F = F* = y(E/c,f = p) = (yE/c,/f = vp) [N = kg-m/s?] [relativistic power (YE), power (E) : relativistic 3-force (yf), 3-force (f = p)]
4-WaveVector K = K¥ = (w/c = 1/cT,k = Wil ...) [rad/m] [angular-frequency (w = 211v = 277/T) : 3-angular-wave-number (k = 2TA/A = 2TTvA NV prace = WA/Vhaee)]
4-TotalWaveVector Kr = K = (w+/c, k) = Zn[Kn] ' [rad/m] [total-angular-frequency (wr) : 3-total-angular-wave-number (k)]
4-CurrentDensity=4-ChargeFlux J = J* = (pc, j ) [C/m?s = C'm/s-1/m®]  [charge-density (p) : 3-current-density = 3-charge-flux ( ] )]
4-VectorPotential A = A" = (¢/c,a) — Agm [T'm = kg'm/C-s] [scalar-potential = voltage (¢) : 3-vector-potential (a)], typically the EM versions (¢cw) : (2em)
4-PotentialMomentum Q = Q" _ gA = (V/c = qolc,qa) [kg-m/s] [potential-energy (V = qo) : 3-potential-momentum (g = ga)], EM ver (Veu = q®en) @ (Gem = qaeu)
4-Gradient 9 = 9x = 9 = & = IR, = IX, = (2. /c ’-V) [1/m] [Temporal differential (¢, ) : Spatial 3-gradient=spatial differentials( \V = d, = (6x,9,,0-) )]
4-NumberFlux N = N* = n(c,u) = (l;m,nu) ' ' [#/m?*s =#m/s-1/m°  [Temporal number-density (n) : Spatial 3-number-flux (n = nu)]
4-SpinS =S¥ = (s° = s-B = s-ulc,s) [J's =N'm's =kg'm?/s] [Temporal spin (s° = s-B = s-u/c) : Spatial 3-spin (s)] {because S-L T < (ST =0)=y(s’-sB)}
4-Tensor = 4D (2.0)-Tensor Temporal-Temporal : Temporal-Spatial : Spatial-Spatial ] components
Faraday EM Tensor F* = [ 0 , -e"/c] [T =kg/C-s] [(0): 3-electric-field (e = e' = e ) : 3-magnetic-field (b = b")] F* = 9rA = A" - O'A"

[+e°/c, -€l b]

4-Angular Momentum M* = [ 0, -cn® [J's=N'm's =kg'm?/s] [(0):3-mass-moment (n=n'=n°): 3-angular-momentum (| = )] M* = XAP = X*P" - X'P*

Tensor [+cn®, - 1]
Minkowski Metric n* = V*'+H"" — Diag[1,-6"] [dimensionless = 1] [1:0: Ig=-0"] N" = 9[RY] = V¥ + HW
Temporal Projection Tensor \V** — Diag[1, 0%] [dimensionless = 1] [1:0: 0=0"] VY = THTY
Spatial Projection Tensor  H" — Diag[0,-5] [dimensionless = 1] [0:0:-Is=-3"] HHY = g - THTY
Perfect-Fluid Stress-Energy T*" — Diag[p.,p.p,pP] [J/m® = N/m? = kg/m-s?] [0e:0:pls= pd"] T = (PeotPo) TFTY - (Po)@*[R] = (Peo)V*' + (-Po)H"

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T (1,0)-Tensor V* =V = (V°,v)

4-Tensors can be constructed from the Tensor Products of 4-Vectors. Technically, 4-Tensors

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

refer to all SR objects (4-Scalars, 4-Vectors, etc), but typically reserve the name 4-Tensor for
SR Tensors of 2 or more indices. Use (m,n)-Tensor notation to specify types more precisely.

(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm
(0,2)-Tensor T, (0,1)-Tensor V, = (Vo,-V)
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4-Scalar = 4D (0,0)-Tensor = SR Invariant

RestTime:ProperTime (t, = 1)
RestTime:ProperTime Differential (dt, = dr)
ProperTimeDerivative (d/dt, = d/dr)
Speed-of-Light (c)

RestMass (m, = E,/c?)

RestEnergy (E. = moc? = hw,)
RestAngFrequency (w, = E/h)
RestChargeDensity (po)
RestScalarPotential (¢,)
RestNumberDensity (n,)

SR Phase ((Dphase)

SR Action (S_, )

Planck Constant (h = h*21T)cyc
Planck-Reduced:Dirac Constant (h = h/21T)aq
SpaceTime Dimension (4)

Electric Constant (&,)

Magnetic Constant (u,)

EM Charge (q)

EM Charge (Q) *alt method*

Particle # (N)

Rest Volume (V,)

Rest(MCRF) EnergyDensity (pPeo = NoEo)
Rest(MCRF) Pressure (po)

Faraday EM InnerProduct Invariant 2(b-b-e-e/c?) [T* = kg?/C?-s?]

Faraday EM Determinant Invariant (e-b/c)?

@ 4

Sl Dimensional Units 4-Scalar = 4D (0,0)-Tensor {generally composed of 4-Vector combinations with LSP}

(r) =[R-U)/[U-U] = [R-R)/[R-U] **Time as measured in the at-rest frame**
[s] (dt) = [dR-UJ/[U-U] **Differential Time as measured in the at-rest frame**

[1/s] (d/dt) = [U-0] = y(d/dt) **Note that the 4-Gradient operator is to the right of 4-Velocity**

[m/s] (c) = Sqrt[U-U] = [T-U] with 4-UnitTemporal T = y(1,8) & [T-T] = +1 = “Unit”

[ka] (m,) = [P-U)/[U-U] = [P-R]/[U-R] (m,—me) as Electron RestMass

[J = kg-m?/s?] (Eo) =[P-U]

[rad/s] (wo) = [K-U]

[C/m?] (Po) = [J-U)/[U-U] = (q)IN-UJ/[U-U] = (q)(n.)

[V =J/IC =kg-m%C-s?] (¢o) =[A-U] (Po—®,0) as the EM version RestScalarPotential
[#/m’] (no) = [N-UJ/[U-U]

[rad]angle (¢phase’free) = -[KR] = (kr - (JJt) . (q)phase) = '[KTR] = (kT'r - th) **Units [Angle] = [WaveVec.]-[Length] = [Freq.]-[Time]**
[J.S]action ( action,free) = -[PR] = (pr - Et) : (Saction) = '[PTR] = (PT'T - ETt) **Units [Action] = [Momentum]-[Length] = [Energy]-[Time]**

[J's = N'm-s = kg-m?%s]
[J-s = N-m-'s = kg-m?/s]
[dimensionless = 1]
[F/m = C?-s?/kg-m’]
[H/m = kg-m/C?]

(h) = [P-U]/[Keye'U] = [P-R]/[Keye'R] : Keye = K/(217)
(h) = [P-UJ[K-U] = [P-RVKR]  : K= (2MKeye
(4) =[0'R] = Tr[n®*] = Aw/A\* SR Dim = 4, InnerProduct[any Lorentz Transf{cont.,discrete}] = 4
9"F® = (Uo)J = (1/e,c*)J Maxwell EM Eqgn. w/ source Moo = 1/C?
9"F%® = (Uo)J = (1/e,¢*)J Maxwell EM Eqn. w/ source Moo = 1/c?
[C=As] U-F*® = (1/q)F Lorentz Force Eqn. (q— -e) as Electron Charge
[C=As] (Q) = [p(dxdydz) = [pd®x = [po,d*x = [(p.)(dA)(ydr) Integration of volume charge density
[#]3 (N) = In(dxdydz) = [nd®x = [ne,d*x = [(n,)(dA)(ydr) Integration of volume number density
[m ]3 , ,. (Vo) = Jy(dxdydz) = [yd’x = [(dA)(ydr) Integration of volume elements (Riemannian Volume Form)
[J/m3 = N/m2 = kg/m-sz] (Peo) = VepT® = Temporal “(V)ertical” Projection of PerfectFluid Stress-Energy Tensor
[J/m® = N/m? = kg/im"s°] () = (-1/3)Hee T = Spatial “(H)orizontal” Projection of PerfectFluid Stress-Energy Tensor

2(b-b-e-e/c?) = IP[F*¥] = F**F
(e*b/c)? = Det[F**] — (Pfaffian[F**])2, since F°® is (2n x 2n) square anti-symmetric

[T* = kg*/C*s]

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector

(1,1)-Tensor T*, or T.¥
(0,2)-Tensor T,

(0,1)-Tensor V, = (Vo,-V)

(1,0)-Tensor V* =V = (V°,v)
SR 4-CoVector:OneForm

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

Lorentz Scalars = (0,0)-Tensors can be constructed from the Lorentz
Scalar Products (LSP) of 4-Vectors: (A-B)=Lorentz Scalar
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4-Fo_rce
F=F"=y(E/c,f=p)
=dP/dt=ydP/dt

4-Gradient:#(Positon)Gradient eEsgRYA [operator] 4-Momentum
0=0r=0x=0"=(0,/c,-V) KRERKAICERY A P=pP!= (mc mu)=me,(c,u)= moU—-a[S]
2
=0loR, —>(at/c,-ax,-ay,-az) 3=, = (3/c.V)
L LI LRI AN Gradient One-Form [operator] 4-\WaveVector
K=K"=(w/c=21v/c,k)=(w./c’)U=-0[P]

4-MassFlux
4-MomentumDensity

5 G=G"=(p,_c,9)=p,(c,u)
A=A'=(glc,a)=(0/A)U=(gu/c)T [T =m.N=n.m.u=a/c’

Aen=Aen"=(Pew/C,aem) 4-HeatEnergyFlux
but not

S Cy2) Brigsi 4-(EM)VectorPotentialMomentum ) Q=Q*=(pca)p o)
alt. notaiio’n,X=X” Q Q“—(q<p/c da)= (V/C a - I. | }> ———

Ih

4-Displacement
AR=AR"=(cAt,Ar)=R; - Ry finite} O—e
dR=dR"=(cdt,dr) (infintesimal)

4-(EM)VectorPotential

4-Position '
R=R“=(ct,r)=<Event> Lorentz Invariant, ~

4-UnitTemporal | 4-Velocity 4-PureEntropyFlux

= 4-ChargeFlux : 4-CurrentDensity S =S "
T=T"=v(1 , U=U"= , e o _ _ qy ent_pure™ ent_pure
=Y(1 u/z()=3/)c =d R/d‘yc(=cc¥) J—J”—(pC,J)—%(C,U'\)l—pOY(%,U)—pOU . el =(Sent_pure0,3ent_pure)
: =an.U=aN=p,C =S N=n,S_U
4-Acceleration ent ent
s s . 4-(Dust)NumberFlux
A=A"=y(cy',y'u+ya)=y(cy’,y'u+yu) (n(c n)-)n(c U)=ne(c,u)=noU oe---> 4-HeatEntropyFlux

=dU/dt=d’R/d7’ : {y’=dy/dt} Sent_heat=Sent_heat"
4-ThermalVector

. . . = Sen eao’sen eal
4-UnitSpatial 4-Spin 4-Inverse TemperatureMomentum (Sont st Sart_oet)

=S_N+Q/T,=S_N+E,N/T,

_= H= AN = .M
S=Sb=y, (B-A,A) Suon=Sun’ _ IREYR ©0-0'=(0" 6)=(clksT,ulksT)=(8,/C)U S, 4 BT

(depends on direction i) | =(S°=B*S,5)=S.S

SR 4-T SR 4-Vect . N
o Ter?s“;"{w AR ATty | VeotorV = Ve = ()= (/)= (V) | v = dvidt | TreeslT =SSR T
(0,0)-Tensor S or S, K] - MV N SAVAERVEEN( , )| V= d2v/dtz |VEVEE Ve VES (VS = vev] = (Vi)

orentz Scala = Lorentz Scalar

1
—
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g;/;»CSQM SRQM Study: 4-Vector SRQM Interpre;?tiQo,\;l\
' ¢ Primary/Primitive/Elemental 4-Vectors:
wesi o 4-UnitTemporal T & 4-UnitSpatial S....==res=

4-UnitTemporal, [dimensioness] Relativistic Gamma y = 1N[1 - B-B ], B = u/c

Magnitude® = +1 T-T =vy(1,8)y(1,8)

“Magnitude” = (1) =v2(1*1 - B-B) = v¥(1 - B- y=1N[1- BBl = 111 - B

|Magnitude| = (1) i szﬂ v(1-BB) LightSpeed @ Yoa = N1 - ByrBal = T[T - |B,[]

Invariant (c) .

 4-UnitTemporal [m/s] 4-Velocity with B.= (B-A)A = component of

; T=T"=y(1 C c i U = U 1 ¥ b

: ol )Y( l.?/) dg(/c(:i u) = _?Y( B) vector B along the A-direction

: = u/c) = UJ/c = T=C

¢ 4-Null . , In the RestFrame (B=0) of

4-UnitTemporal N :AaTenr;:Eg;§I=4_‘-—(\é<;zctor, [m/s] a massive particle (m, > 0):
, TA +c i gnit de” = (+ 4-Velocity appears totally Temporal &

4-UnitTemporal | i Magnitude” = (xc) 4-Spin appears totally
orthogonal-to (4) ¢ / |[Magnitude| = (c)

) - The 4-UnitTemporal T and 4-UnitSpatial S
[dlmepsmnzless] S are both dimensionless, which allows them
Magnitude” = — to make dimensional 4-Vectors via

Magnitude” = (0) a“ " 4-Vector, [J-s] | multiplication by a 4-Scalar, as shown here.
[Magnitude| = (0) Magnitude? = -(s,)?
SR LightCone “Magnitude” = (zis,) ».

P

o

1}
‘-

= - |[Magnitude| = (s,)
4-UnitSpatial A
Q — — A A Sspin = Sspinu = SoS
S =S¥ =1v,,(B-n,n) — (s%,s) = (B-s,s) - $'S)
(depends on direction n) S-S = Yor (B, ﬁ)'YBA(B'ﬁsﬁ) Spin (so) =Soy,,(BA, M) = s(B-A,A = ~(So)?
, [dimensionless] S oy " PP ) Invariant -
Magnitude = - = Voo (B-AB-A) - A-A) = -y, *(A-A - (B-AY) TN T+Sepin = 7(1,8):(s"5)

=7y(s°-B+s)=0
thus {s®=B-s }

“Magnitude” = (i) = -7 (1 - (B-))
|[Magnitude| = (1) —

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Scalar Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

d J SRQM: Some Basic 4-Vectors
AZ 4-Position, 4-Velocity, 4-Differential, 4-Gradient -
SR SpaceTime Calculus & Invariants oy B Wisor

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

. . Could also use R-V/U-V = 1, with V as any SR 4-Vector. The main idea is
Invariant ProperTime the (R/U); SI Units [m/(m/s)] = [s], but they need a mediating 4-Vector V to
E R-U/U-U = (ct,r)y(c,u)/c? = y(c?t - r-u)/c® = (c*,)/c? make them into scalars so that division is possible {vectors don’t divide}.
. R-V/U-V = (ct,r)-(v°,v)/y(c,u)-(v°,v) = Invariant Lorentz Scalar.
=t.=1 Change to frame-reference with v = 0. The scalar result is frame-invariant.
R-V/U-V = ctv¥/ycv® = t/y = T = t, = ProperTime = RestTime

----- > Invariant LightSpeed
4-Position o[.. 4-\elocity U-U = y¥(c*u-u) = ¢? ,\JJJ

R=R"=(ct,r)=<Event> U=U"=y(c,u)
—(ct,x,y,2) .. =dR"/dt=(U-9)R

Invariant Interval ‘ The 4-Velocity
= 2 _ .. .
R-R = (ct)™-rr = (ct nvariant ProperTime Derivative 's Interesting
U-0= Y(C’u)'(at lc,-V) = Y(at"' u-Vv) E of bootstraps
nvariant Differentia = yd/dt = d/dt é;si:tlg:r?ctg-
dR-dR = (cdty’-dr-dr = (cdt)? , :
AR-AR = (CAt)-Ar-Ar = (cAt)? , 4-Gradi u
Interval , : -Gradient _
nterva 4-Differential 0=0r=03x=0"=(0, Ic,-V) ;géld)r
dR=dRu=(Cdt,dr) {infintesimal} =a/aR _)(a /C _a _a _a ) =(Ua)R
AR=ARU=(CAt,Ar)=R2'R1 {finite} ¥ t 7 T Ty Tz
=(9/cat,-%1 ax,-91ay,-919z) nvariant d’Alembertian The bootstrap
Invariant Calculus R NV\ Ic?/(? ei;a(llJJS:g)
dR-9 = (cdt,dr)-(8,/c,-V) pave sauation -
dR"n,.(9") = dR¥(9,) = dR¥(d/dR¥) = (dt 9, + drV)
=dt(o/at) + dx(a/ox) + dy(d/dy) + dz(d/oz)
otal Derivative Chain Rule
SR 4-Tensor SR 4-Vector
2,0)-Tensor T+ : b SR 4-Scalar Trace[T"] =n, T" =T, =T
(a, 1() Tgn:or}s%rv or T, (31;)2112232:;:/0,- %eézrr‘:\) (0,0)-Tensor S or S, Relativistic Gammay=1-[1-8-B], B = u/c V-V = Vi VY = [(V0)7 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation
SRQM Study:
|

A

v Physical 4-Vectors

u |
S Some 4-Velocity Relations

Rest Mass:Energy/c?

f = f [t,x,y,z] = a function of SpaceTime coords.

4-Momentum

df = dt(@at) + dx(¥lax) + dy(@lay) + dz(?az) 4-Position P=P*"= (mc mu)=me,(C,u)= moU—-a[S]
R=R"=(ct,r)=<Event>
df/dt =
= (9at) + dx/dt (9/ax) + dy/dt (¥/ay) + dz/dt (/a2) —>(ct,_x,y,z) y Rest Ang. Frequency/c? 4-\WWaveVector
= (9fat) + uX(lax) + u¥(8fay) + Ux(%az) alt. notation X=X K=K"= ((.L)/C 21TV/C k) (wO/CZ)U__a[q)]
= (9an)lf] + u-VIf]
- V= ) U-odl[..] Rest EM Potential/c?
A/t = (%) + wV'= (@ + wV) yd/dt[..] Rest Voltage/c? 4-(EM)VectorPotential
y(d/dt) = y(ét + u-V) = (d/dt) = (U-9) = Invariant d/dt[..] A=A“=((p/c,a)=((p0/c2)u ||H-|'} -

U9 | Aev=Aen'=(Pen/C,aem) BTSN Charge@
4-Gradient V(eu) (3 /e V) N O 4-(EM)VeﬂorPotentiall\\/l;/Jmentum
0=0r=0x=0"=(9,/c,-V) = y(@:+u-V) U=U“e=(;?é{|) Q=Q"=(qp/c,ga)=(Vic.q)
6_/8;” __)a(/at/(_:é;ax’:g/y ,-?Z ] v(al_at+df/dt-3/ar) =cR/dr=cT R Sl 4-ChargeFlux : 4-CurrentDensity
=(9/cat,~9/ 9x,~%l ay,~%l oz @ J=J“=(pc,j)fg$]c,llﬁ?')‘:y(c,u)=po

Uol..] Invariant
yd/dt[..] LightSpeed Rest Number Density

o o
4-Acceleration Rest Inv. Thermal Energy 4-ThermalVector
@ 4-InverseTemperatureMomentum

©=0"=(8",0)=(c/kaT,u/ksT)=(6/C)U

ProperTime
Derivative

4-(Dust)NumberFlux
N=N"=(nc,n)=n(c,u)=ne,(c,u)=n,U

A=A'=y(cy',y'utya)
=dU/dt=d’R/d7* : {y'=dy/dt}

SR 4-Tensor SR 4-Vector V] — v — —
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar 4-Vector V = V¥ = (V') = (V°,v)) = (V°,v) TiaCS[T” ] -_l']uv;r‘; =T 3 TO ]
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm UOMEILUEEEY | SR 4-Vector V = V¥ = (scalar * ¢, ) ViV = Vine V' = [(V)" - v-v] = (Vo)
orentz Scala = Lorentz Scalar
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gﬁy;»CSQM S RQ M St u dy : 4-Vector SRQM Interpre;?tiQo'\;l\
CoT Physical 4-Vectors

SciRealm.org
John B. Wilson

Alonsor Suay Some 4-Acceleration Relations ... srenesen

4-Gradient 4-Position

The tedious algebra...

3=3R=3x=3”=(at/c,—V) R=R"=(ct,r)=<Event Invarianzt Interval ,
dloR, —(9, /C,-ax,—ay,-az —(ct,x,y,z) == (e Invariant Acceleration A-A
=(a/Cat)_a/aX1_a/a ’_a/a alt- nOtation X=Xp = AO-AO(: (10' )-(O), () =, Pusa) -|a0|2
=y(cy, y(cy,
Invariant Wave Eqn =y’[ (cy')’ - (vy?)(u-u) - 2(y'y)(u-a) - (y)*(a-a) |
9-9=(9,/c)-V-V=(9 Ic)’ e =y[ (cy'V[ 1 - (u-u)/c?] - 2(y'y)(u-a) - (v)*(a-a) ]

=y7[ (cy')*ly* - 2(y'y)(u-a) - (y)*(a-a) ]
=y?[y'y'c?ly? - 2(y'y)(u-a) - (y)*(a-a) ]
=y?[ y'(y*(u-a)/c?)c?ly? - 2(y'y)(u-a) - (v)*(a-a) ]
=y’[ v'(y(u-a)) - 2(y'y)(u-a) - (v)*(a-a) ]
=y’[ - (Y'y)(u-a) - (y)*(a-a) ]

ProperTime _ ) 4-Velocity / Invariant LightSpeed =72_[ -2(y3(u;a)/022y(;1-a) } gy)z(a-a) ]
oeraive X U=Ur=y(c,u) WUV = () = L ey fa
Scalar Invariant v(%or+at-%r) =dR/dt=cT = -y%[u?a? - (uxa)?/c? - v*(a-a)

= 'Yd/dt Ir]variant = y5(u?a?)/c? + y8(uxa)?/c? - y*(a-a)
= d/dt 0 '(-é?htSpGEd =y%(uxa)?/c? - y*(a-a)[y3(u?)/c? + 1]
=l =yi(uxayic? -y'(a-a)ly B + 1]
yd/dt[..] =y8(uxa)?/c? -y*(a-a)[y2 -1 + 1]
(Juxal)? + (u-a)? = u2a? d/dt[..] =y_6(:31xa)2/022 '2’4(3'5_3)[\/2]
(lullalsin)? + (jullalcos)? = (Jul|a]? =yl(uxa)’/c® - (a-a)]

sin? +cos2=1 | - /&-=--=" Invariant Acceleration A-A

1N[1-(u-u)/c?] 4-Acceleration = AsA, = (0,a.)1(0,2,) = -a0"a0 = -[a|”

y_: : u-u)/c ) A:A“:y(c-y”y’u+—ya) .

. (dvvégjzt; QC(—U?)/C =y*(y*(u-a)/c,y*(u-a)u/c’*+a) -y¥(u-a)¥/c? - y¥(a-a) — -y¥(a-a) : if (uLa)
B = ulc =dU/dr=d’R/d?? : {y’=dy/dt} Yi(uxa)¥/c? -y(a-a) — -y*(a-a) : if (u || a)

SR 4-Tensor

SR 4-Vector V] — v — —
(2,0)-Tensor T+ Trace[T"] =, T*" =T¥, = T

(1,0)-Tensor V" = V = (V°,v) SR 4-Scalar T - -
SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY = [(VO) - vev] = (Vo)
orentz Scala = Lorentz Scalar

(1,1)-Tensor T*, or T,Y
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SR —- QM
Physics

A

A Tensor Study
of Physical 4-Vectors

4_G rad ient:4-(Position)Gradient

9=0r=0x=0"=(3,Ic,-V) e
=01R, —(3,/c,-0,,-0,,-0,) POIRI=O TR T=n
(a/ cot,-9ox,~9l, 6y,'a/ 82)

Metric
A 8-9=(3,/c)>-V-V

=(9./c)?
ProperTime

Invariant d’Alembertian Wave Eqgn.
Derivative

Yy u-o
= 0/t
= d/dt

Minkowski

Faraday EM Tensor
FA=0AA
-e%c

Fo8 = g°AP -

0]
+e'%c

4-Velocity
U=U"=y(c,u)
=dR/dt=cT

4D Stokes’
Theorem

Integration of

4D Div = 4D Surface Flow

Jod*X(9,v¥)
=] d*X(a-V) e

$,,0S(VEN )
=¢,,dS(V-N)
Q = 4D Minkowski Region, dQ = it's 3D boundary

d“X = 4D Volume Element, V = V¥ = Arbitrary 4-Vector Field
dS = 3D Surface Element, N = N* = Surface Normal

paceTime
o R—a R“ 4

Phase (®) & Action (S)

Lorentz Scalars

Conservation of EM Potential
Lorenz Gauge

Conservation of Charge

Conservation of Particle #

SRQM Study: Physical 4-Vectors
Some 4-Gradient Relations

These are relations are for the 4-(Position)Gradient,
one can have 4-Gradients wrt. other 4-Vector variables as well..

SRQM Non-Zero
Commutation
[0,R] = [¢",R"]

= 0"R"-R"0" = n*

4-Vector SRQM Interpretation
of QM

SciRealm.org
John B. Wilson
SciRealm@aol.com

. ex. aK http://scirealm.org/SRQM.pdf

4-Position:4-Differential
R=R"=(ct,r)=<Event>
—(ct,x,y,2)
dR=dR"=(cdt,dr)

Calculus
dR-0=dR"9,
Total Derivative,
Chain Rule

4-Momentum

P=pP= (mc mu) moy(c u)= mo —-a[S]

4-WaveVector

K=K"=(w/c=211v/c,k)=(w./c’)U=-0[P]

4-(EM)VectorPotential
A=A"=(p/c,a)=(¢p./c*)U

[iHF->

AEM=AEM”=((PEM/C,3EM)

4-ChargeFlux : 4-CurrentDensity

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,

orentz Scala

4-Vector V = V" = (V") =
SR 4-Vector V = V¥ = (

(

J=J4=(pc,j)=p(C,u)=po,(C,u)=poU o
=qn.U=gN @
4-(Dust)NumberFlux o
N=N*"=(nc,n)=n(c,u)=n,(c,u)=n,U o>
V) Trace[T"] = nuT¥ =T, =T
) V-V = ViV = [(V)? - vev] = (Vo)

= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

SRQM Study: Physical 4-Tensors
s, ©0ME SR 4-Tensors and Symbols . .-

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

«—Discrete Continuous—
SR:Lorentz
Transforms

_ -YBi ,
-¥B" (v-1)B'Bi/(B-B)+9)

Lorentz t x y z SR:Minkowski Metric
Transform X [ 0 1 0 0 ] = i i (Carlesia,n/rectangular basis)’ COS[G] -Sln[e] 0 ( 6Ij'nan )COS(e)-( E‘Jknk )Sin(e)-"n‘ni
N STV, = y{ 8 8 (1) (1)} sin[B] cos[f]

z

SpaceTime & Lorentz Transform 4,[R¥]=A",
e 0 A0, ) -
Particle Physics” Convention 3 /\pv/\.pv_4_/.\pv/\pv [ /\‘, 0’/\ J ] temporal mixed
4-Tensor Dimension < Dimension [ Ao, A] components
Symmetric, Spatial Isotropic

Perfect Fluid Faraday EM 7 ‘:‘) 4-AngularMomentum
T = (Peo) V" + (-po) Fo® = g°AP- PA =9 A A Me® = X9PB - XPPa = X A P

_>D|ag [pe, ]{rectangular basis{MCRF} 0 -eoj/C 0 -CnOJ
+e"/c -¢l b¥ +cn® gl 6
0 -elc
z [+elc -bY  +b* 0 1 +e'/c -V*a z[+en* ¥ - 0]
4-Tensor 4-Tensor 4-Tensor

Symmetric, Spatial Isotropic Anti-symmetric (skew) Anti-symmetric (skew)

t X 'y z
t[ 0 -eYc -e'lc -e*lc]
x[+elc 0 -b* +b’]
y[+e’lc +b* 0 -b*]

t X 'y z
t[ 0 -cn* -cn’ -cn?]
X[tcn* 0 P -P]
y[+tcn? -F 0 +1]

0 -cn

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T* (1,0)-Tensor V¥ = V = (V°,v)

Note that all the Lorentz Transforms and the w = Rapidity = Ln[ y(1+8) ] N
Minkowski Metric are unit dimensionless [1]. y = cosh(w) = 1] 1-2] Trace[T*] = n,
The Perfect Fluid has units of B = tanh(w) = (v/c) V-V = V', V" = [(

[energy density = pressure = J/m® = N/m? = kg/m-s?]| | yB = sinh(w) =

SR 4-Scalar
(0,0)-Tensor S or S,

1,1)-Tensor T", or T,Y §l SR 4-CoVector:OneForm
H
| orentz Scalar,

(0,2)-Tensor T, (0,1)-Tensor V, = (Vo,-V)
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SR - QM
Physics

E SRQM Study: Physical 4-Tensors
e O0ME SR 4-Tensors and Symbols _ v

. SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
4-UnitTemporal

= 4-ForceDensity '- Perfect Fluid Stress-Energy N (Cold) Matter-Dust
T=T :Y(1 1B) Faen = Faen' = 'apTw: -0 T ™ — (Deo)V“V + ('po) —{MCRF} \ ™ — Pqu=moUunoUv=(peo)V“v —>{MCRF}
=y(1,u/c)=Ulc {=0" if conserved}

4-Vector SRQM Interpretation
of QM

Temporal “(V)ertical” g density uerr

= 0o . =p.c” 07
Projection (2,0)-Tensor @ O 0P° p%‘j 0P° 0l
P — V¥ = T*TY = U'UY/c?

—Diag[1, Jmcre [Jo0%fFe pressur® uere ﬁ 4-Tensor '
: SR:Minkowski Metric Symmetric, “ Stress-Energy 4-Tensor
Jd[R] =d"R"=n""=V" + Spatial Isotropic €0 . mmetric, Spatial Isotropic, Pressureless \
—Diag[1,-1:]=Diag[1,-5'] o Null-Dust=Photon Gas < Lambda Vacuum \
{Cartesian/rectangular basis} RS — (peo)vpv + ('peo/3) —>(MCRF?) Tuv = (peo)r]pv = (/\)r]“" —>(MCRF)
4-Tensor ) j Dark Energy?

i z = 0 y z
Symmetric = oY . :
Spatial Isotropic 0] 0] 0] OB O.J.OJ

| _pe8|

0] 0° (pe/3)3"

Particle Physics” Convention pe/S 0 ]

4-Tensor 0 p/3] —

Spatial “(H)orizontal” Stress-Energy 4-Tensor Stress-Energy 4-Teng
Projection (2,0)-Tensor Symmetric, Spatial Isotro Symmetric, Spatial Isotrop

PY — H¥ = ¥ - THTY al;aracila%/ E'\B" '(!'ensor Zero:Nothing Vacuum ‘
—>Diag[0, ]=Diag[0, ](MCRF} F¥=0"A"-A° =0 " A ™ — 0" —{MCRF}

t o x oy oz 0 -ec X ¥y oz y z 0%
t[ 0 -eYc -elc -e’/c]|f+e’/c -€lb sc sYc sic] 0 0] 00 0

x[+ec 0 -b® '] -0% -0 -0% ] 0 0]

) -e
; o -
o y[+e/c +b* 0  -b']§ O -0¥ -g¥ -0" ] 0 0] RS
4_Tensor Z[+eZ/C 'by +b>< +e - a 'OZX -OZV 'OZZ ] 0 0] :undeﬁne
Symmetric 4-Tensor @ 4-Tensor Stress-Energy 4-Te(Tr[T"']=0)

patial Isotropic Anti-symmetri Symmetric Symmetric, Isotropic

SR 4-Tensor SR 4-Vector Note that the Projection Tensors & ] B .
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar the Minkowski Metric are unit dimensionless. [ 1] Equation of State Trace[T*] = r]uv;l":’ ="
(1,1)-Tensor T, or T, | SR 4-CoVector:OneForm [ (0,0)-Tensor S or S, EnergyDensity (temporal) & Pressure (sgatial) hzave the same SN LNERTEN N/ V-V = V', V' = [(V) - vV
(0,2)-Tensor T, (0,1)-Tensor V, = (Vo,-v) Lorentz Scalar dimensional measurement units. [J/m" = N/m" = kg/m-s'] 4-Scalar = Lorentz Scalar
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SR - QM

4-Vector SRQM Interpretation

" SRQM Study: Physical 4-Tensors
=~ Projection 4-Tensors {P" : P, : P,,} .o

A Tensor Study
of Physical 4-Vectors

SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Temporal “(V)ertical”
Projection (2,0)-Tensor
PY — V¥ = THTY
—Diag[1," Jmcrr

4-Tensor
Symmetric,Spatial Isotropic

Spatial “(H)orizontal”
Projection (2,0)-Tensor
PY — H¥Y = v - THTY
—>D|ag[0, ]=D|ag[0, ]{MCRF}

4-Tensor
Symmetric,Spatial Isotropic,

Temporal “(V)ertical”
Projection (1,1)-Tensor
P, — V¥, =T'T,
—Diag[1," Jucre

4-Tensor
Symmetric,Spatial Isotropic

Spatial “(H)orizontal”
Projection (1,1)-Tensor
va - Huv = r]pv - TMTV
—Diag]0,1]=Diag[0,0']mcrr

Symmetric,Spatial Isotropic Sign-flip

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T* (1,0)-Tensor V¥ = V = (V°,v)

(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm
(0,2)-Tensor T, (0,1)-Tensor V, = (Vo,-V)

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

Temporal “(V)ertical”
Projection (0,2)-Tensor
Pw— V=TT,
—Diag[1," Jmcre

4-Tensor
Symmetric,Spatial Isotropic

Spatial “(H)orizontal”
Projection (0,2)-Tensor
'va - Huv = nuv = TpTv
—>D|ag[0, ]=D|ag[0, ]{MCRF)

4-Tensor
Symmetric,Spatial Isotropic,

Note that the Projection Tensors are unit dimensionless: ’
the object projected retains its own dimensional measurement units Trace[T"] = ny
Also note that the (2,0)- & (0,2)- Spatial Projectors have opposite signs | V=V = V', VY = [(V°

from the (1,1)- Spatial due to the (+,-,-,-) Metric Signature convention = Lorentz

SR Perfect Fluid

“(V)ertical” Stress-Energy 4-Tensor
Ve Toerfectﬂuiduv = (Oeo)vpv + ('DO) —{MCRF}
/

— 0j

— H* Spatial o O‘i_

“(H)orizontal” 0 po”
Light-Cone

CEoS[T"]=w=po /Peg

P¥, = P*ng,

Po = P®nans Units of Symmetric
. - [EnergyDensity=Pressure] TrT*]1=peo-3pg

The projection tensors can work on 4-Vectors to
on 4-Tensors to give either a 4-Scalar component

4-UnitTemporal T" = y(1,B) 4-UnitTemporal 4-UnitSpatial
Rl NENCREIENCRERERENE T=T"=y(1,B) S=S8"=y:(B-A,N)
. ) o =y(1,u/c)=U/c
VHVA\I: (8.a0+8-a1+8-az+8.a3’ _>(1ao){RestFrame} _’(Oyﬁ){RestFrame)
-a’+0-a'+0-a*+0-a°,
0-a’+0-a'+0-a’+0-a’, @ @
0-a’+0-a'+0-a’+0-a*) = (a°,0,0,0) = (2°,0): Temporal Projection
MinkowskKi
.- =0 M ORI='[R7=r"=V"+

Metric

H"A'= (0-a"+0-a'+0-a?+0-a°,
0-a’+1-a'+0-a%+0-a°,
0-a’+0-a'+1-a%+0-a°,
0-a’+0-a'+0-a’+1-a% = (0,a',a”,a°) = (0,a): Spatial Projection

VidTH= Vi [(Peo) V! + (-Po) T = (Peo) Vi VY +(0)= (Peo) = (Peo) = Vi T
Hu = Hul(Peo) VY + (-po) "] = (0)+(-po) i H™ = (-3Po) : (Po) = (-1/3)H,, T

VHTH= VE[(Peo) VY + (-Po)H™T = (Peo) VeV +(0") = (peo) V" —Diag[pe,0,0,0]
HET= HE G [(Peo) V' + (-Po)H™T = (0M)+(-po) HMH™ = (-po) " —Diag[0,p,p,p]
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gﬁychMA S RQ M D iag ra m : 4-Vector SRQM Interpre;?tiQo,\;l\
24, Special Relativity — Quantum Mechanics __,
ﬁJsa;;z;tz%m RoadMap of SR—QM g

*START HERE*: 4-Position=Location of SR <Events>_in SpaceTime

*follow the arrows*

4-Gradient=Alteration of SR <Events>
SR SpaceTime Dimension=4

SR SpaceTime “Flat” 4D Metric / : ) 4-Position R* ..
R orcntzilransiorms V =n"" RN R=(ct,r)=<Event> ProperTime g
SR Action — 4-Momentum T Lorentz Derivative = cis>
SR Phase — 4-WaveVector M'&Z‘i;’,\’:k' R-R=(ct)2-r-r It?oipsgft-ilc-:lg: gswaves
. . . I
SR repertine Dethatve /] R e
8-8=(9,/c)-V-V 4-Gradient ¢" ProperTime 4-Velocity U*
= {(Moc/N)? = -(Wy/C)? 33=3@Ru « U-a=d/dr=yd/dt T U=1(c,)=dR/dt
(o ol = B = - . o * =
= (81/(:)2 ( : ) Derlvatlve -K.R=(Dphase,free -P-R=Saction,free \I;{gg;q Al"flhgailja: UIU:YZ(CZ-u.u)

SR d’Alembertian & '3[]=K @ Siinase < T =

Klein-Gordon Relativistic 4-WaveVect Hamilton-Jacobi Phase & Action

Quantum Wave Relation Ci\::pgi o Pr = -9[S] Lorentz Scalars Einstein

Schrodinger QWE is . Plane-Waves @ E = mc? = ymoc? = vEo

2. Rest Mass m.:Rest Energy E,

{Iv]<<c} limit of KG QWE | Kr = -3[<D]
“*[ SR — QM |** e @
T

4-\WWaveVector=Substantiation

of SR Wave <Events> 4-WaveVector K"

4-Momentum=Substantiation

oscillations proportional to K=(w/c,k)=(w/c,wn/Vpnas) 4-Momentum P* of SR Particle <Events>
mass:energy & 3-momentum =(1/cF,i/x)=(wo/c?)U=P/h SRR Ll P=(mc,p)=(E/c,p)=m, mass:energy & 3-momentum
KK ( ; )2 Kk Di;ac:rP]II?nck Constant h=h/21r P.p (E/ )2
K=(w/c)*-k- = @‘ = C)-pp
= (moc/h)* = (wo/c)? = (1/cF,)? @ = (m.c)’ = (E./c)?
(1/h )

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar . Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, X|St|n J RRUIeS \VAVES Vpnuvvv = [(V0)2 _ V'V] = (V00)2
orentz Scala ( QM Principles ) = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

Vi SRQM Chart:
£, Special Relativity — Quantum Mechanics ., .
s SR—QM Interpretation Simplified ...coonesen

SRQM: The [SR—QM] Interpretation of Quantum Mechanics

Special Relativity (SR) Axioms: Invariant Interval + LightSpeed (c) as Universal Physical Constant lead to SR,
although technically SR is itself the Minkowski-SpaceTime low-curvature:“flat” limiting-case of GR.

{c,7,m,,h,i} = {c:SpeedOfLight, t:ProperTime, m,:RestMass, h:Dirac/PlanckReducedConstant(h=h/21r), i:imaginaryNumber\[-1]}:
are all Empirically Measured SR Lorentz Invariant Physical Constants and/or Mathematical Constants

Standard SR 4-Vectors: Related by these SR Lorentz Invariants:

4-Position R = (ct,r) = (R'R) = (CT)

4-\elocity U = y(c,u) = (U-9)R=("/4)R=dR/dt (U-U) = (c)?

4-Momentum P = (E/c,p) = myU (P-P) = (moC)®

4-WaveVector K= (w/c,k) = P/h (K-K) = (moc/h)? KG Equation: vl<<c
4-Gradient d=(d/c,-V) =-iK (9-9) = (-imoc/h)* = -(m,c/h)* = QM Relation — RQM — QM

SR + Empirically Measured Physical Constants lead to RQM via the Klein-Gordon Quantum Eqn, and thence to QM
via the low-velocity limit { |[v| << ¢}, giving the Schrodinger Egn. This fundamental KG Relation also leads to the other

Quantum Wave EG UationS: RQM (massless, no rest-frame) RQM (with non-zero mass) QM(Iimit-case from RQM)

{lv|]=c:m,=0} {0<=|v|]<c:m,>0} {0<=|v|]<<c:m,>0}
spin=0 boson field = 4-Scalar: Free Scalar Wave (Higgs) Klein-Gordon Schrodinger (regular QM)
spin=1/2 fermion field = 4-Spinor: Weyl Dirac (w/ EM charge) Pauli (QM w/ EM charge)
spin=1 boson field = 4-Vector: Maxwell (EM photonic) Proca

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar ) :
R ] R ANUAY (Essi Sl | SO A treatise of SR—QM by John B. Wilson
u orentz Scala

,1)-Tensor V, = (vo,-v
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SR - QM

4-Vector SRQM Interpretation
Physics

of QM

SciRealm.org

SRQM 4-Vector Topic Index
SR & QM via 4-Vector Diagrams &

http://scirealm.org/SRQM.pdf

A Tensor Study
of Physical 4-Vectors

Mostly SR Stuff
4-Vector Basics, SR 4-Vectors = Physical 4D (1,0)-Tensors

Paradigm Assumptions: Right & Wrong

Minkowski:SR SpaceTime, TimeSpace, <Events>, WorldLines, 4D Minkowski Metric

SR {4-Scalars, 4-Vectors, 4-Tensors} & Tensor Invariants, Cayley-Hamilton Theorem

SR Lorentz Transforms, CPT Symmetry, Trace Identification, Antimatter, Feynman-Stueckelberg
Fundamental Physical Constants = Lorentz Scalar Invariants = SR 4-Scalars = (0,0)-Tensors
Projection Tensors: Temporal “(V)ertical” & Spatial “(H)orizontal”: (V),(H) refer to Light-Cone
Stress-Energy Tensors, Perfect Fluids, Special Cases (Dust, Radiation, EM, DarkEnergy, etc)
Invariant Intervals, Measurement

SpaceTime Kinematics & Dynamics, ProperTime Derivative

Einstein’s E = mc” = ym,c® = yE,, Rest Mass m,:Rest Energy E., Invariants

SpaceTime Orthogonality: Time-like 4-Velocity, Space-like 4-Acceleration

Relativity of Simultaneity:Stationarity ; Invariance/Absolutes of Causality:Topology
Relativity: Time Dilation («—| clock moving |—), Length Contraction ( |—ruler moving<| )
Invariants: Proper Time ( |clock atrest| ) , Proper Length (| ruler at rest |)
Temporal Ordering: (Time-like) Causality is Absolute; (Space-like) Simultaneity is Relative
Spatial Ordering: (Time-like) Stationarity is Relative ; (Space-like) Topology is Absolute
SR Motion * Lorentz Scalar = Interesting Physical 4-Vector

SR Conservation Laws & Local Continuity Equations, Symmetries

SR Wave-Particle Relation, Invariant d’Alembertian Wave Eqn, SR Waves, 4-WaveVector
Relativistic Doppler Effect, Relativistic Aberration Effect

SpaceTime is 4D = (143)D: -R=3,R*=4, A, A\*'=4, Tr[n"]=4, A = A" = (a*) = (a°,a' a>,a") = 4 comps

Minimal Coupling = Interaction with a (Vector)Potential

Conservation of 4-TotalMomentum (TotalEnergy=Hamiltonian & 3-total-momentum)

SR Hamiltonian:Lagrangian Connection

Lagrangian, Lagrangian Density

Hamilton-Jacobi Equation (differential), Relativistic Action (integral)

Euler-Lagrange Equations

Noether’s Theorem, Continuous Symmetries, Conservation Laws, Continuity Equations
Relativistic Equations of Motion, Lorentz Force Equation

¢? Invariant Relations, The Speed-of-Light (c)

Thermodynamic 4-Vectors, Unruh-Hawking Radiation, Particle Distributions

Mostly QM & SRQM Stuff

Advanced SRQM 4-Vectors

Where is Quantum Gravity?

Relativistic Quantum Wave Equations

Klein-Gordon Equation/ Fundamental Quantum Relation

RoadMap from SR to QM: SR—QM, SRQM 4-Vector Connections

QM Schrédinger Relation

QM Axioms? - No, (QM Principles derived from SR) = SRQM

Relativistic Wave Equations: based on mass & spin & relative velocity:energy
RWE'’s: Klein-Gordon, Dirac, Proca, Maxwell, Weyl, Pauli, Schrédinger, etc.
Classical Limits: SR’s { |[v| << c }; QM's { h|V-p| << (p'p) }

Photon Polarization

Linear PDE’s—{Principle of Superposition, Hilbert Space, <Bra|,|Ket> Notation}
Canonical QM Commutation Relations < derived from SR

Heisenberg Uncertainty Principle (due to non-zero commutation)

Pauli Exclusion Principle (Fermion), Bose Aggregation Principle (Boson)
Complex 4-Vectors, Quantum Probability, Imaginary values

CPT Theorem, Lorentz Invariance, Poincaré Invariance, Isometry

Hermitian Generators, Unitarity:Anti-Unitarity

QM — Classical Correspondence Principle, similar to SR — Classical Low Velocity
The Compton Effect = Photon:Electron Interaction (neglecting Spin Effects)
Photon Diffraction, Crystal-Electron Diffraction, The Kapitza-Dirac Effect

The (h) Relation, Einstein-de Broglie, Planck:Dirac, Wave-Particle

The Aharonov-Bohm Effect ( integral | ), The Josephson Junction Effect ( differential 8 )
Dimensionless Quantities

SRQM Symmetries:

Hamilton-Jacobi vs. Relativistic Action

Differential (4-Vector) vs. Integral (4-Scalar)

Schrédinger Relations vs. Cyclic Imaginary Time < Inverse Temperature
4-Velocity:4-Position vs. Euler-Lagrange Equations

Matter-AntiMatter: Trace Identification of Lorentz Transforms, CPT

Quantum Relativity: GR is *“NOT* wrong, *Never bet against Einstein* :)
Quantum Mechanics is Derivable from Special Relativity, SR—QM: SRQM

SRQM = The [SR—QM] Interpretation of Quantum Mechanics
= Special Relativity — Quantum Mechanics

SRQM: A treatise of SR—QM by John B. Wilson (SciRealm@aol.com)
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SR — QM 4-Vector SRQM Interpretation

" Special Relativity —~ Quantum Mechanics
< paradigm Background Assumptions part 1) s

ohn B. Wilson
ATensqr Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

The physical world *IS NOT* Euclidean 3-dimensional (3D) with absolute background time
Classical and quantum 3D physics is a great approximation, but only for slow-moving objects |v|<<c.
3D physics uses 3-vectors = 3D (1,0)-tensors, has 3D Euclidean invariants like lengths (Pythagorean theorem),
has 1D Euclidean scalar invariants like absolute time, but it does not contain or predict many of
the physical properties and relationships that we now know to be true from SR & RQM.
Also, these 1D & 3D Euclidean invariants have been empirically-proven to *not* be invariant in the real world.
This is based on a century+ of physics experiments and observations confirming the fact of 4D relativity.

The physical world *IS* a locally Minkowskian 4-Dimensional SpaceTime (4D),
with relativistically-interconnected (1 time + 3 space) dimensions
Time and space are interconnected in a very specific way, via Space lime 4D relativistic metrics,
which give a great many special relationships and invariances that 3D physics misses entirely.
These properties are easily explained using SR Physical 4-Vectors = 4D (1,0)-Tensors.

3D physics can be obtained as a limiting-case approximation from 4D Physics by using |v|<<c.
Classical Mechanics (CM) is just a low-speed limiting-case of Special Relativity (SR)
Quantum Mechanics (QM) is is just a low-speed limiting-case of Relativistic Quantum Mechanics (RQM)

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1( )-T(insor T or T, (SR L-éﬂi‘éltor:c,neéln? SRQM: A treatise of SR—QM by John B. Wilson
o ” orentz Scala

,1)-Tensor V, = (vo,-v
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

Ag Special Relativity — Quantum Mechanics

~—+¢ Paradigm Background ASsumptions (art2) srenos

ohn B. Wilson
A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

Minkowskian:SR 4D Physical 4-Vectors *ARE NOT* generalizations of Classical/Quantum 3D Physical 3-vectors.
While a “mathematical” Euclidean (n+1)D-vector is the generalization of a Euclidean (n)D-vector,
the “Physical/Physics” analogy ends there.

Minkowskian:SR 4D Physical 4-Vectors *ARE* the primitive elements of 4D Minkowski:SR SpaceTime.
Classical/Quantum physical 3-vectors are just the components of SR Physical 4-Vectors = 4D (1,0)-Tensors.
There is also a fundamentally-related classical/quantum physical scalar related to each 3-vector,
which is just the temporal component scalar of a given SR Physical SpaceTime 4-Vector.

4-Position R = RY = (') = (10,r) = (ct,r) — (ct,x,y,2) @
(pY,

4-Momentum P = P* = (p") = ) = (E/c,p) — (E/c=p/c, ) @---- >
These Classical/Quantum { H{ } are the dual { H{ } components
of a single SR TimeSpace 4-Vector = ( : )

with SR LightSpeed factor (c*') to give correct overall dimensional measurement units.

While different observers may see different relative "values" of the
Classical/Quantum components (v°,v',v*,v’) from their point-of-view/frame-of-reference in SpaceTime,
each will see the same actual SR 4-Vector V and its magnitude? = V-V = [(V%) - v-v] at a given <Event> in SpaceTime.
Magnitudes? can be {+/0/-} in Special Relativity, due to the Lorentzian=pseudo-Riemannian metric (non-positive-definite)

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1( )-T(insor T, or T, (SR Z.Sﬂ\sl‘éltor:c,nep‘ln? SRQM: A treatise of SR—QM by John B. Wilson
o orentz Scala

,1)-Tensor V, = (vo,-v
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

Ag Special Relativity — Quantum Mechanics

~—+¢ Paradigm Background ASsumptions (arts) srno

ohn B. Wilson
A Tensqr Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

ere are some paraaigm assumptions that need to be cieare

Relativistic Physics **IS NOT** the generalization of Classical or Quantum Physics.
Classical & Quantum Physics **ARE** the low-velocity { |v| << c } limiting-case approximation of Relativistic Physics.

This includes (Newtonian) Classical Mechanics and Classical QM (NRQM: meaning the Non-Relativistic Schrédinger QM Equation — it is not fundam
The rules of standard QM are just the low-velocity approx. of RQM rules. Classical EM is for the most part already compatible with Special Relativit
However, Classical EM doesn't include intrinsic spin, even though spin is a result of SR Poincare Invariance, not QM.

So far, in all of my research, if there was a way to get a result classically,
then there was usually a much simpler way to get the result using tensorial 4-Vectors and SRQM relativistic thinking.
Likewise, a lot of QM results make much more sense when approached from SRQM (ex: Temporal vs. Spatial relations).
4-Vector formulations are all extremely easy to derive in SRQM and are all relativistically covariant and give invariant results.

Einstein Energy:Mass Eqn: P = m,U — { E = mc” = ym.c” = yE, : } Einstein-de Broglie Relation: P = hK — { E = hw : }
Complex Plane-Wave Relation: K=id — { w = id: : }
Hamiltonian: H = ’Y(PTU) { Relativistic} — (T + V) = (Ekinetic + Epotential) { Classical-limit only, [u] << ¢} SChrédinger Relations: P = ihd — { E =iho: : }

Lagrangian: L= '(PTU)/'Y { Relativistic} —™ (T = V) = (Ekinetic - Epotential) { Classical-limit only, |u] << c}
Canonical QM Commutation Relations inc. QM Time-Energy:

{differential 4-Vector formats} [PP,XV] = ihr]“v — { [Xo,po] = [t,E] = -ih : . }
SR/QM Wave Eqn {inv of Phase Eqn}- KT = —a[CDphase] = PT/h — { Wt = -8t[(D] . } [8“,X"] = n”" — { [Xo,ao] = [t,at] =-1;: [XJ,ak] = +5Jk }
Hamilton'JaCObi Eqn {inv of Action Eqn}: I':’T = ‘a[saction] = hKT - { ET = 'at[s] . }

{integral 4-Scalar formats} Total Momentum: Pr=P +qgA > {Er=E +qo: }
SR Action EQn jinv of H-J Eqny: AS;ction = '.‘.pathPT -dX = '.[path(PT ‘U)dt = .[pathl- dt Minimal Coupling: P=Pr-gA—>{E=Er-qo : }
SR/QM Phase Eqn {inv of Wave Eqn}- Aq>phase = '.[pathKT -dX = '.[path(KT U)dT = Asaction/h {Physical Inverse Effects}

{advanced mechanics} ) JOSGphSOﬂ-JunCtion (differential 4-Vector format)- A= '(h/Q)a[Aq)pot]
Euler-Lagrange Equation: (U = (d/dt)R) — (dr = (d/dt)du) ghe easy derivation} Aharonov-Bohm (integral 4-Scatar format): APpot = ~(q/P)] parnA-dX
Hamilton’s Equations: (d/dt)[X] = (d/0P+)[H,] & (d/dt)[P+] = (d/0X)[H,]

{SR wave mechanics — requires a 4-WaveVector K as solution} Compton Scatte I’ing:

d’Alembertian Wave Equation: -3 = (d./c)* - V-V, with solutions ~ Z, (A,) e*® X Klein-Gordon Relativistic Quantum Wave Eqn: -9 = -(m.c/h)?
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

Ag Special Relativity — Quantum Mechanics

~—+¢ Paradigm Background ASsumptions (art4) srenos

ohn B. Wilson
A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

We will **NOT** be employing the commonly-(mis)used Newtonian classical limits {c—«} and {h—0}.
Neither of these is a valid physical assumption, for the following reasons:
[1]
Both (c) and (h=h/21T) are unchanging Universal Physical Constants and Lorentz Scalar Invariants.
Taking a limit where these change is non-physical. They are CONSTANT.

Many, many experiments verify that these physical constants have not changed over the lifetime of the universe.
This is one reason for the 2019 Redefinition of S| Base Units on Fundamental Constants {c,h,e,ks,Na,Kcp,Aves}.
[2]

Photons/waves have energy (E): via momentum (E=pc) & frequency (E=hw): (W = 2TTV); angular [rad/s], circularicyclels] , 217 rad = 1 cycle }
Let E = pc. If c>«, then E—~. Then Classical EM light rays/waves have infinite energy.

Let E = hw = hv. If h—0, then E—0. Then Classical EM light rays/waves have zero energy.

Obviously neither of these is true in the Newtonian/Classical limit.
In Classical EM and Classical Mechanics, LightSpeed (c) remains a large but finite constant.
Likewise, Dirac’s (Planck-reduced) Constant (h=h/21T) remains very small but never becomes zero.

The correct way to take the limits is via:
The low-velocity non-relativistic limit { |v| << c¢ }, which is a physically-occurring situation.
The Hamilton-Jacobi non-quantum limit { h|V-p| << (p-p) } or { [V-k| << (k-k)}, which is a physically-occurring situation.

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1()_Tgnsor T SRQM: A treatise of SR—QM by John B. Wilson
- v orentz Scala

,1)-Tensor V, = (vo,-v
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SR — QM 4-Vector SRQM Interpretation

A Special Relativity —~ Quantum Mechanics ™
~—+¢ Paradigm Background ASsumptions (arts) srno

ohn B. Wilson
A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

We will *NOT* be implementing the common {—lazy and extremely misguided} convention of setting physical constants to
the value of (dimensionless) unity, often called “Natural Units”, to hide them from equations; nor using mass (m) instead of (m,) as the RestMass.
Likewise for other components vs Lorentz Scalars with naughts (,), like energy (E) vs (E,) as the RestEnergy.

One sees this very often in the literature. The usual excuse cited is “For the sake of brevity”.
Well, the “sake of brevity” forsakes “clarity”. There is nothing physically “natural” about “natural units”.

The *ONLY™ situations in which setting constants to unity (1) is practical or advisable is in numerical simulation or mathematical analysis.
When teaching physics, or trying to understand physics: it helps when equations are dimensionally correct.
In other words, the physics technique of dimensional analysis is a powerful tool that should not be disdained.

i.e. Brevity only aids speed of computation, Clarity aids understanding.

The situation of using “naught = ,” for rest-values, such as (m,) for RestMass and (E,) for RestEnergy:
is intrinsic to SR, is a very good idea, absolutely adds clarity, identifies Lorentz Scalar Invariants, and will be explained in more detail later.
Essentially, the relativistic gamma (y) pairs with an invariant (Lorentz scalar:rest value ,) to make a relativistic component: { m = ym, ; E = yE; }
Note the multiple equivalent ways that one can write 4-Vectors of SpaceTime|(TimeSpace) using these rules:

4-Momentum P = P* = (p") = (p°,p') = (mc=E/c, ) = (ymo.c=yE,/c, ) = -9[ Saction,free ]
= moU = mgy(c,u) = yme(c,u) = m(c,u) = (mc,mu) = (mc,p)= mc(1,B)= (m.c)T B
= (Eo/c®)U = (Eo/c?)y(c,u) = y(Eo/c?)(c,u) = (E/c?)(c,u) = (E/c, ) = (E/c,p) = (Elc)(1,B) = (EJ/C)T

This notation makes clear what is { relativistically-varying=(frame-dependent) vs. Invariant=(frame-independent) } and { Temporal vs. }
BTW, | prefer the “Particle Physics” Metric-Signature-Convention (+,-,-,-). {Makes rest values positive, fewer minus signs to deal with}
Show the physical constants and rest naughts () in the work. They deserve the respect and you will benefit.

You can always set constants to unity later, when you are doing your numerical simulations.

SR 4-Tensor

SR 4-Vector
2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar - :
a §)_Te’nsom or T,y (. JyTensor \/ = OneF(f,,,‘:,) SRQM: A treatise of SR—QM by John B. Wilson
orentz Scala
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

Special Relativity — Quantum Mechanics
@@Paradigm Background Assumptions (part 6) s

ohn B. Wilson
A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

Some physics books on ElectroMagnetism (EM) say that the Electric field E and the 4-Gradient
Magnetic field B are the “real” physical objects, and that the EM scalar-potential ¢ and the 9=0"=0/0R,=(0,/c,-V) Faraday EM
EM 3-vector-potential “A” are just “calculational/mathematical” artifacts. 8/c.-3 at P ] Tensor
. p— L FP = &°AP - G°A"
Neither of these statements is relativistically correct. —oAA
All of these physical EM properties: {E,B,¢,“A”} are actually just the components of SR tensors, -
and as such, their values will relativistically vary in different observers’ reference-frames. [F* F* FY F%]
xt XX XYy [EXZ
Given this SR knowledge, to match 4-Vector notation, we demote the physical property 17 t z " S Z]
- - Lorenz Gauge: [F" F* P F7]
symbols, (the tensor components) to their lower-case equivalents {e,b,®,a}. uge. .
see Wolfgang Rindler Conservation of [F* F* F F~]
EM (Vector)Potential =
The truly SR invariant physical objects are: . _ 9-A=(0,/c)(¢/c)-V-a [ 0 -e¥c -e¥/c -e%c]
The 4-Gradient o, the 4-VectorPotential A, their combination via the exterior (wedge=*) product =(0.p/c?)+V-a=0 [+e*c 0 -b? +b’]
into the Faraday EM 4-Tensor F*® = 9°AP - 6PA° = (9 A A), and their combination via t , . .
the inner (dot=-) product into the Lorenz Gauge 4-Scalar (8 - A) =0 [["'ez//c "'Ey Obx 'g ]]
+e?/c - +
Temporal- components of 4-Tensor F°: electric 3-vector field e = e' = e, =
- components of 4-Tensor F°: ) [ 0 ,-e%c]
Temporal component of 4-Vector A: EM scalar-potential o. "H_H - Y ' b
components of 4-Vector A: . [+e"/c, -€ k ]

Note that the Speed-of-Light (c) plays a prominent role in the component definitions. 4-(EM)VectorPotential [ 0, -elc]
Also, QM requires the 4-VectorPotential A as explanation of the Aharonov-Bohm Effect. — A=A"=(p/c,a) [+eT/C -V"a]
The physical measurability of the AB Effect proves the reality of the 4-VectorPotential A. 2

Aen=Aen'= /c,a

Again, all the lower and higher-rank SR tensors can be built from fundamental 4-Vectors. ew=Aen"=(Pew/C,3ew)
SR 4-Tensor SR 4-Vector .
2,0)-Tensor T+ 1,0)-Te V=V = (VO -Scalar ; -

(1,1( )-Tgnsor T, or T, (SR Zt-ggflcérctor:OneF(m S IEEE | SRQM: A treatise of SR—QM by John B. Wilson

orentz Scala
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ohn B. Wilson
ATensqr Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

There are some paradigm assumptions that need to be cleared up:

A number of QM philosophies make the assertion that particle “properties” do not “exist” until measured.
The assertion is based on the QM Heisenberg Uncertainty Principle, and more specifically on quantum non-zero commutation,
in which a measurement on one property of a particle alters a different non-commuting property of the same particle.

That is an incorrect analysis. Properties define particles: what they do & how they interact with other particles. Particles and their properties “exist”
as <events> independently of human intervention or observation. The correct way to analyze this is to understand what a measurement is: the arrangement of
some number of particles in a particular manner as to allow an observer to get information about one or more of the subject particle’s properties.
Typically this involves “counting” spacetime <events> and using SR invariant intervals as a basis-of-measurement.

Some properties are indeed non-commuting. This simply means that it is not possible to arrange a set of particles in such a way as to measure
(ie. obtain “complete” information about) both of the “subject particle’s” non-commuting properties at the same spacetime <event=.
The measurement arrangement <events> can be done at best sequentially, and the temporal order of these <events> makes a difference in observed results.
EPR-Bell, however, allows one to “infer” (due to conservation:continuity laws) properties on a “distant” subject particle by making a measurement
on a different “local” {space-like-separated but entangled} particle. This does *not* imply FTL signaling nor non-locality.

The measurement just updates local partial-information one already has about particles that interacted/entangled then separated.

So, a better way to think about it is this: The “measurement—updated information” of a property does not “exist” until a physical setup <event> is arranged.
Non-commuting properties require different physical arrangements in order for the properties to be measured, and the temporally-first measurement alters
that particle’s properties in a minimum sort of way, which affects the latter measurement. All observers agree on Causality, the time-order of
temporally-separated spacetime <events>. However, individual observers may have different sets of partial information about the same particle(s).

This objective, realist view makes way more sense than the subjective belief that a particle’s actual property doesn’t exist until it is observed,
which is about as unscientific and laughable a statement as | can imagine.

**Relativity is the System-of-Measurement that QM has been looking for**

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1( )-Tgnsor T or T, (SR LSS@ZLtor:OneF‘Zn? SRQM: A treatise of SR—QM by John B. Wilson
orentz Scala
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There are some paradigm assumptions that need to be cleared up:

**Correct Notation is critical for understanding physics**

Unfortunately, there are a number of “sloppy” notations seen in relativistic and quantum physics.

Incorrect: Using T" as a Trace of tensor T?, or T as a Trace of tensor T""
T"is actually just the diagonal part of 3-tensor T!, the components: T" = Diag[T"",T%, T*]
The Trace operation requires a paired upper-lower index combination, which then gets summed over.
T! is the Trace of 3-tensor T': T\ = T,'+T,?+ T3> = 3-trace[T"] = §;T" = +T"'+T?+T> in the Euclidean Metric E" = §' = Diag[+1,+1,+1]

T" is actually just the diagonal part of 4-Tensor T*, the components: T* = Diag[T*, T",T%, T
The Trace operation requires a paired upper-lower index combination, which then gets summed over. L
T,* is the Trace of 4-Tensor T*: T, = To’+T,'+T,2+T3® = 4-Trace[T"] = n, T" = +T®°-T"-T?*-T* in the Minkowskian Metric n** = Diag[+ |,-0']

Incorrect: Hiding factors of LightSpeed (c) in relativistic equations, ex. E = m
The use of “natural units” leads to a lot of ambiguity, and one loses the ability to do proper dimensional analysis.
Wrong: E=m: Energy [J = kg-m?/s?] is *not* identical to mass [kg], not in dimensional units nor in reality.
Correct: E=mc®: Energy is related to mass via the Speed-of-Light (c), ie. mass is a type of concentrated energy.

Incorrect: Using m instead of m, for rest mass; Using E instead of E, for rest energy
Correct: E = mc? = ym,c?® = yE,
E & m are relativistic internal components of 4-Momentum P=(E/c,p)=(mc,p) which vary in different reference-frames.
E. & m, are Lorentz Scalar Invariants, the rest values, which are the same, even in different reference-frames: P=m,U=(E./c*)U

SR 4-Tensor

SR 4-Vector
2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar - :
{, 1()-T<insorTuv or T, (SRZI CoVector: OneF(zrr\:l) SRQM: A treatise of SR—QM by John B. Wilson
o 5 orentz Scala
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There are some paradigm assumptions that need to be cleared up:

. Wrong: [X,p] = ihd"
Incorrect: Using the same symbol for a tensor-index and a component Rt [vi nKT = RS K

: : ) ; : Right: [X,p"] = iho
The biggest offender in many books for this one is quantum commutation. Better: [P* X'] = ihn™
Unclear because (i ) means two different things in the same equation. etter: [P", ) ] V_ ' nuv

Correct way: (i = V[-1] ) is the imaginary unit ; { j,k } are tensor-indicies | because: [0",X'] = n

In general, any equation which uses complex-number math should reserve (i) for the imaginary, not as a tensor-index.

Incorrect: Using the 4-Gradient:Gradient One-Form notation incorrectly
The 4-Gradient is a 4-Vector, a (1,0)-Tensor, which uses an upper index, and has a negative spatial component (-V) in SR.
The Gradient One-Form, its more natural tensor form, a (0,1)-Tensor, uses a lower index in SR.
4-Gradient: 9=0=0"=(9,/c,-V)=(9,/c,-V)) Gradient One-Form: 9=9,=(9,/c,V)=(d /c,V)

Incorrect: Mixing styles in 4-Vector naming conventions
There is pretty much universal agreement on the 4-Momentum P=P"=(p")=(p° p')=(E/c,p)=(mc,p)=(E/c,)=(mc,»)
Do not in the same document use 4-Potential A=(@,A): This is wrong on many levels, inc. dimensional units.
The correct form is 4-VectorPotential A=A"=(a")=(a%a')=(¢/c,a)=(v/c,=), with (¢)=the scalar-potential & (a)=the 3-vector-potential

For all SR 4-Vectors, one should use a consistent notation:
The UPPER-CASE SpaceTime (TimeSpace) 4-Vector Names match the lower-case 3-vector names
There is a LightSpeed (c) factor in the component to give overall matching dimensional units for the entire 4-Vector
4-Vector components are typically lower-case with a few exceptions, mainly energy (E) vs. energy-density (e),(pPe),(Pe)

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1()_Tgnsor T SRQM: A treatise of SR—QM by John B. Wilson
o orentz Scala

,1)-Tensor V, = (vo,-v
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« Old Paradigm: QM (as | was taught...)

Wron
Idea

- OR aNnd QM as separate theories . v

) SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Simple GR Axioms:
Principle of Equivalence Quantum
Invariant Interval Measure Gravity 7?7
Tensors describe Physics h

SpaceTime Metric g*"
¢,G = physical constants

GR limiting-case: g"* — n*"
Minkowski “Flat” SpaceTime
Metric = (Curvature ~ 0)

Multiple
Particles

Obscure QM Axioms:
Wave-Particle Duality
Unitary Evolution

Operator Formalism

Hilbert Space Representation
Principle of Superposition SR limiting-case:
Canonical Commutation Relation
Heisenberg Uncertainty Principle

Pauli Exclusion Principle (FD-statistics)
Bose Aggregation Principle (BE-statistics)
Hermitian Generators

Correspondence Principle to CM QM limiting-case:
Born Probability Interpretation # particles N >> 1
h,h = physical constants

This was the QM paradigm that | was taught while in Grad School: everyone trying for Quantum Gravity
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Simple GR Axioms:
Principle of Equivalence 7‘ Quantum
Invariant Interval Measure Y e = B R T I Gravity ??7?
Tensors describe Physics GR :
Sré?(ie-rrzmg Mletric g a Yet another
¢,G = physical constants QFT “would be”
/ fortuitous
GR limiting-case: g" — n* : : merging???
Minkowski “Flat” SpaceTime Another fortuitous Multiple
Metric = (Curvature ~ 0) merging -« « articles 50+ years
searching for
Obscure QM Axioms: RQM QG with
Wave-Particle Duality NO SUCCESS...

Unitary Evolution

Operator Formalism

Hilbert Space Representation

Principle of Superposition

Canonical Commutation Relation
Heisenberg Uncertainty Principle

Pauli Exclusion Principle (FD-statistics)

Bose Aggregation Principle (BE-statistics) —>

Hermitian Generators
Correspondence Principle to CM
Born Probability Interpretation
h,h = physical constants
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SR limiting-case:
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QM-limiting case:
hIV-p| << (p-p)
or y—Re[y]
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A fortuitous

merging?

o CM

It is known that QM + SR “join nicely” together to form RQM, but problems with RQM + GR...
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EEYQCSMA SRQM Study: 4-Vector SRQM Interpre;?tiQo'\;ll
Ai Physical Theories as Venn Diagram

SciRealm.org

= = = - John B. Wilson
.. WhIch regions are empirically real?....snese

GR:
General Relativity

QM:
Quantum Mechanics

Quantum

. itv?
SR Gravity’ Many-Worlds Interpretations
SpeCial Relat|v|ty Non-local interactions

L o e I . Instantaneous QM entangled connections
GR limiting-case: g"* — n" Minkowski “Flat” SpaceTime = (Curvature ~ 0) Instantaneous Physical Wavefunction Collapse

CM Spacetime Dimensions >4
QM physicists think these areas, . ) ) Hidden:Alternate Dimensions
anything outside of QM, doesn’t exist... ClaSSICal MeChaI’]ICS Super-Symmetry
SR limiting-case: |v| << ¢ String Theory _ _
Hence the attempt to Quantize Gravity: QM limiting-case: h|V-p| << (p-p) Alternate Gravity Theories
Unsuccessful for 50+ years... Slews of hypothetical new particles
etc.

RQM: o
- rong
Relativistic e Idea

Basically lots of stuff for which there is
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: Physical Limit-Cases as Venn Diagram

Which limit-regions use which physics? ..rese

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Instead of taking the Physical Theories as set, examine
Physical Reality and then apply various limiting-conditions.

Reality

GR limit-case: g"* — n" ‘
QM limit-case: h|V-p| << (p-p) Minkowski “Flat” SpaceTime What do we then call the various regions?
or y—Re[y] or [V-k| << (k'k = (Curvature ~ 0)

has negligible effect | SR_’.Q.M (SRQ.M). : As we move inward§ from any r_e_gion on lthe cjiagram,.we
on overall state Special Relativity — Relativistic QM are adding more stringent conditions which give physical
Classical SR limiting-cases of “larger, more encompassing” theories.

Classical GR Classical (non-QM) RQM
Classical (non-QM) Special Relativity Relativistic QM If one is in Classical GR, one can get Classical SR by

eemerE) R CM moving toward the Minkowski SpaceTime limit.
Classical

'\(A,fg:aé],{ﬁ)s QM If one is in RQM, one can get Classical SR by moving

(non-SR) Non-relativistic toward the Hamilton-Jacobi non-QM limit, or to standard

(étiggar:q) QM by moving toward the SR low-velocity limit.

Mechanics

Looking at it this way, | can define SRQM to be equivalent
to Minkowski SpaceTime, which contains RQM, and leads
to Classical SR, or QM, or CM by taking additional limits.

My assertion:

/ There is no “Quantized Gravity”
SR limit-case’ |v| = 4 Actual GR contains SRQM and Classical GR.
Non-relativistic velociti - Perhaps “Gravitizing QM”...

/

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te V=V = (V°, -Scalar ; -
(1,1( )-Tgnsor T or T, (SR L-ggziiztor:OneF(Zn\ﬁ) SRQM: A treatise of SR—QM by John B. Wilson
| orentz Scalar

(0,2)-Tensor Ty, (0,1)-Tensor V, = (Vo,-V)
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Both General Relativity (GR) and Special Relativity (SR) have passed very stringent tests of multiple varieties.
Likewise, Relativistic Quantum Mechanics (RQM) and standard Quantum Mechanics (QM) have passed all tests within their realms of validity:
{ generally micro-scale systems: ex. Single particles, ions, atoms, molecules, electric circuits, atomic-force microscopes, etc.,
but a few special macro-scale systems: ex. Bose-Einstein condensates, super-currents, super-fluids, long-distance entanglement, etc.}.

To-date, however, there is no observational/experimental indication that quantum effects "alter" the fundamentals of either SR or GR.
Likewise, there are no known violations, QM or otherwise, of Local Lorentz Invariance (LLI) nor of Local Position/Poincaré Invariance (LPI).
In fact, in all known experiments where both SR/GR and QM are present, QM respects the principles of SR/GR, whereas SR/GR modify the results of QM.
All tested quantum-level particles, atoms, isotopes, super-positions, spin-states, etc. obey GR's Universality of Free-Fall & Equivalence Principle and SR's
{ E = mc? } and speed-of-light (c) communication/signaling limit. Meanwhile, quantum-level atomic clocks are used to measure gravitational red:blue-shift effects.
i.e. GR gravitational frequency-shift (gravitational time-dilation) alters atomic=quantum-level timing. Think about that for a moment...

Some might argue that QM modifies the results of SR, such as via non-commuting measurements. However, that is an alteration of CM expectations,
not SR expectations. In fact, there is a basic non-zero commutation relation fully within SR:( [¢",X"] = n** ) which will be derived from purely SR Principles
in this treatise. The actual commutation part ( Commutator [a,b] ) is not about ( i ) or (i ), which are just invariant Lorentz Scalar multipliers.

On the other hand, GR Gravity *does* induce changes in quantum interference patterns and hence modifies QM:
See the COW gravity-induced neutron QM interference experiments, the LIGO & VIRGO & KAGRA gravitational-wave detections via QM interferometry,
and now also QM atomic matter-wave gravimeters via QM interferometry.
Likewise, SR induces fine-structure splitting of spectral lines of atoms, “quantum” spin, spin magnetic moments, spin-statistics (fermions & bosons), antimatter, QED,
Lamb shift, relativistic heavy-atom effects (liquid mercury, yellowish color of gold, lead batteries having higher voltage than classically predicted, heavy noble-gas
interactions, relativistic chemistry...), etc. - essentially requiring QM to be RQM to be valid. QM is instead seen to be the limiting-case of RQM for { |v| << c }.

Some QM scientists say that quantum entanglement is "non-local”, but you still can't send any real messages/signals/information/particles faster than
SR's speed-of-light (c). The only “non-local” aspect is the alteration of probability-distributions based on knowledge-changes obtained via measurement.
A local measurement can only alter the “partial information” already-known about the probability-distribution of a distant (entangled) system.

There is no FTL-communication-with nor alteration-of the distant particle. Getting a Stern-Gerlach “up” here doesn'’t cause the distant entangled particle to
suddenly start moving “down” there. One only knows “now” that it “would” go down “if* the distant experimenter actually performs the measurement.

QM respects the principles of SR/GR, whereas SR/GR modify the results of QM
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Principles/Axioms and Mathematical Consequences of General Relativity (GR):

Equivalence Principle: Inertial Motion = Geodesic Motion, Universality of Free-Fall, Mass Equivalency (MasSinertiat = MasSgravitational)

Relativity Principle: SpaceTime (M) has a Lorentzian=pseudo-Riemannian Metric (g""), SR:Minkowski Space rules apply locally (g"*—n"")
General Covariance Principle: Tensors describe Physics, General Laws of Physics are independent of arbitrarily chosen Coordinate-Systems
Invariance Principle: Invariant Interval Measure comes from Tensor Invariance Properties, 4D SpaceTime |from Invariant Trace[g"'] = 4
Causality Principle: Minkowski Diagram/Light-Cone give { , Light-Like(Null=0), } Measures and Causality Conditions

Einstein:Riemann’s |deas about Matter & Curvature:
Riemann(g) has 20 independent components — too many
Ricci(g) has 10 independent components = enough to describe/specify a gravitational field

_ SR:Minkowski Space is the
{c,G} are Fundamental Physical Constants GR limiting-case: g" — n*

Minkowski “Flat” SpaceTime

To-date, there are no known violations of any of these GR Principles Metric = (Curvature ~ 0)

GR has passed EVERY observational test to-date, in both weak and strong field regimes.

It is vitally important to keep the mathematics grounded in known physics.

There are too many instances of trying to apply top-down, theoretical-only mathematics to physics.

(ex. String Theory, SuperSymmetry: no physical evidence to-date; SuperGravity: physically disproven)

Progress in science doesn’t work that way: Nature itself is the arbiter of what math works with physics. Tensor mathematics applies well to known
physics {SR and GR}, which have been empirically extremely well-tested in a huge variety of physical situations. Tensors describe physics.

All known experiments to date comply with all of these Principles, including QM and RQM
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Simple GR Axioms:
Principle of Equivalence

Invariant Interval Measure
Tensors describe Physics

GR

SpaceTime Metric g*"
¢,G = physical constants

GR limiting-case: g"* — n*"
Minkowski “Flat” SpaceTime
Metric = (Curvature ~ 0)

Obscure QM Axioms:

Wave-Particle Duality

Unitary Evolution

Operator Formalism

Hilbert Space Representation

Principle of Superposition

Canonical Commutation Relation
Heisenberg Uncertainty Principle

Pauli Exclusion Principle (FD-statistics)
Bose Aggregation Principle (BE-statistics)
Hermitian Generators

Correspondence Principle to CM

Born Probability Interpretation

h,h = physical constants

Another fortuitous
merging??

RQM
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Quantum
Gravity ?77?
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Multiple
Particles

Yet another
“would be”
fortuitous
merging???

50+ years
searching for
QG with

NO SUCCESS...

SR limiting-case:
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QM limiting-case:
hV-p| << (p-p)

or y—Re[y] or [V'K| << (k-k)

A fortuitous
merging?

3333 » CM

It is known that QM + SR “join nicely” together to form RQM, but problems with RQM + GR...
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™ *New Paradigm: SRQM or [SR—-QM]*
, QM derived from SR + a few empirical facts __ _
Atorsuy Simple and fits the data L

Simple GR Axioms: (properties) (relations)
Principle of Equivalence SR 4-vector: SR 4-vector.

. R=(ct,r) R=<Event>
Invariant Interval Measure = _
X : U=y(c,u) U=dR/dt
Tensors describe Physics P=(E/c,p) P=(mo)U
SpaceTime Metric g*" K=(w/c,k)

¢,G = physical constants a=(ai/c,-V) o=(-i)K

FT
/Q

Multiple
Particles

GR limiting-case: g"* — n*"
Minkowski “Flat” SpaceTime
Metric = (Curvature ~ 0)

SR limiting-case:
lv| <<c

Derived RQM **Principles**:
Wave-Particle Duality
Unitary Evolution
Operator Formalism QM
Hilbert Space Representation
Principle of Superposition
Canonical Commutation Relation
Heisenberg Uncertainty Principle : . R :
Pauli Exclusion Principle (FD-statistics) Derived QM **Principles**: {Crl]ll\/lvl.m;l’grlg(c:as)?.or{ Re[y]} or
Bose Aggregation Principle (BE-statistics) gorregpogdg?fel PtFmCIP|te tt_O CM { |V'kp| — (kr-’kg} v v
iti orn Probability Interpretation

E?]rrltlﬁnsi%glnggit;t?nts Change by a few quanta has

’ phy negligible effect on overall state

This new paradigm explains why RQM “miraculously fits” SR, but not necessarily GR
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I P tInt q M : R=(ctr)  A=(¢p/c,a) R=<Event> A=(p,/c*)U
nvariant Interval Measure — »{ GR U=y(c,u)  J=(cp,)) U=dR/dt  J=(p,)U=(q)N y 7P
Tensors describe Physics P=(E/c,p) P=(mo)U K= -3[®ynusc]
SpaceTime Metric g K=(wlc,k) F®=[ 0 -e%c] E Fab= J0AR 5 A
¢,G = physical constants 0=(a/c,-V) [+e°/c,-€ib"] o=(-)K  U-F*=(1/q)F
F=y(E/cf) F=dPlde  3-F**=(,)J QFT
GR limiti m_ N=n(c.u) N=(n)U  3-J=0
imiting-case: g"¥ — n" :
Minkowski “Flat” SpaceTime \ / q=0 I\P/l::tilglees
Metric = (Curvature ~ 0) /\/\
</SR - RQM —
N SRQM -1 QE SR limiting-case:
\ ______ <<
Derived RQM **Principles™: | s QA0 [ ==e
Wave-Particle Duality | "7
Unitary Evoluton | _.="T q=0
Operator Formalism -« QM
Hilbert Space Representaton <=~ =T H A0
Principle of Superpositon | e EM w/ sSpin .
Canonical Commutation Relation - N\
Heisenberg Uncertainty Principle - — 3 e .
Pauli Exclusion Principle (FD-statistics) Derived QM **Principles**: {Crl]ll\/lvllm;lt;rlg( c..as)?.or {w—Re[y]} or
Bose Aggregation Principle (BE-statistics) Correspondence Principle to CM p PP v v CM |a=0
Sl il © oz iors Born Probability Interpretation {IVK| << (kk)}
h,h = physical constants Change by a few quanta has EM q,A#0
’ negligible effect on overall state

This new paradigm explains why RQM “miraculously fits” SR, but not necessarily GR
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SR — QM 4-Vector SRQM Interpretation

Classical SR w/ EM Paradigm (o comparison)
CM & EM derived from

Idea John B. Wilson

e SR + a few empirical facts Sereaim@aolcor

http://scirealm.org/SRQM.pdf

; ; . (properties) (relations)
p :
sl el SR 4-vector & EM tensor: SR 4-vector & EM tensor:

Princ_iple of Equivalence R=(ct.r A=(9/C,a R=<Event> A=((./c?)U
vaarlant Interyal Meas.ure U=§(C’3) ngépp,j) ) U=dR/dt J:(E)(E)U:)(q)N
ensors describe Physics P=(E/c,p) P=(m)U K= -3[ynass]
SpaceTime Metric g*" K=(w/c,k) F®=[ 0 ,-e%c] ﬁ FoB=goAP_gBAC
¢,G = physical constants 0=(a/c,-V) [+e"%/c,-€ib"] o=(-)K U-F®=(1/q)F
F=y(E/c,f) F=dP/dt  3-F**=(p,)J

N=n(c,u) N=(n,)U 9-J=0

GR limiting-case: g"* — n*"
Minkowski “Flat” SpaceTime

Metric = (Curvature ~ 0) q=0

EM SR limiting-case:
The entire classical SR—{EM,CM} structure is based on the lv| <<c
limiting-case of quantum effects being negligible.

Notice that only the SR 4-Vector relation: [t -
is missing from the Classical Interpretation... Background Inherent Assumption

All of the SR 4-Vectors, including (K & 9), QM limiting-case:
are still present in the Classical setting. {h|V'p| << (p'p) } or {Lp—»Re[qJ]}

K is used in the Relativistic Doppler Effect and EM waves. or { [V-k| << (k'k) }(doesn’t depend on h)

d is used in the SR Conservation/Continuity Equations, Hamilton-Jacobi non-quantum limit
Maxwell Equations, Hamilton-Jacobi, Lorenz Gauge, etc. Change by a few quanta has
J0=(-i)K may be somewhat controversial, but it is the equation for .

complex plane-waves, which are still used in classical EM. negligible effect on overall state

This (Classical=non-QM) SR—{EM,CM} approx. paradigm has been working successfully for decades...
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The SRQM view:
Each level (range of validity)
is a subset of the larger level.

GR
General Relativity

SRQM
Special Relativity — Relativistic QM

GR limiting-case: g"" — n"' Minkowski “Flat” SpaceTime = (Curvature ~ 0)

QM
Non-relativistic Quantum Mechanics

SRQM limiting-case: |v| << ¢

CM
Classical Mechanics

QM limiting-case: h|V-p| << (p-p)
or y—Re[y] or |[V-k| << (k-k)
Change by a few quanta has negligible
effect on overall state

SR 4-Tensor SR 4-Vector S
2,0)-Tensor T+ 1,0)-Te Ve =V = (0, -Scalar ; -
(1,1()_Tgnsor T SRQM: A treatise of SR—QM by John B. Wilson
- v orentz Scala

,1)-Tensor V, = (vo,-v
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The SRQM view:
Each level (range of validity)
is a subset of the larger level.

GR
General Relativity

SRQM
Special Relativity — Relativistic QM

GR limiting-case: g"" — n"' Minkowski “Flat” SpaceTime = (Curvature ~ 0)

Qm

CM

Classical Mechanics
QM limiting-case: h|V-p| << (p-p)
or y—Re[y] or [V-k| << (k'k)
Change by a few quanta has negligible
effect on overall state EM charge

A = 4-EMVectorPotential

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) ] . .
(1.1)-Tensor T*, or T’ | SR 4-CoVector:OneForm SRQM: A treatise of SR—QM by John B. Wilson
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Newton's laws of classical physics are greatly simplified by the use of physical 3-vector notation, which converts 3 separate space components,
which may be different (relative) in various coordinate systems, into a single invariant object: a 3D vector, with an invariant magnitude.
The basis-values of these components can differ in certain {relativistic} ways, via Galilean transforms, yet still refer to the same overall 3-vector object.

3- vector = 3D OISl — (2°.2.a) Cartesian/Rectangular 3D basis | style classical 3D objects this way
— (a',a°,a%) Polar/Cylindrical 3D basis (by a triangle/wedge A) to emphasize
_, (a',a° a“’) Spherical 3D basis that they are actually just the

separated components of

.a=g k=(a")2+(a%)?+(a%)’=|al? The scalar products of either type: {3D,4D} are basis-independent.
a-a=a'd a‘=(a')’+(a’)+(a’)’=la| P yPo{EDSRT P SR 4-Vectors.

However, unlike the 3D magnitude? (only +)=Riemannian=positive-definite,
A—=AH V—(20\2_a.a=(30 \2 the 4D magnitude? can be (+/0/-)=pseudo-Riemannian—CausalConditions

A-A=A"n A'=(a")-a-a=(a") I _ _ The triangle/wedge A (3 sides)

— (a,a"a’,a’) Cartesian/Rectangular 4D basis represents splitting the components

4-Vec:or - :I'D (1 ,é))-iTensc;r o 1 2 3 — (a',a’,a% a*) Polar/Cylindrical 4D basis into a scalar and 3-vector.
A=A"=(a")=(a'a)=(a’a) =(a",a ,a",a’) N N N e WD ] Lot

_ Lorentz

SR is able to expand the concept of mathematical vectors into the Physical 4-Vector, Classical scalar (1D)  4-Scalar Y

which combines both (time) and ( ) components into a single (TimeSpace) object: r ‘ [m/s] -
These 4-Vectors are elements of Minkowski 4D SR SpaceTime. They have Lorentzian [s] ‘ 4-Position R
(relative) components but invariant 4D Magnitudes. There is a Speed-of-Light factor (c) ‘ 1 G R" = () = (ct,r)

in the temporal component to make the dimensional units match. = (ro,ri) = (r°,r1,r2,r3) [m]
ex. R = (ct,r): overall dimensional units of [length] = SI Unit [m] [m] ' 3-position r = <Event>
m

r'=(r')—(x,y,z)

This also allows the 4-Vector name to match up with the 3-vector name. —(ct,x,y,2)
_ _ = <location> -
In this presentation: Classical 3-vector (3D) SR 4-Vector (4D)

| use the {Time,0th,+} (+,-,-,-) metric signature, giving A-A = A’n, A’ = [(a°)* - a-a] = (a°%)?

4-Vectors will use Upper-Case Letters, ex. A; 3-vectors will use lower-case letters, ex. a; | always put the (c) dimensional factor in the temporal component.
Vectors of both types will be in bold font; components and scalars in normal font and usually lower-case. 4-Vector name will match with 3-vector name.
Tensor form will usually be normal font with tensor indicies: { Greek TimeSpace index (0,71..3): ex. A = A" } or { Latin SpaceOnly index (' “):ex.a=a"}

SR 4-Tensor SR 4-Vector - V] — v — —
(2,0)-Tensor T §(1,0)-Tensor V¥ = V = (v".v) "SR 4-Scalar Classical (scalar A 3-vector) TfaCS[T” 1= nwT 5= TN
(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, 3D Galilean V-V = Vi Vo= [(V)7 - vev] = (Vo)
orentz Scala __Invariant = Lorentz Scalar

not Lorentz
Invariant
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SR — QM 4-Vector SRQM Interpretation

AA SR 4-Vectors & Lorentz Scalars

| Frame-Invariant Equations
sy SRQM Diagramming Method  ....sese

4-Vectors are 4D (1,0)-Tensors, Lorentz 4-Scalars are 4D (0,0)-Tensors, 4-CoVectors are 4D (0,1)-Tensors,
(m,n)-Tensors have (m) ***P*™"4** and () #ower-indices V¥, S, C,, TRt e e
Any equation which employs only Tensors, such as those with only 4-Vectors and Lorentz 4-Scalars, (ex. P = P* = m,U = m,U") is
automatically Frame-Invariant, or coordinate-frame-independent. One’s frame-of-reference plays no role in the form of the overall equations.
This is also known as being “Manifestly-Invariant”, when no inner components are used. This is exactly what Einstein meant by his postulate:
“The laws of physics should have the same form for all inertial observers”. Use of the RestFrame-naught (,) helps show this.

It is seen when the spatial part (a) of a magnitude can be set to zero (= at-rest). The part (2") would then equal the rest value (a%).

4-Vector = 4D (1,0)-Tensor

A=A=A'=(a") = (a%a') = (a%a) = (a%a',a’,a°) — (a',a",a",a")gectanguiar basis
- (aoo;o){rest-frame basis, becomes purely temporal}
The components (2”,a’,a”,a%) of the 4-Vector A can relativistically vary depending on the observer and their choice of coordinate system,

but the 4-Vector A = A itself is invariant. Equations using only 4-Tensors, 4-Vectors, and Lorentz 4-Scalars are true for all inertial observers.
The SRQM Diagramming Method makes this easy to see in a visual format, and will be used throughout this treatise.

The following examples are SR TimeSpace frame-invariant equations:

o @D g

The SRQM Diagram Form has all of the

U-U = (c)? info of the Equation Form, but shows 4-Velocity 4-Momentum
U = y(c,u) overall relationships and symmetries U=y(c,u) P=(mc,p)=(E/c,p)
= — — - 2 among the 4-Vectors much more clearly.

P B (mc,p) _(E/c,p) =m.U _(EO/C )2U (U-U=c” J @ 4-WaveVector

K = (w/ck) = (we,whlv )= (wo/c*)U v K=(w/c,k)=(w/c,wilv )

P-U=E - :

° Equatlon Form Purple: Mixed TimeSpace components SRQM D|agram Form NV\- -=-Pp
SR 4-Ti SR 4-Vect V] — v — —
(2,0)- Tensor T (1,0)-Tensor VoV = (v*.v). SR4-Scalar TracelT"] = Mu TS SN

(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

A‘ SR 4-Vectors are primitive elements of
N Minkowski SpaceTime 4D«—(1+3)D &

ATensqr Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

We want to be clear, however, that SR 4-Vectors are NOT generalizations of Classical or Quantum 3-vectors.

SR 4-Vectors are the primitive elements of Minkowski SpaceTime (TimeSpace) = 4D«(1+3)D, which incorporate both:

a{ }and a{ } as components. Elple are metrically distinct, but can mix in SR.
4-Vector A= A¥ = (a") = (a",a',a%,a”) = (a’, ) — (a',a",a’,a%) with component scalar (2°) — (a') & component 3-vector ( ) — (a%,a’,a%)

It is the {Classical (Newtonian) or Quantum} 3-vector (a) which is a limiting-case approximation of the spatial part of SR 4-Vector (A) for { |[v| << c }.

i.e. The energy (E) and 3-momentum (p) as “separate” entities occurs only in the low-velocity limit { |[v| << c } of the Lorentz Boost Transform.

They are actually part of a single 4D entity: the 4-Momentum P = (E/c,p); with the components: (E), (p)§
dependent on a frame-of-reference, while the overall 4-Vector P is invariant. Likewise with (1), (r)iin the 4-Position R=(ct,r).
SR is 4D Minkowskian; obeys Lorentz/Poincaré Invariance. | CM is 3D Euclidean; obeys Galilean Invariance.
""" : ’ , 212
(E) can intermix with (p) o > : : @ [kg-m?/s?]
via a Lorentz Boost 4-Momentum JeER sy 4-Momentum @ ©)is oy S —7
Transformation [kg-m/s] P=(E/c,p) v[<<c ! P_=(Elc ) O independent of (p)
N B, P : o P only classically 3-momentum
' : p = p—(p"p",")
.Spatla.l Co.mponents et q MlnkOWSkl LorentZ ' EUC|Idean Galllean Spat|a| Components can
intermix via a Lorentz Rotation . . . . . ; < - h .
Transform A" —sR¥ (1+3)D — 4D [TimeSpace] Invariant ; [Time] + 3D [Space] Invariant  intermix via a Galilean (space-only) Rotation
i P ' Transform R [s]
t) can intermix with (r - : _ it :
S/i)a e B oot (" (m] 4-Position Classical limiting-case 4 POSItIOﬂCM o @ (t) is totally (N —
Transformation R=(ct,r) Iv|<<c R_=(ct/Ar) independent of (r) -
A, BV, ! CM only classically 3_-pos|t|on
r=r'—(x,y,z) [m]
SR 4-Tensor SR 4-Vector - V] = v — —
(2,0)-Tensor T*  §(1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar Classical (scalar A 3-vector) TraCS[T” 1= r]uv;rl; =T = TO 3
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, 3D Galilean not Lorentz V-V = ViV = [(V)" - vev] = (Vo)

orentz Scala Invariant = Lorentz Scalar

N\ Invariant
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A-A = (3%’ - a-a) = (a%)?, where (a%) is the rest-value, the value of the temporal coordinate when the spatial coordinate is zero (a=0).
The “rest-values” of several physical properties are all Lorentz scalars.

4-Vector A¥ 4-Vector B*
P = (mc,p) K = (w/c,k) A=(a’,a)=(a’a’',a’a’) o e B=(b°b)=(b°b",b*b°
= 2 =
P-P = (mc) -pp KK = (UJ/C) . . ) _)(aoo,o) {in spatial rest frame} _)(bOan) {in spatial rest frame}
(P-P) and (K-K) are Lorentz Scalars. We can choose a frame that may simplify the expressions. 'R ==
Notation: CRaaS CX) B-B=(b")
Choose a frame in which the spatial component is zero. “o” for rest values { naughts, “(o)bserver value” }
This is known as the “rest-frame” of the 4-Vector. It is not moving spatially. “0” for temporal components { 0" index }
P-P = (mc)? - p-p = (M,C)? K-K = (w/c)? - k'k = (wo/c)? 4-UnitTemporal
The resulting simpler expressions then give the “rest values”, indicated by ( , ). T= (1,8) . 5
RestMass (m,) and RestAngularFrequency (w.) IANE P-P=(m.c)*=(E./c

They are Invariant Lorentz Scalars by construction. 4-Momentum

P=(mc,p)=(E/c,p)

This leads to simple relations between 4-Vectors.
P = (m,)U = (E./c’)U K = (w./c?)U

@ -VeI00|ty

P-U = (m,)U-U = (m,)c? = (Eo) K-U = (Wo/c)U-U = (Wo/cH)C® = (Wo) = @--emme=m- >

And gives nice Scalar Product relations between 4-Vectors as well.

4-WaveVector
P-K = (Mowo) — P = (MsC?wo)K = (Eo//w,)K — P = (const)K K=(w/c, k)=(w/c,wAlv

? ’ phase
This property of SR equations is a very good reason to use the “naught” convention for specifying the difference between
relativistic component values which can vary, like (m), versus Rest Value Invariant Scalars, like (m,), which do not vary.
They are usually related via a Lorentz Factor: { m = ym, ; E = yE; ; w = yw, }, as seen in the relations of P, K, U, and T.

P=(mcp) =(m)U =(mo)y(c,u) = (ymec, ) =(mc,mu) =(mc,p)=(mec)T = (Mmoc)y(1,B) = (mc)(1,B)
P = (E/c,p) = (Ed/c*)U = (Eo/c?)y(c,u) = ( : ) = (Elc, ) = (E/c,p) = (Eo/C)T = (Eo/c)y(1,B) = (E/c)(1,B)
SR 4-Tensor SR 4-Vector V] — Wo— TH —
2,0 -Te Twv = M= SR 4-Scalar Trace["’lJ ] = nuvT = = T
(1 1( )_Tgn:onrs-?urv or T, (S1RO L‘Igg\slc;rc:/or %eéxrr\:\) (0,0)-Tensor S or S, V-V =V, VY = [(V)? - vev] = (Vo)

orentz Scala = Lorentz Scalar
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Relations among just tensors, ex. 4-Vectors and Lorentz 4-Scalars, are Manifestly Invariant, meaning that they are true in all inertial reference frames.
Consider a particle at a SpaceTime (TimeSpace) <Event>/that has properties described by 4-Vectors A and B:

One possible relationship is that the two 4-Vectors are related by a Lorentz 4-Scalar (S): ex. B = (S) A.
How can one determine this? Answer: Make an experiment that empirically measures the tensor invariant [ B-C / A-C ].
If B=(S) Athen B-C = (S) A-C, giving (S)=[B-C/A-C]

. —R. ) : : . 4-Vector w 4-Vector
if C=A, then (S) = [ B-A / A-A ] This basically a standard vector projection. B=(b’,b)=(S)A=(S)(a",a

if C=other, Invariant result mediated by another 4-Vector C, always possible.

Run the experiment many times. If you always get the same result for (S), then it is likely that the relationship is true, and thus invariant.

Example: Measure (Sp) = [ P-U / U-U ] for a given particle type. @ P-P=(m,c)’*=(EJ/c)’
Repeated measurement always give (Sp) = m, 4 Momentum
This makes sense because we know [ P-U ] =y(E - pru)=E,and [U-U] = c? =(mc,p)=(E/c,p)
Thus, 4-Momentum P = (E,/c?)U = (m,)U = (m,)*4-Velocity U

P-U=moc =E, N bl >

&’ hint hintNV\ CP-K=m,t, J

4-WaveVector

4-\elocity
Example: Measure (Sk) = [ K-U / U-U ] for a given particle type. U=y(c,u)
Repeated measurement always give (Sk) = (w./c?)
This makes sense because we know [ K:U ] = y(w - k-u) = w, and [U-U]=¢?
Thus, 4-WaveVector K = (w,/c?)U = (w./c?)*4-Velocity U

K=((;J/c,k)=(u)/c,oo|“1/vphase

Since P and K are both related to U, this would also mean that the
4-Momentum P is related to the 4-WaveVector K in a particular Lorentz Invariant manner for each given particle type... a major hint for later...

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar
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ﬁ vic; B =Bl dimensionless Velocity Beta Factor { B=(0..1); rest at (B=0); speed-of-light (c) at (3=1) }

= 1/\/[1 B = 1[1-BBI: dimensionless Lorentz Relativistic Gamma Factor { y=(1..«); rest at (y=1); speed-of-light (c) at (y==) }
(1+x)" ~ (1 + nx + O[x?]) for { [x] << 1 } Approximation used for SR—Classical limiting-cases
Lorentz Transformation A¥, = 9X*/0X" = 9,[X"]: a relativistic frame-shift, such as a rotation or velocity boost.

It transforms a 4-Vector in the following way: X* = A*, X" : with Einstein summation over the paired indices, and the (‘) indicating an alternate frame.
A typical Lorentz Boost Transformation A*, — BY, for a linear-velocity frame-shift (x,t)-Boost in the X-direction:

SR:Minkowski Metric

Lorentz t x y z t X y z  General Time-Space Boost JR] ="[R]=n"=V"+ H" —
XBOOSERN t [/ By 0 O] Wt [co sinh(w] 0 0] B, ﬁ Diag[+1,-1,-1,-1] = Dlag[1 “lis] = Diag[1, -4
Tr,anSfo!'m x[-By 0 0] & x[-sinh[w] cosh 0 0] (_""B ‘ {in Cartesian form} “Particle Phy5|cs Conven
ABRS v 0 0 0] y[ O 0 1 0] / Nud = 140" : Y = 8,
z[0O 0 0 1] z[ O 0 0 ] Symmetric Mixed 4-Tensor L
SR:Lorentz Transform
A[R"] = ORY/ORY = N\,
H = YH - A NG — AH = SH
Original A'= (a!, a*, a’, a%) {for X-boost Lorentz Transform} iy S 0 )VNj ;\\VGA V=N =0
Boosted A* = (a, a*, @, a*)' = A" AY — B* A" = ( , -yBa' + ya*, &, a?) A T
A"B' = (\A)-(A°:B°) = A-B = A'n B'=(a’’-a'b’ - a’b? - a’b’) = (a°° - a-b) = (a%b") T:[Eﬁ:é]:a{n's:rﬂ}
=AB, =% [a’b]=(a’b,+a'b, +a%b, +a’b,) : SpaceTime
=AB'=%_ [ab]=(ab’+ab’+ab’+ab’) ;. R =9,R" =4
using the Einstein Summation Convention where upper:lower paired-indices are summed over. ir Dimension
d[X] = "[X"] = (& /c,-V)(ct,x) = Diag[ : 1= Diag[1,-1.] = Diag[1, 1=n" Minkowski “Flat” SpaceTime Metric
SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [ i n”v;rl; L 3 To 2
(1,1)-Tensor T or T,* § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = VP, VY = [(VO)2 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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Temporal Causality vs. Spatial Topology
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Time-Like Ordering of... Space-Like Ordering of...
Time-Like Separated @_ike Invariant Interval Time-Like Separated

(cAt)? - Ar-Ar — +(cAt)?

: Invariant = Absolute Temporal Order (A—B—C)
{ ProperTime (t, = t) for | clock at-rest | }
{ Time Dilation (t =yt, = yt) for ...<— moving clock — }
All observers agree on temporal order of time-separated events,
although temporal event separation may be KELINERMIEICT IS

N
Light-Like (Null) Separated ‘ ':C'Z;’)?”aA”rtX‘. Null) Separated ‘

: Relative — Relativity of Stationarity (A«—?—B)
Stationarity: (only if in reference-frame with Same-Place occurrence)
“no motion” for stationary particle/worldline, “motion” in all other frames
Any 2 time-separated events may occur in any spatial order = frame-dependent

: Invariant = Absolute Temporal Order (A—B—C) : Invariant = Absolute Spatial Order (A—B—C)
All observers agree on temporal order of light-separated events, All observers agree on spatial order/topology of light-separated events,
and on the invariant TimeSpace <Event> interval measurement. and on the invariant TimeSpace <Event> interval measurement.
All observers measure invariant LightSpeed (c) in their own frames. All observers measure invariant LightSpeed (c) in their own frames.

Space-Like Invariant Interval
R'AR=(CAt)2 - Ar-Ar — —(lAl' - (co-linear) ‘

"""""""" NP e : Invariant = Absolute Spatial Order (A—B—C) or (C—B—A)
: Relative — Relat|V|ty of Slmultanelty (A(—r)—)B) { ProperLength (Lo) for | ruler at-rest | } by rotation

(“no wait” for simultaneous events, “wait” in all other reference frames)

. Simultaneity: (only if in reference-frame with Same-Time occurrence) { Length Contraction (L = L/y) for ...— moving ruler < }
E temporal order = frame-dependent :

All observers agree on spatial order/topology of space-separated events,
(—) although spatial event separation may be JEiRelgleligROIelslieTei=TeRl.

SR 4-Tensor

(2,0)-Tensor T+
(1,1)-Tensor T*, or T,Y
(0,2)-Tensor T,

SR 4-Vector
(1,0)-Tensor V* =V = (V°,v)
SR 4-CoVector:OneForm
(0,1)-Tensor V, = (Vo,-V)

4-Displacement (between <events>)
AR=AR"=(cAt,Ar)=R2-R1 nite}
dR=dR"=(cdt,dr)

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

{infintesimal}



mailto:SciRealm@aol.com

SR — QM 4-Vector SRQM Interpretation

Physics A SRQM Diagram: of QM

| The Basis of Classical SR Physics
Special Relativity via 4-Vectors ScReaingclcom

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Focus on a few of the main SR Physical 4-Vectors: —— A

4-Displacement BV : <Event> 4-Gradient
AR=(cAtAr) [ERSEIT SRQM Diagram WEEI  9=(9 /c,-V)=dlR,

4-Position —1(6,/¢,-0,,-0,-0))
Note that these main 4-Vectors are all =(d/cat,-9/0x,-0/dy,-0/9z)
R=(ct,r ) ) ’ 2
mathematical functions of the
4-Position R = R":

4-Position

R=R¥=(r")=(r’,r)=(ct,r)=<Event> ® <Event> Location dR=(cdt,dr)
=(r%,r',r2,r¥)—(ct,x,y,2)

4-Velocity

U=U!=dR¥/dt=(u")=(u’,u)=y(c,u) [t ey Vet
,u”)—y(c,ux,uY,u?)

4-Displacement dR = d[R"]
4-Gradient d=00R,: R, =nuR"
4-Velocity U = d/dt[R"] = dR"/dr

4-Gradient
a=aR=a“=a/aRp=(a~)=(a°,ai)=(at /c,-V) A

<Event> Alteration

=(8°,0",8%,8°)—(9, /c,-0,,-0,,-0,)

<Event>

These 4-Vectors give some of the main classical results of Special Relativity, Motion

including 4D SR:Minkowski Space concepts like:

The Minkowski Metric, SpaceTime (TimeSpace) Dimension = 4, Lorentz Transformations,

<Events>, Invariant Interval Measure, Minkowski Diagrams, Light Cone, etc. 4-Velocity
U=vy(c Music is_ to time as
Relativity: Time Dilation (| clock moving |—), ( ) artwork is to space
Invariants: Proper Time ( |clock atrest| ), ( ) 4-Creativity
= ( ; )
Temporal 1D Ordering of:{ (Time-like event separations)=Causality is Absolute , ( )—Simultaneity is Relative }
{ (Time-like event separations)— is Relative , ( )= is Absolute } SR is a theory about the
rglations between
Use of the Lorentz Scalar Product to make Lorentz Invariants, Continuity Equations, etc. ?EE) %ﬁgﬁﬁﬁ;?ﬁ;fg
The Invariant Speed-of-Light (c), Invariant Proper Measurements (Time & ) " “measured”
Invariant SR Wave Equations, via the d’Alembertian (Lorentz Scalar Product of 4-Gradient with itself), leads to a 4-WaveVector K solution.
SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n”VT; T 0 To 2
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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gﬁy;»CSQMA SRQM Diagram: 4-Vector SRQM Interpre;?tiQo,\;l\
s The Basis of Classical SR Physics )
A Tensor Study SpeCiaI RelatiVity Via 4'V9Ctors SciRégm(gé\cl)\ll.iLSoonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
The Basis of most all Classical SR Physics is in the SR Minkowski Metric : - J[R]=0"R'=n" RV A
of “Flat” SpaceTime n* = &[R"] = J[R], which is generated from the 4-Displacement —Diag[1,-1,-1,-1] 9 JR"] 4-Gradient
4-Gradient @ = 8 and 4-Position R = R’ and and determines the AR=(cAt,Ar) - =Diagi1 _,6jkj =9R"/oR"=N\", 9=(0,/c,-V)=0l0R,
invariant measurement interval R‘R = R"n,,R" between <Events>. Minkov&ski Lorentz —>(3t c,-8.-8.,-3.)
Transform B S P 8
This Minkowski Metric n*" provides the relations between the 4-Vectors =(ct.r Metri paceTlme D|m =(dlcaot,-dlox,-0l0y,-0/0z)
of SR: 4-Position R = R*, 4-Gradient @ = ¢", 4-Velocity U = U" Invariant Interval Invariant
R-R=(ct)*-r-r=(ct)? d’Alembertian
The Tensor Invariants of these 4- Vectors give the: _ 2 _ 2 :
Invariant Interval Measures — , from R‘R AR-AR= _(CAt)2 -Ar Ar_ (CAT) ol.. ProperTime Derivative Waal’ea ?qgaé.ovn
Invariant Magnitude LightSpeed (c), from U-U dR-dR=(cdt)*dr-dr=(cdr)Z . 9-9=(9,/c)’-

Invariant d’Alembertian Wave Equation & 4-WaveVector K, from d-9

The relation between 4-Gradient @ and 4-Position R

gives the Dimension of SpaceTime = (4), " Relativity of ™
the Minkowski Metric n®", and the Lorentz Transformations A",. Simultaneity: Stationarity

U-AR = y(c,u)-(cAt,Ar)
The relation between 4-Gradient  and 4-Velocity U = y(c?At - u-Ar) 4-Velocity Flow
gives the invariant ProperTime Derivative d/dt. = c?At, = ¢®At a-uU=0
Rearranging gives the invariant ProperTime Differential dr, SRQM Diagram
which gives relativistic &

4-Velocity

The ProperTime Derivative d/dz: o U=y(c,u) Music is to time as
acting on 4-Position R gives 4-Velocity U =dR/dt artwork is to space

acting on the SpaceTime Dimension Lorentz Scalar

gives the Continuity of 4-Velocity Flow. nvariant Magnitude e 4-Creativity )
The relation between 4- Dlsplacement AR and 4-Velocity U L'Q{?J[Sf(‘;ed SR s a theory about the

gives Relativity of relations between

4D TimeSpace <Events>,

One of the most important properties is the Tensor Invariant ; c i A ie. how their intervals are
Lorentz Scalar Product ( dot = - ), provided by the From here’ eaCh ObJeCt WI” be examlned In turn' Ty “measured”
lowered- index form of the Minkowski Metric n,.

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar

SR 4-Scalar

(1,1)-Tensor T*, or T, | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
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gﬁy;jSQM SRQM Diagram: 4-Vector SRQM Interpre;?tiQo,\;l\
The Basis of Classical SR Physics

o—e
[ | | | | | | S R | 5
ey  A=-PoOsition, 4-Displacement, 4-Differential .. .crz v
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
e 4

— HRV=pH o
4-Displacement _)aD[g]gﬁ R R oR’] 4-Gradient

AR=(cAt,Ar) e =Diag[1 ,-Sjk] =0R"/0R"=A", az(at /Q.V):@/@RM
dR=(cdt,dr) Minkowski Lorentz —(9,/c,-0,-9,-3)
_ Metri o Dra:rr]‘s O VB - (5/c2t -0/0x -013y,-0167)
The 4-Position R = (ct,r) {alt. notation = X} is essentially one of Invariant interval Invariant
the most fundamental 4-Vectors of SR. e S =4=/, : "
It is the SpaceTime location of an <Event>, R-R=(ct)’-rr=(c1)’ d’Alembertian
the basic element of Minkowski SpaceTime: AR-AR=(cAt)*-Ar- A"_(CAT)2 d[.. . . Wave Equation
a time (t) & a place (r) — ( , )= (ct,r) = (") =R. dR-dR=(cdt)’-dr-dr=(cdt)3 - ProperTime Der_lvatlve 9-9=(9,/c)*-V" V.
Technically, the 4-Position is just one of the possible properties of
an <Event>, which may also have a 4-Velocity, 4-Momentum, 4-Spin, etc. P =y(9,+(dx/dt)d, +(dy/dt)d +(dz/dt)d,)
But | write the 4-Position R as “=" to an <Event> since that is its most basic property. = yd/dt = d/dt
The 4-Position R = (ct,r) relates to via the fundamental i ity: Stationari S roperTime Differentia
physical constant (c): the Speed-of-Light = “(c)elerity ; (c)eleritas”, ‘AR = : Continuity o dt =(1/y)dt
which is used to give consistent dimensional units across all SR 4-Vectors. . 4-Velocity Flow =Time Dilatio

o-U=0
The 4-Position is a specific type of 4-Displacement,
for which one of the endpoints is the <Origin>, or 4-Zero Z, or 4-Origin O.

SRQM Diagram

4-Velocity
H U=y(c,u) Music is to time as
=dR/dt artwork is to space

R:—R, Ri—Z 4-Zero Z, 4-Origin O
AR=R;-Ri—>R-Z=R =(0,0%=(0,0)=(0,0,0,0)=(c*now,here)=(0")=<Origin>

As such, any “defined” 4-Position, like the 4-Zero, is Lorentz Invariant (point rotations and boosts), iant M itud 4-Creativity

but not Poincaré Invariant (Lorentz + time & space translations), since translations can move it. nva”_an agnituae = ( ; )
LightSpeed

The more general 4-Displacement and 4-Differential(Displacement) are invariant under both U-U=c’ SRis a theory about the

relations between
4D TimeSpace <Events>,
ie. how their intervals are
“measured”

Lorentz and Poincaré transformations, since neither of their endpoints are “pinned” this way.

The 4-Differential(Displacement) is just the infinitesimal version of the finite 4-Displacement,
and is used in the calculus of SR. U=dR/dt : dR=Udr
4-Position R=R"=(ct,r)=(r")=<Event>

R = JdR = JUdt = Jy(c,u)dt = [(c,u)ydt = [(c,u)dt = (ct,r)
(2,0)-Tensor T*  (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar R = ZAR = TUAt = Zy(c,u)At = X(c,u)yAt = Z(c,u)At = (ct,r)

SR 4-Tensor SR 4-Vector Trace[TuV] = I.]W-I-uv = Tuu =T

= - 0\2 — 0 \2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
orentz Scala = Lorentz Scalar
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gﬁy;»CSQMI , SRQM Diagram: 4-Vector SRQM Interpre;?tiQo,\;l\
The Basis of Classical SR Physics
Invariant Intervals, TimeSpace SciRezim.org

John B. Wilson
ﬁfEﬁ;&L;tz(—j\}/lectors C a u S a I Ity (tl m e) ) L I g h tS pee d ) http://scirggllﬁécfrgs@i?%)ll\'/ﬁgm
—@ A

: 9[RI=3"R'=n" .
4-Displacement AR“ AR=(cAt, Ar) UA‘E—Rz-R1 (cto-cty,ro-r+): {finite} 4-Displacement —>D[ia]g[1 1—r1] -1] R’ 4-Gradient
4-Diff I d i |

AR=(cAt,Ar) : =Diagﬁ 1 =0RV/GR'=/¥, 3=(3,/c,-V)=3I3R,
dR=(cdt,dr) : ki Lorentz
— : Minkowski —(a./c,-d_,-0 ,-0.)
4-Position Metri Transform ~ (lcat ia/axx-a/é -é/az)
The Invariant Interval is the Lorentz Scalar Product of . | ant | I S=(otr ’ | - -
the {4-Position, 4-Displacement, 4-Differential} with itself, .* nvelrlan;[ nt?rva M1=4=/, , L
giving a magnitude-squared, which may be (+/0/-) ' RR=(ct)-rr= =(ct)’ ) ClREm ST
M AR-AR=(cAt)--Ar- Ar—(cAr) 9T .. - Wave Equation
RR= (ctf - rr =(ct)’ =(ctf =-(r) PR dR=(cdt)*-dr-dr=(cdt)Z ProperTlme Der|vat|ve 0-0=(9,/c)*-V-\L
AR-AR = (cAt)’ - Ar-Ar = (cAt,)? = (cAt)? = -(Ar,)? X .
dR-dR = (cdt)® - dr-dr = (cdt,)* = (cdt)’=-(dro)> ===t

time-like interval (+)

light-like:null:photonic interval (O=null) roperTime Differentia
\ dt =(1/y)dt

|Ar/At=c . - i =Time Dilatio

_ The 4D SpaceTime Intervals are Invariant:

future meaning that all observers must agree on their magnitudes,

|

SRQM Diagram

e regardless of differing reference frames. This leads to the idea Absolute/lnvariant:
Space'A“ke interval () of ProperTime (At = At,), which is the time-displacement Causallty is to Time-like event separation as
elsewhere r measured by a clock at-rest, and (Lo = |AX,]|), which Topology is to
) is the space-displacement measured by a ruler at-rest. Relativistic/E: D dent:
This also leads to the various Causality Conditions of SR, and the : : , e allvIStic/~rame-2ependent.
: e : X i nvariant Magnitude Simultaneity is to
concept of the (Minkowski Diagram) Light Cone. The differential form Li as Stationary is to Time-lik ¢ ti
) ! X . |ghtSpeed VAL Ime-like event separation
dR-dR is apparently also still true in the curved spacetime of GR. U-U=c?
past
1y (cAt)? (+) {causal = 1D temporally-ordered, spatially relative}
- AR-AR = [(cAt)? - Ar-Ar] = (0 Light-like:Null:Photonic (0) {causal & topological, maximum signal speed (|Ar/At|=c
< 9
LightCone — -(Ar,)? () {temporally relative, topological = 3D spatially-ordered}
SR 4-Tensor SR 4-Vector T, W= TH —
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar Absolute/Invariant (Ordering of Events) V.VT;a\%a [Tv]v = r[](”\;;l;z - v-.rvij = ;\I’/O F
(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, Causality is temporal Topology : Topology is Causality Moy °
orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

SRQM Diagram:
" The Basis of Classical SR Physics

SciRealm.org

SpaceTime Dimension = 4D = (1+3)D ot

of Physical 4-Vectors

http://scirealm.org/SRQM.pdf

O—@
4-Gradient & ST R 4-Displacement IRI="R'=n" d [R"] 4 Gd' t
= = V)= - i -1 -1 - v -Graadien
9=0/0R,=(9,/c,-V)=(2") paceTime R=(ct,r)=(r")=<Event> AR=(GALAT) B _)EIS%;E11-,51], 1] —ORVIRV=AY, 0= 1oV )odleR,
v} Ve - = i )
B ) R=0'n,,R'=0,R =4 SR dR=(cdt,dr) g SpaceTime iy owski Lorentz —(8./c,-0.,-0.,-.)
Dimension \W\Dimensiong Metri Transform 1/ 170,070y70;

J-R = 4 : The 4-Divergence SpaceTime Dimension Relation

. - . b - N paceTime - =(9lcat,-919x,-91y,-0/dz)
= (9,/c,-V)-(ct,r) Invariant Interval N 0 W= 4= A, Invariant

() - (TN R-R=(ct)’-r-r=(ct)? d’Alembertian

- =[(@,/c)*(ct) - (-V)-(r)] AR-AR=(cAt)*Ar- Ar—(CAt)2 U-a[.] _ g Wave Equation
= (9[t] + V'r) JR-dR=(cdt)’-dr-dr=(cdr)’ St ] ProperTime Derivative 3-9=(3 Ic)-V-V/
= (3[t] +o,Ix] +4,Iy] +9,[z]) dde [ S \ U-d=y(c,u)-(9,/c,-V)=y(d+u-V)
= (9[t])/at +a[x]/ax +a[ylldy +9[z)/oz) > =y(@ +(dx/dt)3x+(dy/dt)3y+(dz/dt)az)
f (1+1+1+1) Freiiii o = yd/dt = d/dt . | .
:‘\It Serval Simultaneity:Stationarity roperTime Differentia

. Derivation: ‘AR = . Contmuity o] dt =(1/y)dt
(@R) = (0"RP) = (9R’) = Nap(0"RP) = Nag(n™®) = g’ = ne” = 8a° - 4-Velocity Flow =Time Dilatio
= (8p”+81'+8,°+85%) = (1+1+1+1) = 4 = = 9-U=0

SRQM Diagram

This Tensor Invariant Lorentz Scalar relation gives the dimension of SpaceTime.

The only way there can more dimensions is if there is another SpaceTime direction 4-Velocity

available. 4-Divergence (&-[ ]) is also used in SR Conservation Laws, ex. (8-J) = 0 : U:jyé(;d:)
All empirical evidence to-date indicates that there are only the 4 known dimensions: & ; -
1 temporal (t): measured in S| units = [s], with (ct): measured in S| units [m] nvaE%T]ttg/I;g;c;tude
3 spatial (x, vy, z) : measured in Sl units = [m] U-U=c?
~~~~ SR : Minkowski
These are the 4 components that appear in: The Tesseract, TimeSpace is 4D
| - |
ASCHIERE®IL measured in Slunits [M] ooy 1D  20(xy) 3D (y2) 4D (ctx,y,2) 4D SpaceTime (1+3)D = 4D
SR 4.T SR 4.Vect point line square cube tesseract
-lensor -vector W] = W = TH =
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar & = 8" = 8,y = Iy = {1 if p=v, else 0} = Diag[1, ] V.VTIa\(;.? [Tv]v B n”vg-z T 1= To 2
(1,1)-Tensor T* or T, § SR 4-CoVector: OneForm (0,0)-Tensor S or S, 4D Kronecker Delta = 4D Identity = Vi, Ve = [(V)7 - vev] = (Vo)
orentz Scala = Lorentz Scalar
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gﬁy;»CSQM SRQM Diag ram: 4-Vector SRQM Interpre;?tiQo,\;l\
> The Basis of Classical SR Physics |
wwwsw  The Minkowski Metric (n"'), Measurement g

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
O . o'— S = RES
4- Gradlent av ﬁ 4-Position RY 4-Displacement = =N 3 [RY] 2 Gd' n
0=0/0R,=(2./c,-V)=(2") R=(ct,r)=(r")=<Event> s i ~1,-1,- v ' -Gradien
= — AR=(cAtAr) ' —Diag[1,-5] | “OR/OR'=N, 9=(0,/c,-V)=dldR,

SR:Minkowski Metric dR=(cdtdr) Minkowski g _Lorentz —(3/c,8,-0,-0)
Transform y

J[R] = &"RY = ™ = V™ + HW R= Metri pabeTlme Dim- =(8/cat,-0/9x,-0/dy,-0/0z)
Diag[1,-1,-1,-1] = Dlag[1 -] = Dlag[1 -] Invariant Interval 0 Invariant

{in Cartesian form} "Particle PhyS|cs Conven R-R=(ct)?-r-r=(ct)? d’Alembertian
{Nu} = 140"} i nyY =6, mm’ AR-AR=(cAt)*-Ar- Ar—(cAt)2 ar.. _ . Wave Equation
dR-dR=(cdt)*dr-dr=(cd)3 yd/dt[..] o . " . 0-9=(9,/c)-V'V.

SR:Temporal Projection {+) SR:Spatial Projection d/de[..

"Vertical" VW =T"T' — "Horizontal" H* = n™-T"T" —
Diag[1,0,0,0] = Diag[1,0"] Diag[0,-1,-1,-1] = Diag[0,-5"] Relativity of _ _ '
\\ roperTime Differentia
(@ MMl 4-UnitTemporal ‘AR = ' : dr =(1/y)dt
(NSl The component representation of =Time Dilatio
4-Vectors and the Minkowski Metric n**
will differ with the chosen basis,

Derivation:
J[R] = ¢"R"
=(0,/c,-V)(ct,r)]

SRQM Diagram

=[g/c*ct, -Vct]
[6/c*r,-Vr ] A=A" (2, ,a’) n"—Diag[1,-1,-1,-1] : Cartesian/Rectangular basis

—( , " T
A=A'—(a'a',a% a®) n*"—Diag[1,-1, ,-1] : Polar/Cylindrical basis (V)e\:/chal
=[at, 0] A=A"—(a'a",a"a") n*'—Diag[1,-1, , ]: Spherical basis ,
0,-Vr , . N4
[ ] Generally, components [n*] = 1/[n,] and n,’ = §,” nvan_ant Magnitude >< Huv
= Diag[+1.-5'] = n* L|ghtSpezed ﬁ PANTn
Alt. Derivation: 8"X’ = N"@,X" = N*(81aX°)X* = NP (8XY/aX°) = n*(5.") = N U-U=c
The SR:Minkowski Metric n* is the fundamental SR (2,0)-Tensor, which shows how intervals are “measured” in SR TimeSpace. . The SR : Minkowski Metric n™ is the
It is itself the low-mass = (Curvature ~ 0) limiting-case of the more general GR metric g*". It can be divided into temporal and parts. Flat SpaceTime” low-curvature limiting-case

The Minkowski Metric can be used to raise/lower indices on other SR tensors, inc. 4-Vectors. The GR Metric is used in strong gravity. of the more general GR Metric g™

SR 4-Tensor SR 4-Vector W] — Wo— TH —
2,0)-T T - M= SR 4-Scalar W= — — — - - N Trace[T ] = nuvT = b= T
(2,0)-Tensor (1,0)-Tensor V" = V = (V°,v) 3 = 8%, =08, = Iy = {1 if u=v, else 0} = Diag[1, | VAV = VeV = [(VO)? - vv] = (V)2

(1,1)-Tensor T or T,' | SR 4-CoVector: OneForm (0,0)-Tensor S or S, 4D Kronecker Delta = 4D Identity
orentz Scala

= Lorentz Scalar
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gﬁy;»chM SRQM Diag ram: 4-Vector SRQM Interpre;?tiQo'\;l\
) The Basis of Classical SR Physics
2 The Lorentz Transform 6,[R"]=0R"/0R'=A", _ owewi

) SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

. O—. o ~.
4-Grad|entvc9“ - 4-Position R* i Beplemernant =0¢"R"=n" 3 [R] 7 Gd' ;
0=0/0R,=(0./c,-V)=(2" R=(ct, ")=<Event> ) i P O v ‘ -Gradien
allatsel . r) N ‘ARo(oatdr) : =Diag[1,-5]  # “ORTR=N Bt 3=(3 /c.-V)=aR,
dR=(cdt,dr ; i Lorentz
I— Tensorial Lorentz Transform A", _Posifi i Minkowski Transform —(9,/¢,-0,,-9,,-,)
{actmg on 4-Vector [ R¥ = A, R ] } e paseTime D =(0lcat,-0lox,-01dy,-0l6z)
a[R"] = (9/0R")[R*] = (9/9R")[\"a R Invariant Interval W = 4 = A Invariant
=Ny = Aan®, = A, R-R=(ct)’-r-r=(ct)? d’Alembertian
AR-AR=(cAt)*-Ar- Ar—(cAr)2 [, 5 - Wave Equation
=| orentz Transform Type dR- dR—(Cdt)Z-dr dr_(Cd‘[,' d/dt roperiime Derivative a:(a /C)Z'V'V
yd/dt[..] 9= . V)= . t
General Lorentz Boost Transform (symmetric,continuous): dlde[.. \ U-d=y(c,u)-(9,/c, V) v(G+u V)
for a linear-velocity time-space-mixing frame-shift (Boost) =y(9,+(dx/dt)d, +(dy/dt)d +(dz/dt)d,)
i =B=(BR" B2 B3)-di ion: \' > B = = =
in the v/c=B=(B",B-,8°)-direction: A\ . B . Relativity of \ yd/dt = d/dt
-vBi Simultaneity: Stationarity roperTime Differentia
B ‘AR = . Continuity o dt =(1/y)dt
i 4-Velocity Flow =Time Dilatio

General Lorentz Rotation Transform (non-symmetric,continuous):
for an angular-displacement spatial-only frame-shift (Rotation)

SRQM Diagram

angle 8 about the A=(n",n? n%-direction: A¥ — R¥ = Lorentz Transform Properties: :
. { b= (AT B : 4-Velocity
| 0; N, = (N, { U=y(c,u)
0I AHGAQV B npv = 6HV =
; o ; AW\ = 4 : SpaceTime Dimension SR:Lorentz Transform
Gengral Lorentz D|§crete Transforms (gymmetnc,dscrete). p/\“ A = P nvariant Magnitude 2[RY] = ORVIGR" = AV
Identity I, Time-Reverse Parity ComboPT N, /M Tl LightSpeed MR ) v
N S =8 A STV N SPY A S (PT) Det[AY] = #1 : (+)=Linearity; (-)=Anti-Linearity U-Usc? AV = (N NS =k, = 8%
~ v . v v i Y ) % N v . v . v . v - /\u /\V = Nes
=D , =D , =D ; =D ; : , v\ ol
fagl! o1 agl ] lagl ] lag| ] **The Trace Invariant of the various Lorentz Transforms
0 0 0 0 leads to very interesting results: CPT Symmetry and Antimatter™* T J={-c0. . +0}
O O 0 O |nvariant Tr[ /\u’v ] — =Lorentz Transform Type
SR 4-Tensor SR 4-Vector -,..,(-4),..,-2,..,(0)

. o ] = W TH —
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (vv) . SR 4-Scalar Trace identifies CPT Symmetry Trace[T™1 =T "= Tu=T "
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, in the Lorentz Transform VV=V rlquv = [(V) - vev] = (Vo)
orentz Scala = Lorentz Scalar
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e SRQM Diagram:

A Tensor Study
of Physical 4-Vectors

The Lorentz transformation can also be derived empirically.

In order to achieve this, it's necessary to write down coordinate transformations 4-Displacement
AR=(cAt,Ar)
dR=(cdt,dr)

that include experimentally testable parameters.
For instance, let there be given a single "preferred” inertial frame (¢, )

in which the speed of light is constant, isotropic, and independent of the velocity
of the source.

It is also assumed that Einstein synchronization

and synchronization by slow clock transport are equivalent

in this frame. Then assume another frame (i, )=(t, )
in relative motion, in which clocks and rods have

the same internal constitution as in the preferred frame.

The following relations, however, are left undefined:

a(v) differences in time measurements,

b(v) differences in measured longitudinal lengths,
d(v) differences in measured transverse lengths,
€(v) depends on the clock synchronization procedure in the moving frame,

then the transformation formula (assumed to be linear) between those frames are given by:

~
Q

(v) (t+g(v)x) Lorentz X

X =b(v) (x = vt) . 4-’P‘O§iti0’n X _ x-Boost t[v -By %)
y =d(v)y R=(ct,r)=(ct' xy',2)= 1 Transform ' 0
zZ=d(v)z (th . YBX!_YBCt W YX,y,Z) P | o (Lo X [ -BY
(yct - yxvic,-yvt + yx,y,2) MBS y[ 0 0
- R z[0O O O

€(v) depends on the synchronization convention and is not determined experimentally,
it obtains the value (-v/c?) by using Einstein synchronization in both frames.

The ratio between b(v) and d(v) is determined by the Michelson—Morley experiment.
The ratio between a(v) and b(v) is determined by the Kennedy—Thorndike experiment.
a(v) alone is determined by the Ives—Stilwell experiment.

In this way, they have been determined with great precision to { a(v) = b(v) =y and d(v) =

which converts the above transformation into the Lorentz transformation.

Invariant Interval
R-R=(ct)?-r-r=(ct)?
AR-AR=(cAt)*-Ar- Ar—(cAr)2
dR-dR=(cdt)*-dr-dr=(cdt)Z

The Basis of Classical SR Physics
The Lorentz Transform 90.[R"]=0R"/0R'=AV",

nvariant Magnitude
LightSpeed

4-Position R

R=(ct,r)=(ct,x,y,z)

1}

J[R]=¢"R"=n"
—Diag[1,-1,-1,-1]
=Diag[1,-6"]
Minkowski

6V[R“']
=0R"/oR"'=/\",
Lorent
Transforzm —16,/¢,-8,,-8,,-3,)
paceTime Dim

Continuity o
4-Velocity Flow

4-Velocity

SR 4-Tensor
(2,0)-Tensor T+

(1,1)-Tensor T*, or T,Y

SR 4-Vector
(1,0)-Tensor V" = V = (V°,v)
SR 4-CoVector: OneForm

SR 4-Scalar
(0,0)-Tensor S or S,

The value of LightSpeed (c) was
empirically measured by Ole Rgmer
to be finite using the timing of
Jovian moon eclipses.

4-Vector SRQM Interpretation
of QM

SciRealm.org
John B. Wilson
SciRealm@aol.com

http://scirealm.org/SRQM.pdf

4-Gradient
9=(0, Ic,-V)=0loR,

=(olcaot,-dlox,-0l0y,-0/0z)
Invariant
d’Alembertian

Wave Equation
9-0=(0,/c)*-V-V.

=y(0,+(dx/dt)d, +(dy/dt)d, +(dz/dt)d,)
= yd/dt = d/dt

roperTime Differentia
dt =(1/y)dt
=Time Dilatio

SRQM Diagram

SR:Lorentz Transform
a,[R"] = aR¥/OR" = AV,
AV = (N AN =ty = &
\'o\'g =

RTINS

Tr[A"]={-0..+ =}
=Lorentz Transform Type

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR —- QM

SRQM Diagram:
" The Basis of Classical SR Physics

of Physical 4-Vectors

4-Vector SRQM Interpretation
of QM

SciRealm.org

TimeSpace Dimension = 4D = (1+3)D SciRsam@a0lcom

http://scirealm.org/SRQM.pdf

OR = T = NP/, = 4 T " A
The SpaceTime Dimension Relations 4-Displacement —Diag[1,-1,-1,-1] IR 4-Gradient
: ; : AR=(cAt,Ar : e e =9R"/OR'=A\", - )=
Tensor Invariants include: {Trace, InnerProduct, Determinant, etc.} dRz(((;dt,dr)) —D_|ag[1,-olf] Lorentz 9=(9,/c,-V)=6loR,
4-Divergence[4-Position] , Trace[Minkowski Metric] , and -Positi i AIREEE Aoy Fayi —1{9,/¢,-0,-0,,-0,)

the InnerProduct[any of the Lorentz Transforms]
give the Dimension of SR SpaceTime = 4D. Invariant Interval

=(olcaot,-dlox,-0l0y,-0/0z)
Invariant

R-R=(ct)?-r-r=(ct)? AR - d’Alembertian
Minkowski Metric 4-Divergence Lorentz Transform QL¥LE (CAt)i-Ar Ar=(cAry? . e T D e Eea o
Trace Invariant  of 4-Position  Inner Prod Invariant * GeelSCRYRGIEEl(Eel)¥ vdtr.) Sy, a=y(cpu)-( 8,16,V )=1(8+u-V) 0-9=(5,/c)-V'V,
MV = ’ ’
PRl oR Mu/\'al\'p = Moo didiL =y(8:+(dx/dt)a +(dy/dt)a +(dz/dt),)
= T W% = aP.RV aB /\H /\V = aB ¥ X Yy y z
rin*] NN/ \a/A g = MNapl = yd/dt = d/dt
= nuln®] = "R’ NBAYNwA's = Nap®® ¥ Relativity of — "
= n“p = nuvaiRv (nGBApa)(nuvAVB) = nuBnaB ?lmultanelty:Statlonarlty Contmuity . roperd:rn?wyl)d?rentla
=S H = W ug = ap = (A7 -
=% pL A" Np = Negh* = TrN"] 4-Velocity Flow =Time Dilatio
= (1+1+1+1) = Tr[n"™] NBAg=4 \ 9-U=0
=4 =4 =4 Minkowski

Trace Invariant

General Tensor
Trace Invariant
Tr[T”"]=TvV=(T0°+T1 ! +T22+T33) -
=(T®-T"-T2-T%)=T Conservation:Non-Divergence

4-Velocity
1 U=v(c,u)
=dR/dt

of Minkowksi Metric nvariant Magnitude
4-Tensor [+1 0.0 O] o-n™ LightSpeed
MV — 700 701 02 103 U O~ r] —A~2
™ = [| ,T ,T ,T ] [0 1.0 0] — ao_npv U-U=c
[T10 T'1i T12 T13] ’ L] e w . "
20 121 122 723 V,- = 9°NouN = 9°NoyN
[T 1T ’T 7T ] _ = a MV = 80 \
30 T31 T32 33 un Na
[T !T ’T 1T“ = 6060"
=0 =0

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar

-Tensor T, or T,V § SR 4- r: F 0,0)-Tensor S or S
) v u r

( ) CoVecto One orm ( ) ) o
orentz Scala

SRQM Diagram

SR : Minkowski
TimeSpace is 4D

(1+3)D =4D

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

SRQM Diagram:
= The Basis of Classical SR Physics
Lorentz Scalar (Dot) Product (n. = -) scream@ad con

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The Tensor Invariant Lorentz Scalar Product (LSP) is the SR 4D (Dot=-) Product. , J[R]=0"R"=n" 3 [R] A
It is used to make Invariant Lorentz Scalars from two 4-Vectors. 4-Displacement —Diag[1,-1,-1,-1] v ‘ 4-Gradient
A‘B = A*B' = A'n,,B' = AB' = A'B, = (a°b° - a-b) = (a%b’%) AR=(cAt,Ar) - =Diag][1 ’_Sjk] =0R"/0R"=A¥, a=(3t/C,-V)=3/aRp
AA = AAY = A, AT = AA' = VA, = (a%° - a-a) = (a%) dR=(cdt,dr) ! Minkowski Lo —(8,/c,-0,,-,,-3)
= Transform PN
Metri = - - -
. _ paceTime - (B/cat,-019x,-01dy,-916z)
—Di =4 == M i .
=4=
>Diag[+1,-1,-1,-1]; cartesian basis} Invariant Interval . = A, Invariant
with &, and &, as basis vectors R-R=(ct)?-rr=(ct)? Y ' d’Alembertian
A = A8, — A" (Cartesian basis } AR-AR=(cAtY-Ar-Ar=(c At)z S 3 Time Derivati Wave Equation
—(~F\2 _ roperTime Derivative 9= 2.\
(nw ) is itself just the lowered-index form of the dR-dR=(cdt)*-dr-dr=(cdr)g yd/dt[..] \ U-a:y(cpu)-(a Ie,-V)=y(8+u-V) 0-6=(6,/c)"-V"\,
SR Minkowski Metric ( n* ), with individual components d/dr[.. ’ L !

=y(2:+(dx/dt)d, +(dy/dt)a,+(dz/d1)3,)

. = yd/dt = d/dt
The LSP is used in just about every relation between any two interesting 4-Vectors. _ Relé,'t”_/’ty of ™ > Time Diff i
It also gives the Invariant Magnitude of a single 4-Vector. If the 4-Vector is temporal, ST RO IS EUEE Ty w— roper 'ime Liitrerentia
then the spatial component can be set to zero, giving the rest-frame invariant value, Contln.UIty © 0_“ _(1/}')d_t
or the (o)bserver rest value (“naught” = ,). : 4-Velocity Flow =Time Dilatio

[Nuw]=1/n*], else 0. In Cartesian basis, this gives { N, = N" % cartesian}-

SRQM Diagram
4-Momentum
P=(mc, p)‘(E/C p)

4-Velocity
U=y(c,u nvariant Magnitude
L) LightSpeed
U-U=c®

4—WaveVector
K=(w/ck)=(w/c,walv_ a® or a,: (0)" = temporal component (can relativistically vary)
a,. (0)bserver’s rest-frame “naught” Invariant value (does not vary)

SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar Trace[T*] = H i

= - 0\2 — 0 \2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

ey SRQM Diagram:
The Basis of Classical SR Physics .
s, 4=Velocity U, SpaceTime <Event> Motion  ..ire.ien

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Velocity U=y(c,u)=(yc,yu)=(U-0)R=y(3+u-V)R=(d/dt)R= A
=dR/dr=(dt/dt)(dR/dt)=(dt/dr)(dR/dt)=y(dR/dt)=y(ct, #)=y(c,u)=U" 4-Displacement o[R]=0"R"=n" a[R"]

_ —Diag[1,-1,-1,-1] Y ey 4-Gradient
4-Velocity U is the ProperTime Derivative (d/dt) AR:(CALA") . =Diag[1,-5"] =0RY/OR"=N", 9=(3,/c,-V)=aleR,
of the 4-Position R or of the 4-Displacement AR. dR=(cdt,dr) . Minkowski T'—°ref”tz —(3,/c,-0,-0,,-0)

& Metri ransform _ . ok, s

It is the SR 4-Vector that describes i = paceTime D|m (o/cat,-a/ox, _a/ 9y,-0loz)
the motion of through SpaceTime. Invarlan;[ Interval 0 M=4=NA\, Invariant
(a) For an un-accelerated observer, the 4-Velocity U AR AT?R(_(XBZ AT'XH)( A )2 V?/ Alenébertltgn
is a constant along the WorldLine at all points. CAL)"-Ar-Ar=(CAt a[.. ' . ave e£quation
(b) For an accelerated observer, dR-dR=(cdt)*-dr-dr=(cdt)Z yd/dt[..] AR DENEN 0-0=(0,/c)*-V-\,

\ U-d=y(c,u)-(9,/c,-V)=y(d+u-V)
=y(0,+(dx/dt)d, +(dy/dt)d, +(dz/dt)d,)
= yd/dt = d/dt

the 4-Velocity U is still tangent to the WorldLine at each point, d/dt[..
but changes direction as the WorldLine bends thru SpaceTime.

The 4-UnitTemporal T & 4-Velocity U are unlike most of the other SR 4-Vectors. SR @)

J Simultaneity: Stationarity N roperTime Differentia
They have 3 independent components, whereas the others usually have 4. AR = ] Continuity o dr =(1/y)dt
This is due to the constraints placed by the LSP Tensor Invariants. T-T = +1 & : 4-Velocity Flow =Time Dilatio
U-U = c? have constant magnitudes, giving the Speed-of-Light (c) in SpaceTime. - = a-U=0

A =U’ =R”is normal

Components: S NN A
3 independent + 0 independent — 3 independent + 1 independent = 4 independent _to_V\{otId 1
4-UnitTemporal (e 4-Velocity 4-Momentum | 4-Velocity g ‘ (A is Spatial}
T=y(1,6) U=y(c,u) P=(mc,p)=(Elc,p)=m. e i (UA = 0)c:U LA

P-P=(m.c)’=(E./c)’
P = m,U = (E./c?)U

nvariant Magnitude U=Ris gy

They also usually have the Relativistic Gamma factor (y) exposed The tegﬁgﬁ'ﬁg?ﬁgﬁgts give LightSpeed Ltjoi:v'IE:;rrlglp;g:':l)
in component form, whereas most of the other temporal 4-Vectors have it U-U=c®
absorbed into the Lorentz 4-Scalar factor that goes into their components. The spatial components give SRQM Di WorldLine
4-UnitTemporal T = T% = y(1,7) = (1,7B) = Ulc lagram B o |
4-Velocity U = U® =y(c,u) = (yc,yu) = cT s 0
4-Momentum P = P® = (mc,p) = moU = ymo(c,u) = m(c,u) = (mc,u) = (E/c,0) | E, & m,: Invariant Lorentz Scalars
SR 4-Tensor SR 4-Vector V] = v — —

(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar — Tiacf [T i n”VT; T 0 To 2

(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, Relativistic Gamma y = 1N[1-B-B 1, B = u/c V-V = Vi V= [(V)7 - vev] = (V)

orentz Scala = Lorentz Scalar
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hyee SRQM Diagram:

The Basis of Classical SR Physics
4-Velocity |[Magnitude| = Invariant Speed-of-Light (c)

A Tensor Study
of Physical 4-Vectors

4-Velocity U=y(c,u)=(yc,yu)=(U-0)R=y(3+u-V)R=(d/dt)R= oO—@

JRI=9R'=n"

=dR/dt=(dt/dt)(dR/dt)=(dt/dt)(dR/dt)=y(dR/dt)=y(ct,i)=y(c,u)=U"
The Lorentz Scalar Product of the 4-Velocity leads to the Invariant [Magnitude|
Speed-of-Light (c), one the main fundamental SR physical constants of physics.

4-Displacement
AR=(cAt,Ar)

=Di LS
dR=(cdt,dr) Diag[1,-6"]

Minkowski
Metri

Alt Derivation?:
u-u u-u

= y(c,u)y(c,u) = ¥¥(c? - u-u) = dR/dr-dR/dt
=[1/(1 - B-B)I(C? - u-u) = [1/(1 - B-B)Ic*(1 - B-B)| = (dR-dR)/(dr)?

Invariant Interval °
U : , : - R-R=(ct)’-r-r=(ct)?
= ¢% Invariant [Magnitude| Speed-of-Light (c (cdry/(dry
[Magnitude] Sp oht(c) | Z° AR-AR=(cAt)-Ar-Ar=(cAt)?
(c) is the unique maximum speed of SR causality, dR-dR=(cdt)*-dr-dr=(cdt)Z
which all massless particles (RestMass m,=0), ex. the photon,

travel at temporally & spatially. Massive particles can travel at (c) only temporally.

P = (E/c,p) = (Eo/c®)U = (Eo/c?)y(c,u) = (Elc,

P-P = (m.c)? = (E/c)’ - p-p = (E/c)? - (E/c)*(u-u/c?) = (E/c)’[1-B?

From this eqn:

(IB|=1) < (Jul]=c) « (m,=0): Massless objects always spatially-move at speed (c)

This fundamental constant Lorentz Invariant (c) provides an extra constraint on the
components of 4-Velocity U, making it have only 3 independent components (u).
This allows one to make new 4-Vectors related to 4-Velocity
4-Velocity by multiplying by other Lorentz Scalars.

1 U=y(c,u
(Lorentz Scalar)*(4-Velocity) = (New 4-Vector) P'P=(moC)2=(Eo/C § :dyé/dr)

Components: 3 independent @ .
P = (E/c,p) = (Ec")U 4-Velocity P=(mc,p)=(E/c,p) /

—, +1 independent = 4 independent R
U=y(c,u)

4-WaveVector
@ K=(wl/c, k)=(w/c,our“1/vphase

LightSpeed

K = (w/c,k) = (wl/c?)U U-U=c?

The newly made 4-Vectors thus have
{3 + 1 =41} independent components.

SR 4-Vector
(1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
orentz Scala

o KK=(wo/C) g

SR 4-Tensor
(2,0)-Tensor T+

Relativistic Gammay=1~[1-B-B ], B = ulc

—Diag,-1,- 1,11/ oarvc pr

Lorentz 9 a9
Transform ~{6/¢,-6,-6,9,)

paceTime Dim
W =4 = Ay AR Invariant

ProperTime Derivative

4-Velocity Flow
2-U=0

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

A

4-Gradient
9=(0, Ic,-V)=0loR,

3 [R"]

=(0lcat,-0lox,-01dy,-0l6z)

d’Alembertian
Wave Equation

3-9=(8,/c)-V'V/

roperTime Differentia
dt =(1/y)dt
=Time Dilatio

SRQM Diagram

An interesting thing to note is that all
move at the Speed-of-Light
(c) in 4D SpaceTime. Massive at-rest
particles simply travel at (c) temporally
as U, = (c,0), while massless photons
move at (c) spatially also (in vacuum)
as U, ~ (c,ci). Magnitude V[U-U] = (c)

If (c) was not a constant, but varied somehow, then all 4-Vectors made from the
4-Velocity would have more than 4 independent components, which is not observed.
It seems a strong, compelling argument against variable light-speed theories.

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR —- QM
Physics

A Tensor Study
of Physical 4-Vectors

SRQM Diagram:

The Basis of Classical SR Physics
Relativity of Simultaneity:Time-Delay

(Simultaneity <~ Same-Time Occurrence — At=0)
(Time-Delay — Different-Time Occurrence — At#0)

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

O—@

Relativity of Simultaneity: Time-Delay
U-AX = y(c,u)-(cAt,Ax) = y(c?At - u-Ax)
= c?At, = ¢?At

If Lorentz Scalar (U-AX = 0 = ¢?Ar),

then the ProperTime displacement (Ar) is zero,

and the s separation (AX = X, - X,) is orthogonal
to the worldline at U.

‘s X, and X, are therefore simultaneous (At = 0)
for the observer on this worldline at U.

Examining the equation we get y(c?At - u-Ax) = 0
The coordinate time difference between the events is (At = u-Ax/c?)
The condition for simultaneity in an alternate reference frame
(moving at 3-velocity u wrt. the worldline U) is At = 0,

O[R]=¢"R"=n""
—Diag[1,-1,-1,-1]
=Diag[1,-6"]
Minkowski

4-Displacement
AR=(cAt,Ar)
dR=(cdt,dr)
4-Position
R=(ct,r)
Invariant Interval
R-R=(ct)?-r-r=(ct)?

J0-R=4
SpaceTime
Dimension

AR-AR=(cAt)*-Ar- Ar—(cAr)2
dR-dR=(cdt)*-dr-dr=(cdt)Z

U-9=y(c,u)(9,/c

3R]
=9R"/o0R'=/\"
Lorentz
Transform

Metri
paceTlme D|m

ProperTime Derivative

-V)=y

4-Gradient
9=(9,/c,-V)=0loR,
—(9, /c,-ax,-ay,-az)
=(d/cat,-0l0x,-0ldy,-dldz)
Invariant
d’Alembertian
Wave Equation

V) Nl Vet

=y(0,+(dx/dt)d, +(dy/dt)d, +(dz/dt)d,)
= yd/dt = d/dt

¥U-AR = (c u) (cAt Ar)
= y(c?At - u-Ar)

Continuity of

which implies (u-Ax) = 0. Rest-Frame Lorentz J
( ) ProperTime Boost-Frame *<$S c?At, = ¢?At pe a-u=0
This condition can be met by: t=¢r t  TE=-a--

(lu] = 0), the alternate observer is not moving wrt. the events,
i.e. is on worldline U or on a worldline parallel to U.

(|Ax| = 0), the events are at the same spatial location (co-local).
(u-Ax = 0 =|u||Ax|cos[6]), the alternate observer's motion is
perpendicular (orthogonal, 8=90°) to the spatial separation Ax
of the events in that frame. AP =0

» ) Simultaneous in {t'’,x’}
If none of these conditions is met,

| 4-Velocity
1 U=y(c,u)
=dR/dt

U

nvariant Magnitude

4-Velocity Flow

ProperTime Differentia
dr =(1/y)dt
=Time Dilation

SRQM Diagram

Z

Realizing that Simultaneity (no-delay)
is not an invariant concept was a
breakthrough that lead Einstein to
Special Relativity (SR).

.
O"
.
.
.
8

LightSpeed
U-U=c?

Temporal Ordering:

then the events will not be simultaneous At#0
in the alternate reference-frame. Not Simultaneous in {t,x}
Time-Delay

This can be shown on a Minkowski Diagram.

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V* =V = (V°,v)
SR 4-CoVector:OneForm

(0,1)-Tensor V, = (Vo,-V)

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

(1,1)-Tensor T", or T,
(0,2)-Tensor Ty,

Simultaneity (=same time occurrence) is Relative
Separated Events:

Can appear in any temporal order,

depending on one’s reference frame. (Boost)

Causality is Absolute — Invariant Proper Time
Time-like Separated Events:

All observers agree on 1D causal ordering.
Causality is an invariant concept.

Stationarity (=same place occurrence) is Relative

Time-like Separated Events:
Can appear in any spatial order,
depending on one’s reference frame. (Boost) -

Topology is Absolute — Invariant Proper Length
Separated Events:

All observers agree on topology=3D spatial ordering.

Topology/topological-extension is an invariant concept.
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SR - QM

4-Vector SRQM Interpretation
Physics

of QM

SRQM Diagram:
The Basis of Classmal SR Physics
Relativity of
(Stationarity — Same-Place Occurrence — Ax=0)

SciRealm.org
John B. Wilson
SciRealm@aol.com

A Tensor Study

of Physical 4-Vectors

(Space-Motion — Different-Place Occurrence <« Ax#0) ntpiscr

Cg v V—
Relativity of : 4-Displacement o[R]=0"R"=n"
U-AX = y(c,u)-(cAt,Ax) = y(c?At - u-Ax) AR=(cAt,Ar) oR=4 § —Diagl-1-1.-1]
= c?At, = ¢?At dR=(cdt,dr) SpaceTime _I\I/Dlilr?lggl\;;ii]
4-Position Dimension
Let ‘s X, and X, be local (Ax’ = 0) R=(ct,r)

for the observer on worldline at U. Invariant Interval

R-R=(ct)?-r-r=(ct)?
AR-AR=(cAt)*-Ar- Ar—(cAr)2
dR-dR=(cdt)*-dr-dr=(cdt)Z

This has equation (U-AX) = y(c?At - u-Ax) = y’(c?At’ - u-Ax’).

To be stationary/motionless in the Rest-Frame is Ax’ = 0.

This gives:

v(c?At - u-Ax) = y’(c?At)

To be stationary/motionless in the Boosted Frame is Ax = 0. HU-AR = (C u) (CAt Ar)
- 2

Rest-Frame Lorentz = V(g At - uzAr)

ProperTime Boost-Frame *~SaloRAISCNowAY#>

t=t t e

v(C?At) = y’(C?At)
Y(At) = y’(At)
There are combinations of the Relativistic Gamma factor

determined by boosts which allow for this, but many more
which do not...

| 4-Velocity
1 U=y(c,u)
=dR/dt

U

If this condition is not met,
then the events will not be stationary

in the alternate reference-frame. e =1

Stationary in {t’,x’}
U-U=c®

Metri
paceTlme D|m

ProperTime Derivative

U-9=y(c,u)-(3,/c,-V)=y

=y(9,+(dx/dt)d, +(dy/dt)d +(dz/dt)d,)
= yd/dt = d/dt

Continuity of
4-Velocity Flow
2-U=0

nvariant Magnitude
LightSpeed

3R]
=9R"/o0R'=/\"
Lorentz
Transform

4-Gradient
9=(9,/c,-V)=0loR,
—(9, /c,-ax,-ay,-az)
=(d/cat,-0l0x,-0ldy,-dldz)

Invariant
d’Alembertian
Wave Equation

V) Nl Vet

ProperTime Differentia
dr =(1/y)dt
=Time Dilation

SRQM Diagram

Z

ealm.org/SRQM.pdf

Realizing that Stationarity (no-motion)
is not an invariant concept leads to a
duality of Time and Space, via SR
Lorentz TimeSpace Boosts.

This can be shown on a Minkowski Diagram. AX # 0

Not Stationary in {t,x}
Space-Motion

Temporal Ordering:

Simultaneity (=same time occurrence) is Relative
Separated Events:
X Can appear in any temporal order,

depending on one’s reference frame. (Boost)

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V* =V = (V°,v)

Causality is Absolute — Invariant Proper Time
Time-like Separated Events:

All observers agree on 1D causal ordering.
Causality is an invariant concept.

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

(1,1)-Tensor T", or T,
(0,2)-Tensor Ty,

SR 4-CoVector:OneForm
(0,1)-Tensor V, = (Vo,-V)

Stationarity (=same place occurrence) is Relative

Time-like Separated Events:
Can appear in any spatial order,
depending on one’s reference frame. (Boost)

Topology is Absolute — Invariant Proper Length
Separated Events:

All observers agree on topology=3D spatial ordering.

Topology/topological-extension is an invariant concept.
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SR — QM 4-Vector SRQM Interpretation

SRQM Diagram:
The Basis of Classical SR Physics
The ProperTime Derivative (d/dt) ScResingalcon

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

3[R]=9"R'=n" 3RV 4

4-Displacement —Diag[1,-1,-1,-1] Ry eeClaalem
AR=(cAt Ar) : “Ding1,5 B =ORYIER=NY, 3=(3,/c,-V)=0laR,
dR=(Cdt,qr) el Lorentz —(8,/c,-8.,-0.,-3.)
Metri Transform ! Xy oz

R= bac eT| =5 D|m =(d/cat,-0/0x,-0/0y,-0/0z)
Invariant Interval @ Invariant

4-Velocity U" 4-Gradient ¢"
U=dR/dt=y(c,u)=(u") 9=0/0R,=(9,/c,-V)=(2")

ProperTime Derivative
U-9=y(c,u)(d,/c,-V)=y(d+u-V)
=y(9+(dx/dt)o, +(dy/dt)d +(dz/dt)d,)

N Y e
cAty-Ar-Ar=(c ) A
The derivation shows that the ProperTime Derivative dR-dR=(cdt)’-dr- dl"(CdTT yd/dt [._-_] U2 ProperTgn;e I%erlvaatlxlej v -0=(3,/c)*-V-V.
(d/dr) is an Invariant Lorentz Scalar. Therefore, all d/dr[.. \ =y(c,u)(9,/c,-V)=v(

observers must agree on its magnitude, regardless of QUCA +(dxldt)3 +(dy/dt)6 +(dz/dt)a,

their frame-of-reference. (d/dt) is used to derive some Relativity of

of the physical 4-Vectors: 4-Velocity, 4-Acceleration, Simultaneity:Stationarity \ // T T ProperTime Differentia
4-Force, 4-Torque, etc. AR = : inui dt =(1/y)dt
P o --=m A o ---—- . - i =Time Dilatio
4-Position 4-Velocity N 4-Acceleration U=
R=(ct,r) U=y(c,u) A=y(cy',y'utya)

4-Velocity

=y(c,u)
=dR/dt

4-Torque . ) The ProperTime Derivative can be used to
T8 UVENEINQERRIOEY make new tensors from existing tensors, as it
SFB_RPFS =R A F LightSpeed is taking the derivative of an existing
U-U=c? | tensor by a Lorentz Scalar: the ProperTime .
=d/dt [M*]

0 -cr
+cn'

f=f[tx,y.z]

4-Tensor P 4-Tensor df = dt(@f/zar) + dx(&ax) + dy(¥ay) + dz(¥/az)

Anti-symmetric

df/dt = (&) + dx/dt (/ax) + dy/dt (f/ay) + dz/dt (3/a7)
SR 4-Tensor SR 4-Vector df/dt = (&) + ux(@ax) + uy(fay) + u(9az)
(2,0)-Tensor T (1,0)-Tensor V* = V = (V°,v) SR 4-Scalar df/dt = (/et) + u-Vf

(1,1)-Tensor T, or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, Relativistic Gammay = 1A\[ 1- BB ], B = ulc _
orentz Scala d/dt = (9/at) + u-V
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Physics. SRQM Diagram: e e o
The Basis of Classical SR Physics
ProperTime Derivative in SR: SciRezim.org

John B. Wilson
A Tensor Study SciRealm@aol.com
of Physlcal 4 Vectors 4-Tensors, 4-Vectors, and 4-Scalars tpiiscireaim org/SROM et
The ProperTime Derivative , J[R]=0"R"=n" 3 [RY] A
U-3 =y(c, 1) (8, /c, )=y(d+u-V) = yd/dt = d/dr 4-Displacement —Diag[1,-1,-1,-1] v . 4-Gradient
_ o AR=(cAt,Ar) E =Diag[1,-5'] =0R"/oR"=N\", 0=(8,/c,-V)=0loR,
4-Vectors & 4-Tensors (acted on by ProperTime Derivative): dR=(cdt,dr) Mink ovx;ski Lorentz —(8./c,-0.,-0,,-0.)
4-Position R = ) -Positi [ Metri Transform . ‘a/’a X’alé’ :9/8
4-Velocity U = dR/dr *----> = paceTime Dim- =\0/Cot,-0/0x,:0/0y,-6/0z)
4-Acceleration A=dU/dt @ - = - - P Invariant Interval W =4 = A, Invariant
RR=(cty-rr=(ct)’  \\u d’Alembertian
4-MomentumP=m,U @----- » AR-AR=(cAt)*-Ar- Ar—(CAt)2 E0ar e 5 S — Wave Equation
4-Force F = dP/d . dR-dR=(cdt)*-dr-dr=(cd roperTime Derivative 9-9=(9,/c)*-V-V.
‘ @ — ». (cdt (cdog - \ U-9=y(c,u)(d,/c,-V)=y(8+u-V) 40)
4-AngularMomentum M® = R A P = R°PF-RFP® 2 i > = =y(9,+(dx/dt)d +(dy/dt)d, +(dz/dt)a,)

4-Torque T® = R A F = R°F*-RPF* = dM**/dt = yd/dt = d/dt

roperTime Differentia
Continuity o dt =(1/y)dt
4-Velocity Flow =Time Dilatio

As one can see from the list, the ProperTime Derivative gives the tensors

that are the change in status of the tensor that ProperTime Derivative acts

on. It can also act on Scalar Values to give deep SR results.

A =U’=R”is normal
to WorldLine

0-R = 4: SpaceTime Dimension is 4
d/dt(9-R) = d/d(4) = 0 4-Velocity A (Ais Spatial)
d/dt(a:R) = d/dt[d]'R + o-U = 0 '

| U__ (&) < (U-A = 0)oU-L A

é:U = 0: Conservation of the SR 4-Velocity Flow

U =R’ is tangent
to WorldLine
U is Temporal)

nvariant Magnitude
LightSpeed
U-U=c®

U-U = ¢ Tensor Invariant of 4-Velocity 4-Accelerati
d/dt[U-U] = d/dt[c?] = v coe eraton
d/dtU-U] = d/de[U]-U + U-d/deU] = 2(U-A) =0 el - =y(cy.yutya)
U-A = U-U’ = 0: The 4-Velocity U is SpaceTime
orthogonal (1) to it's own 4-Acceleration A=U’

WorldLine
SRQM Diagram

R moves along

Worldline
SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n”VT; T 0 To 2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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SR —- QM
Physics

SRQM Diagram: 4-Vector SRQM Interpreot]?tiQo,\;l\
The Basis of Classical SR Physics

-
ProperTime Differential (dt) — SciReaimorg
A John B. Wilson
A Tensor Study & SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
o—@
There are several ways to derive Time Dilation. . J[R]=¢"R"=n" 9 IR A
4-Displacement ; v[ ] 4-Gradient
The ProperTime Derivative AR=(cAt A . —Diag[1,-1,-1-1] § _ e radien
=(cAt A =Diag[1,-5] || =ORIR=N'\ W a=(3/c.-V)=alcR,

U-3 =y(c, ) =y(3+u'V) = yd/dt = d/d _
V(L) (@/eVFEr V) =y 2 islediol) Minkowski Lorentz —(9,/c,-3,,-0,-3.)
Metri ranstorm

R= =(lcat,-010x,-01dy,-0/6z
ProperTime Differential (Lorentz 4-Scalar): dt =(1/y)dt , paceTime D|m ( - Y )
Invariant Interval W =4 = A, Invariant
dR-dR= cdr) CB @ R-R=(ct)*r-r=(ct)’ d’Alembertian
(cd) AR-AR=(cAt)*-Ar- Ar—(cAr) . Wave Equation
-3=(3,/c)>-V-

4-Differential 4-Velocity dR-dR=(cdt)>-dr-dr=(cdt)2 . ProperTime Derivative
dR=(cdt,dr) @ U=y(c,u)=dR/dt ’fj%‘f[["] 2 Ua=y(c,u)(9,/c,-V)=y(9+u-V)

Take the temporal component of the 4-Vector relation. : =y(9,+(dx/dt)o, +(dy/dt)9, +(dz/dt)d,)

dt = ydr = vdt SRQM Diagram o - Cgar 0 ANTRS
Y Ydb Relativity of )

At = yAc = yAL - Simultaneity:Stationarity

The coordinate time At measured by an observer is
“dilated”, compared to the ProperTime as measured by a
clock moving with the object. This has the effect that
moving objects appear to age more slowly than at-rest

objects. The effect is reciprocal as well. Since velocity is [ 4-Velocity
relative, each observer will see the other as ageing more e H U=y(c,u)
slowly, similarly to the effect that each will appear smaller - | =dR/dt
to the other when seen at a distance. ]

| = ] nvariant Magnitude
Now multiply both sides by the moving-frame speed v=|v| [ - LightSpezed

¥ oy U-U=c
vAt = distance L, the moving clock travels wrt. frame, [ [~
which is a proper (fixed-to-frame) displacement length. : : Red and Blue lengths equal in the moving
Lo=vyL s = — — frame, ruler moves with it; blue appears

L=(1/y)L,: {in v direction} - ' contracted in the ProperTime frame

SR 4-Tensor SR 4-Vector PR
(2,0)-Tensor T (1,0)-Tensor V" = V = (V°,v) SR 4-Scalar Relativity. ( ) ( )

(1,1)-Tensor T* or T, § SR 4-CoVector: OneForm (0,0)-Tensor S or S, MMUNVENENTEH ( ) ( )
orentz Scala
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SR —- QM
Physics

SRQM Diagram:
The Basis of Classical SR Physics

4-Vector SRQM Interpretation

of QM

SciRealm.org

A Tensor Study 4-G rad ient a, SR 4'V6Ctor Fu nCtion : Ope rator SciRégm(gé\cl)\ll.iLSoonq

of Physical 4-Vectors

J[R]=¢"R'=n"
—Diag[1,-1,-1,-1]
=Diag[1,-6"]

Minkowski Lorentz
Metri Transform

paceTime Dim
W1 =4= “ uv

ProperTime Derivative

4-Gradient
0=0"=0/dR,=(d")=(9, /c,-V)

Gradient One-Form
0,=0l6R"=(9,)=(0,/c,*+V)

3 [R]
=0RV/oR"=/",

4-Displacement
AR=(cAt,Ar)
dR=(cdt,dr)

—(9,/c,-9,-0,9,)
=(3lcdt, -91dx, -91dy, -919z)

—(9,/6,9,,9,,0.)
=(3lcdt, dlox, dldy, 8l9z)

The 4-Gradient (3")=(d /c,-V)=(n"'d,) is the index-raised version
of the SR Gradient One-Form (9,)=(2./c,V).
It is the 4D version of the partial derivative function of calculus,

one partial for each dimensional direction, just as the Del (V)
is the 3D version of the partial derivative function.

Invariant Interval
R-R=(ct)?r-r=(ct)?
AR-AR=(cAt)*-Ar-Ar=(cAt)
dR-dR=(cdt)*-dr-dr=(cdt)Z

The 4-Gradient is a 4-Vector function that can act on other
4-Scalars, 4-Vectors, or 4-Tensors. The 4-Gradient tells how
things change wrt. ( , )=4D (TimeSpace).

It is instrumental in creating the ProperTime Derivative

U-0 = yd/dt = d/dr.

= yd/dt = d/dt

Continuity o
4-Velocity Flow

The 4-Gradient plays a major role in advanced a-U=0

physics, showing how SR waves are formed,
creating the Hamilton-Jacobi equations, the
Euler-Lagrange equations, Conservation
Equations (0-[..]=0), Maxwell's Equations, 4-Gradient
the Lorenz Gauge, the d’Alembertian, etc. 3=(3,/c,-V)
It gives the Dimension of SpaceTime, the ¢
Minkowski Metric,and the Lorentz Transformations. [-]

4-TotalMomentum
P.=(E,/c,p;)=(H/c,p,

4-Velocity
1 U=r(c.u)
=dR/dt

= 'a[Saction]

nvariant Magnitude
LightSpeed
U-U=c’

acting on
Lorentz
Scalar

argument

In QM, it provides the Schrodinger relations.
P = (E/c,p) =1hd =in(/c.-V) 4-TotalWaveVector

K.=(w,/c,k,)

The 4-Gradient is fundamental
in connecting SR to QM.

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V" = V = (V°,v)
SR 4-CoVector:OneForm

Hamilton-Jacobi Equation: Pt = -9[S.ction]
SR Plane-Wave Equation: Kr = -9[®phase]

SR 4-Scalar
(0,0)-Tensor S or S,

(1,1)-Tensor T*, or T,Y
orentz Scala

SRQM Diagram

http://scirealm.org/SRQM.pdf

4-Gradient
9=(9,/c,-V)=0loR,
—(9,/c,-6,,-0,,-0,)
=(0/cot,-0lox,-0/0y,-0loz)

’

Invariant
d’Alembertian
Wave Equation
9-0=(0, lc)*-V-V.

roperTime Differentia
dt =(1/y)dt
=Time Dilatio

The 4-Gradient is a 4D
vector-valued function
which can act on other
SR objects: 4-scalars,
4-vectors, 4-tensors

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SEy;»CSM A SRQM Diagram: 4-Vector SRQM Interpre;?tiQo'\;l\
g The Basis of Classical SR Physics
e INvariant d’Alembertian Wave Equation (0-9) _ oz

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The Lorentz Scalar Product Invariant of the 4-Gradient gives the i J[R]=d"R"=n" 9 [R¥ _
Invariant d’Alembertian Wave Equation, describing SR wave motion. . ADSE(I(?Z?X?)N . —Diag[1,-1,-1,-1] —6R”';£'3RV]—/\“' ~ 4-Grad|?nt
It is seen, for example, in the SR Maxwell Equation for EM light waves. ’ =Diag[1,-5"] B Y 0=(9,/c,-V)=0loR,

= R cdUET) | Minkowski Lorentz —(0,/c,-3,-0,-0)
2-9=(d, SAAY Lorenz Gauge= - Metri Transform J

Conservation of = =(0/cot,-0/9x,-9/0y,-0/0z)
: : : paceTlme D|m —
d’Alembertian (aa)A_a(aA)zqu EM Potential: 9-A=0, Invariant Interval @ Invariant
Maxwell EM Wave Eqn R-R=(ct)’-r-r=(ct)’ d’Alembertian

4-(EM)VectorPotential 4-CurrentDensity AR-AR=(cAt)*-Ar- Ar—(cAr) .. i — Wave Equation
A=A'=(¢/c,a)=(p./c*)U J=J"=(pc,j)=p(c,u)=p,U IR -dR=(cdt)*-dr-dr=(cdt)Z yd/dt[..]

Aen=Aen"=(Pen/C,aEm) =qn,U=gN d/dt[.. AN - . . = -~
Importantly, the d’Alembertian is fully from basic SR rules, _y(a'+(dX/d_t)ax+(d)i/dt)ay+(dZ/dt)aZ)
with no quantum axioms required. However, Relativity of X = yd/dt = d/dc
it will be seen again in the Klein-Gordon RQM wave equation.
Its solution provides for the introduction of SR 4-WaveVector K ‘AR = : Continuity o dt =(1/y)dt
which can also be given by the negative Gradient of a Lorentz Scalar Phase . . 4-Velocity Flow =Time Dilatio

0-U=0

4-WaveVector K = (wo/c*)U = (w/c,k) = -9[Pphase] = I[K*R] SRQM Diagram

The usual mathematical (complex) plane-wave solutions apply in SR: 4-\_/e|ocity
f = (a)*e”[zi(K-R)], with (a)mplitude possibly {4-Scalar S, 4-Vector V", 4-Tensor T"} | U_‘V(C’”)
Invariant Phase {KG wave, EM wave , Grav wave} =dR/dt

K-R = (w/c,k)-(ct,r)

U-U=c’ SR is the “natural” 4D
4-WaveVector 4-Gradient arena for the description
= 0=(d,/c,-V of waves, using the
K (w/c,k) ( : ) d’Alembertian

L K-K=(wo/c)’ 4 9-0=(0,Ic)-VV 89 = (3,/c)-V-V
SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n“VT;V T 5 To 2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
orentz Scala = Lorentz Scalar

nvariant Magnitude
LightSpeed
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SR — QM 4-Vector SRQM Interpretation

SRQM Diagram:
The Basis of Classical SR Physics .
ATensorStu‘-‘d::)'/: ContinUity Of 4-VEIOCity FIOW (a.U=O) SciRégm(g;’:l\cl)\ll.iLSoonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Continuity of 4-Velocity Flow 9-U=0 : J[R]=¢"R"=n" 3 [RY] A
This leads to all the SR Conservation Laws. 4‘55_"'3&626” : —Diag[1,-1,-1,- 11§ _ ot 4-Gradient
dR:(C dt’ d r) =Diag[1,-5"] =0R"/oR"=N\", 9=(8,/c,-V)=0loR,

oR =4 =(cdt,dr) Minkowski T';;;sgrzm —(9,/6,-9,-0,-9,)
d/dt(¢-R) = d/dt(4) = 0 o Metri =(d/cot,-019x,-010y,-019z
d/dt(e-R) = d/dt(d)-R + o-d/dt(R) = O Invariant Interval : Invarianty )
d/dt(8-R) = d/dt[d]'R + &-U = 0 i e =4=/\ : :
a-U = -didt[a]R R-R=(ct)?-r-r=(ct)? d’Alembertian

= _(U-9)[9]R AR-AR=(cAt)*-Ar- Ar—(cAt) 9. 5 - Wave Equation

- v dR-dR=(cdt)*-dr-dr=(cd roperiime Uérivauve 9-0=(9,/c)*-V-V.
o el attd B amicuy(a/c V@) Yo

— TN CH = =y(0+ + +
o-U = -U,0,0'R": | believe this is legit, partials commute V(6 (dx/dt)o, (dy/dt)ay (dz/dt)o,)
o-U =-Ua,n" Relativity of ~ , . .
o-U =-U,(0") Simultaneity:Stationarity hmmmmmm=— roperTime Differentia
oU=0 ‘AR = : inui dr =(1/y)dt
Conservation of the 4-Velocity Flow . y , =Time Dilatio

(4-Velocity Flow-Field) Z
SRQM Diagram
All of the Physical Conservation Laws are in the form of 4-Velodit .
a 4-Divergence ( & .. ] = 0), which is a Lorentz ~Velocity The Conservation Laws of SR
Invariant Scalar equation, a continuity equation | U=r(c.u) quantities are all in the form
’ y : =dR/dzt of Continuity Equations

. . a,0-U — 9-a,U = 0-A
nvariant Magnitude = (g,a° + V-a) =

LightSpeed with A = (a%a) = a U

U-U=c’

These are local continuity equations which basically
say that the temporal change of a quantity is balanced
by the flow of that quantity in-to or out-of a local region.

Conservation of

Conservation of Charge, continuity eqn: o'R=4 U-ol.. Continuity o :
Y Any Lorentz (4-Vector A=a U)

Pod-U =d-pU=3J=(p+Vij)=0 SpaceTime yd/dt[..] 4-Velocity Flow E Scalar:Rest Value
Dimensiog d/dt[.. o-U=0 N

N 8-A=d-a U=a 3-U=0

o

SR 4-Tensor SR 4-Vector Y, W TH —
2,0)-T T K = SR 4-Scalar Trace[T"] =, T*" =T¥, = T
(2,0)-Tensor (1,0)-Tensor V" = V = (V°,v) V-V = VWY = [(VO)2 - vev] = (V)2

-Tensor T, or T,V § SR 4- r: F 0,0)-Tensor S or S
) v u r

( ) CoVecto One orm ( ) ) o
orentz Scala - L0|e| 1tz Scalal
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SR — QM 4-Vector SRQM Interpretation

R SRQM Diagram:
i The Basis of Classical SR Physics

oO—@ SciRealm.org
= = John B. Wilson
<Event> Substantiation ScReam@solcom
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
Now focus on a few more of the main SR 4-Vectors. : . A
4-Displacement [RESVENIE SRQM Diagram <Event> 4-Gradient
4-Position R* . AR=(cAt,Ar) BNzl Alteration = V)=
_ "~ [ J <Event> Location ’ ocation 9=(9,/c,-V)=0loR,
R=(ct,r)=<Event> dR=(cdt,dr)
4-Ve|ocit U+ = =(d/cot,-0l0x,-0ldy,-3ldz
U=dR/demy (o) ® ----» <Event> Motion R=(ctr Lorentz Scalar SEEES ( L
Substantiatied 4-Vector
4-Gradient ¢" Something moving at <Event>
0=0/0R,=(3,/c,-V) <Event> Alteration <Event>
Substantiation

4-Momentum P*
P=(E/c,p)=(mc,p)=(mc,mu) <Event> Substantiation

=(E./c?)U=(m,)U (particle:mass)

Lorentz Scalar

<Event>
Motion
o----p
4-\elocity
U=y(c,u)

_ 4-WaveVector K* <Event> Substantiation
K=(w/e,k)=(wic,whlv, ) (wave:phase oscillation)
=(1/cF,A/x)=(w./c*)U
4-CurrentDensity:ChargeFlux J*
J=(pc.j)=(pc,pu)=(po)y(c,u) RE---»
=(po U= o U= N 4 A .
(DEECIESE) <Event> Substantiation
4-(Dust)NumberFlux N* . > (dust:number N or n,)

<Event> Substantiation
(charge Q or q)

N=(nc,n)=(nc,nu)=(n,)y(c,u)

(no)U T -, ------ ,- Ce T - ------ . Motion of various Lorentz Scalars leads to the
These 4-Vectors give more of the main classical results of Special Relativity, “Substantiation” of the various physical SR 4-Vectors.
including SR concepts like:
SR Particles and Waves, Matter-Wave Dispersion Lorentz 4-Scalar a,
Einstein’s , Rest Mass, Rest Energy 4-Vector A=A"= (a"a) =a U =a_(c,u) = a(c,u) = (ac,au)
Conservation of Charge (Q), Conservation of Particle Number (N), Continuity Equations

SR 4-Tensor SR 4-Vector V] = v — —

(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [ i n”VT; L ) To 2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
orentz Scala = Lorentz Scalar
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SR —- QM 4-Vector SRQM Interpretation

SRQM Diagram:
| S The Basis of Classical SR Physics
ATensor Study 4-Momentum, EinStEin’S E — ch SciReam@aol com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Position R=(ci, ) 4-Displacement f SRQM Diagram 4-Gradient
4-Gradient 9=(7/c, ) AR=(cAt,Ar) =(9,/c,-V)=0ldR,
4-Velocity U =1(c, ) e Postior (800,0,0)
=(dlcat,-0lox,-01y,-019z)
moU-a[..] .[PR]
4-Momentum P =( , )=mU=yms(, )=m(, ) Mo,d/dt..] JP-dR] (My) = (Eo/c?)

mod/dt[..] ~\.[S = [P-U}/[U-U] = E/c?

= [P-RV[U-R] = -Sac/ct

action,free]

Temporal part:

{energy} < 4-M ¢ which }natches:
3 R \ -Momentum - 2
+ KK Sact = -lmoc” dt
(rest) + (kinetic) \ P=(E/c,p)=(mc,p)=m.U o= e
. for a free patrticle
Spatial part: p = Eu/c? = yE,u/c? = ymou = mu

Sact = -j(moCZ + V)d’C
Sact = -J(Eo + V)dt
in a potential

{3-momentum}

4'M°mentum P = ( 3 ) = 'a[Saction,free] = '( 3 )[Saction,free] \ E2
4-TotalMomentum P = ( ,07) = -3[Sacton] = «(9/C,V/)[Saction] e = [p[ic*+Es:

) = m2|u|2c+E,2

= E2|B[2+E,2
Temporal part: . — = |ioéﬁ!1]p|2)
tenergy} (P-P) = (E/c)-(pp) = (M(C)? B
al part: E = (|plo)’ + (mec?)? E = E.

Spatial part: °
{3p_m°mpentum} E® = (|p|c)’ + (Eo)* : Einstein Mass:Ene

Relativistic Energy(E):Mass(m) vs Invariant Rest Energy(E,):Mass(

SR 4-Tensor SR 4-Vector — - 2 — 2 . B
(2,0)-Tensor T+ (1,0)-Tensor V* =V = (V°,v) SR 4-Scalar E= YEO_ YMoeC™ = MC Tracue[T”"] n nuv;riv =g
(1,1)-Tensor T or T," | SR 4-CoVector:OneForm [ (0.0)-Tensor S or S, V-V = ViV =[(v) - vev

(0,2)-Tensor T,, (0,1)-Tensor V, = (Vo,-V) Lorentz Scalag = Lorentz Scalar
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SR —- QM
Physics

S

A Tensor Study
of Physical 4-Vectors

4-Position R=(ci, )
4-Gradient 0=(c /c, )

4-Vector SRQM Interpretation

SRQM Diagram:
The Basis of Classical SR Physics
4-WaveVector, SciReam@aolcom

http://scirealm.org/SRQM.pdf
o—e A
4-Displacement SRQM Diagram 4-Gradient

AR=(cAt,Ar) 9=(9,/c,-V)=0loR,
dR=(cdt,dr)

4-Velocity U = y(c, ) _Posifi Wave Phase Equation —(9,/c,-0,,-9,,-0,)
Wo/c2)U-A[ = _ =(a/cat,ia/ax,-a/éy,-a/az)
4-WaveVector K = (1, ) = (w./c?)U = y(wo/c?)( , ) (wo/c?)yd/dt..] ik )

= ( )

Temporal part:
{angular frequency}

)

o/c2)d/dt

ProperTime Deriva}iye‘ y
U-d=yd/dt=d/dz.*

= [K-U)/[U-U] = wo/c?
= [K'R]/[U'R] = -®phase/C*T

which matches:
4-WaveVector
K=(w/c=2mv/c,k)=(w/c,whlv Dphase = -Jw, dt

for a free particle

e

~
-
-

. W= (1/cF,n/A)=21(1/cT,A/N)=(wo/c?
Spatial part: oL ) : ( i Ol . B
* - 2 * ' Wave Velocity - Dphase = -J(wo + V/h)dt
{3'Wavevect°r} |U Vphasel =C = |Vgr0up Vphasel 1 * \ =2 ] inapotentia/

1 group  phase L}

% Rest Angular - w?
4-WaveVector K = ( : ) = 'a[cbphase,free] = '( ) )[q)phase,free] ", Frequency @ N ," = |k|2c2+w,2
4-TotalWaveVector Kr = ( ;) = -0[@Pprase] = -(© ', )[Pphase] 46\_/e|00ﬂy = w?|uf2/c2+we?

J=y(c,u) . = W?B[*+w,?

\ —dR/dT "o = wOZ/(']_lBlZ)
Temporal part: e —— = 4202
{angular frequency} (K-K) = (w/c)*(k-k) = (wo/c)? W = YWo

Spatial part:
{3-wavevector}

w? = (|k|c)? + (w,)? : Matter-Wave Dispersion Relation
Relativistic AngFreq(w) vs Invariant Rest AngFreq(w,)

SR 4-Tensor SR 4-Vector W — Wo— TH —
(2,0)-Tensor T*  §(1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar Vphase = W/|K| = w/k = E/p = mc?/mu = c?/u = c/B Trace[T*] = H i

(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,

V-V = Vi VY = (V)7 - vev] = (Vo)

orentz Scala Vgroup = aw/alkl = dwlok = aE/ap = pCZ/E = |u| =u= CB = Lorentz Scalar
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SR —- QM

e SRQM Diagram: 4-Vector SRQM Interpre;?tiQo'\;ll
> The Basis of Classical SR Physics .
s, 4=CGUrrentDensity, Charge Conservation  ...reoe

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

o S A
4-Position R=(ci, ) 4-Displacement SRQM Diagram 4-Gradient
4-Gradient 0=(¢ /c, ) AR=(cAt.Ar) 0=(9,/c,-V)=0loR,

. dR=(cdt,dr)
4-Velocity U = y(c, ) 4-Position Conservation of Charge —(6,/¢,-9,,-0,,-9,)
3J=0 =(3/cat,-0/0x,-3/dy,-0/0z)
4-CurrentDensity J=( ,)=pU=vpo(, )=p(, )
4-ChargeFlux J -7
Temporal part: 4-Cu_rentDensity
{charge-density} J=(pC.j)=(pC,pu)=p.U
Spatial part:

{3-current-density}

- -
S m -

]
1
1
]
1
- po
1
1
A}

*-- -

Conservation of Charge (Q) Q = Jpd® = Jypod® = Jydr podA 46\_/elocity 22|j|2,02+p02
=y(c,u) % = 02lul2/c2+0.2

— poVo ’ _ p2|u|2/C 2p0

34 = (0/c, V(o)) = @p + Vi) = 0 s - oipree

Continuity Equation:Noether’s Theorem JdT-J = -cQ/V, J-d) = (oclofiei) = . = vps’

The temporal change in charge density is balanced by ( )2—_(p.C) 'g-l i) = (QOC) ~

the spatial change in current density. . p = (lil/e)” + (po) b 1P :

Charge is neither created nor destroyed Relativistic ChargeDensity(p) vs Invariant Rest ChargeDensity(p.)

It just moves around as charge currents...

SR 4-Tensor

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T* or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V

SR 4-Vector

Rest Volume
V, = Jyd® = [ydr dA

emphasizing linear contraction along direction dr

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar
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gﬁy;cSM SRQM Diagram: 4-Vector SRQM Interpre;?tiQo'\;ll
- The Basis of Classical SR Physics |
e, A=(Dust)NumberFlux, Particle # Conservation . sz

SciRealm@aol.com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
i o= A
4-Position R=(ci, ) 4-Displacement SRQM Diagram 4-Gradient
4-Gradient 0=(0 /c, ) ggﬂ(cﬁ:gr)) 9=(8,/c,-V)=aloR,
=(cdt,dr
4-Velocity U = y(c, ) 4-Position Conservation of Particle # —(6,/¢,-9,,-0,,-9,)
=(d/cat,-0/0x,-010y,-0/6z)

4-NumberFlux N=( ', )=nU=yn,(, )=n(, )
Temporal part: 4-NumberFlux
{number-density} N=(nc,n)=(nc,nu)=n.U

Spatial part:
{3-number-flux}

- -
S m -

]
1
1
]
1
- n,
1
1
A}

o---p ; .

Conservation of Particle # (N) N = [nd® = Jynod®x= Jydr n,dA 4-Velocity . In[2/c2+n,2
A il = neluffcng?

N = (0/c,-V)(ne,0) = (@n + Ven) = 0 e — = B
Continuity Equation:Noether’s Theorem @ _ 5 B ) = y7no?
The temporal change in number density is balanced by (N N)Z__(nc) '(? n) = (2n°C) n=yn
the spatial change in number-flux. . n-= (In]/c)” + (no) —
Particle # is neither created nor destroyed Relativistic NumberDensity(n) vs Invariant Rest NumberDensity(n,)

It just moves around as number currents...

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T* or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V

SR 4-Vector

Rest Volume
V, = [yd® = [ydr dA

emphasizing linear contraction along direction dr

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar
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SR - QM ) ' 4-Vector SRQM Interpretation

Lorentz Transforms A", = 0,[X"]
(Continuous) vs (Discrete) .
(Proper Det=+1) vs (Improper Det=-1) SarmGa o

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The main idea that makes a generic 4-Vector into an SR 4-Vector is that it must transform correctly according to an SR Lorentz Transformation { A", = aX"/oX" = 8,[X"]},

which is basically any linear, unitary or antiunitary, transform (Determinant[A"\] = 1) which leaves the Invariant Interval unchanged SR:Lorentz Transform

The SR continuous transforms (variable with some parameter) have {Det = +1, Proper} and include: P [Ru'] = IR"/OR' = \*
“Rotation” {a mixing of space-space coordinates} and “(Velocity) Boost” {a mixing of time-space coordinates}. 1 N 0o Al ARG e . "

The SR discrete transforms can be {Det = +1, Proper} or {Det = -1, Improper} and include: Ay = (AW NG = by = 8%

“Space Parity-Inversion” {reversal of the all space coordinates} , “Time-Reversal’ {reversal of the temporal coordinate} , Nuw/\"\'s_= N

“Identity” {no change}, various single dimension “Flips”, “Fixed Rotations”, and combinations of all of these discrete transforms. qm w

=L orentz Transform Type

Continuous: Boost depends on variable parameter B, with y=1/[1-8?]

Typical Lorentz Boost Transformation,
for a linear-velocity frame-shift X-Boost: "
x-Boosted 4-Vector

A= (o @, &) = A=A=NLASBY A=)

A¥ = ( y —(ya' - yBa’, -ypa’ +ya’, a, a’)
el N E

j (B“VA ) PR - Det[B 2"_] [32;-21; Elmper Proper: preserves orientation of basis

A=A'=(a’,a)
—(a), a, a’, a%)

Det[P*,]= -1, Improper

A'=(a, a, @, a) Ezrrﬁ;tz ([ o b o ] (-1)°=-1 Parity-Inversed 4-Vector
: - - s ! ’ —(A_0 47
AY = (a, a*, @, a) Transform X[ O 0 0] - A=A —/\uthv—>F)u A'=(a”,a’)
=P"AY N —PY, = Y [0 O 0] —>(a , -a", -a’, -az)
g z[0O 0 O ]
=(a, -a, -2, &) Improper: reverses orientation of basis
SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n”VT; T 0 To 2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)

orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

Lorentz Transforms A", = 9,[X"]
Proper Lorentz Transforms (Det=+1): _
st Continuous: (Boost) vs (Rotation) ...cxmess

B = v/c: dimensionless Velocity Beta Factor { =(0..1), with speed-of-light (c) at (B=1) } 4-\/ector
y = 1\[1-8%] = 1/7[1-B-B]: dimensionless Lorentz Relativistic Gamma Factor { y=(1..«) } . . A=A'=(a’,a -,
Lorentz Transforms: pelte IMEECER
Typical Lorentz Boost Transform (symmetric): Lambda ((/\))?or Lorentz Lorentz Rotation
i o i _chi a i Z-di ion- "B” B ) for Boost . . -
K)ur' a Ilngjgr[ %/]elogity( %‘rir)nf shift (x,t)-Boost in the X-direction: = (R ) for Rotation -I;(ﬁnSf;Zm Tr[Ruv]z{O"ﬁ} r[BE)gtTé4"jlnII? p
— v = e”-(C" = v— Ny Det[R",]=+ =
-8By 0 O -sinh[¢] 0 O (10 100) Proper Transforms e
By 0 0f-sinh[C] 0 oFe*d¢1 000 ) Determinant=+1 v
00 10| O 0 of (0000 o, ety Rotated 4-Vector [ Boosted 4-Vector
0 00 0 0 0 (jp0o0o0o0}) Circularly-Rotated B Hyperbolically-Rotated
ircularly-Rotate yperbolically-Rotate
- { ¥ -B7 =+1} A’=A"=R" A'=(a’,a’) A=A"=B" A'=(a’,a’)
A = (a, a, &, a) . {cosh? - sinh? = +1 } !
AP = ( 3 3 3 )' = BHVAV = ( H ) ) )

¢ = rapidity = hyperbolic angle
y = cosh[ {]= 1N[1-B’]
By =sinh[ (]

= tanh
Typical Lorentz Rotation Transform (non-symmetric): g g
for an angular-displacement frame-shift (x,y)-Rotation about the z-direction:
A, — RY, [0] = eMN0-J) =

SR:Lorentz Transform

o o 0 =eA§98 a[R] = OR¥IOR" = AV,
0 ol (o Ny = (N A, = 1, = 8,
0 0 0 ( [o NNl =
A= (a, &, a,
A’ = (@, a", &,

(zs 5#;?55% a, 0)-TesnI:oT\\;*?Et$Ir ()PP SR 4-Scalar The Lorentz Rotation R", is a 4D rotation matrix. Trace[T"] =N, 7" = T4, = T

(0,0)-Tensor S or S, It simply adds the time component, which remains V-V = VEn VY = [(V0)? - vev] = (V0)?
orentz Scala unchanged (1), to the standard 3D rotation matrix. = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

Lorentz Transforms A", = 9,[X"]
Proper Lorentz Transforms (Det=+1):
st (Boost) vs (Rotation) vs (Identity) ..o

4-\/ector
A=A'=(a’a

ing : Space-Space Time-Space
Lorentz Identity Lorentz Rotation

) (0} 0.
i 1B, [ AN ] Trin®J=4 . Transform Transform .z 1-0.4) r{B¥J={4..Infinity}
_«‘/B Det[n"\]=+1 A v_>r]PV =, =1 N\ V_)RPV Det[R¥,]=+1 Det[B*,]=+1

General L orentz Rotation Transform (non-symmetric.continuous):
for an angular-displacement frame-shift (Rotation)

General Lorentz Boost Transform (symmetric.continuous):
for a linear-velocity frame-shift (Boost)
in the v/c=R=(B’,p?B°)-direction:

N, — BY, = /\p‘v

Rotated 4-Vector ; Boosted 4-Vector

angle 6 about the A=(n",n?n%)-direction: Identical 4-Vector . .
A, RV, = T Un-Rotated Circularly-Rotated : Hyperbolically-Rotated
0 A=A"=n" A"=(a’,a’)=A A=A"=R" A'=(a",a’) ; A=A"=B" A'=(a’,a’)
o' : The Lorentz Identity Transform is '

the limit of both the Rotation and
Boost Transfoms when the -

Lorentz Identity Transform (symmetric,”discrete:continuous”):

for a non-frame-shift (Identity)
in any direction SR:Lorentz Transform

/\”'v — r]“'v = 5”'\, = Dlag[1 ,5ij] =lw = 3V[R”'] = 3R”'/3RV = /\P'V
0 Ny = (NI NG = 1P, = 3,
0 THAJ={-c0.. 40} '

=Lorentz Transform Type

respective “rotation angle” is 0

B = v/c: dimensionless Velocity Beta Factor { 3=(0..1), with speed-of-light (c) at (3=1) }

y = 1~[1-B% = 1\[1-B-B]: dimensionless Lorentz Relativistic Gamma Factor { y=(1..) }

Identity transformation for zero relative motion:boost/rotation: B[0] = R[0] = 14

Proper Transformation = positive unit determinant: det[B] = det[R] = det[n] = +1. '
Inverses: B(v)™" = B(-v) (relative motion in the opposite direction), and R(8)™" = R(-8) (rotation in the opposite sense about the same axis)
Matrix symmetry: B is symmetric (equals transpose, B=B"), while R is nonsymmetric but orthogonal (transpose equals inverse, R" = R™")

SR 4-Tensor SR 4-Vector The Lorentz Rotation R¥, ( Tr={0..4} ) meets Trace[T"] =N, T =T" =T

2,0)-Tensor T+ 1,0)-Tensor V¥ =V = (V°,v SR 4-Scalar , _
(1,1()-Tgnsor o o (SR Zl-CoVector:OneF(orm) (0.0)-Tensor S or S, the Lorentz Boost B*, ( Tr={4..0} ) at V-V = VN VY = [(VO)? - vev] = (V)2
orentz Scala the 4D Identity 1) = 8", ( Tr={4}) = Lorentz Scalar
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SR —- QM

Lorentz Transforms A", = 9,[X"] =i
| Discrete (non-continuous) |
(Parity-Inversion) vs (Time-Reversal) vs (Identity)__ e

ATensqr Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Vector
General Lorentz Parity-Inversion (Space-Reversal) Transform: A=AV=(aO,a)

/_\“'v — P¥, (Improper,symmetric,discrete) No mixing Time TimeSpace
0 <> | TrP]= -2 CI(PT) )= 42
0 Lorentz

Identity
: Tran’sfor(n
N\—n\ ==l

Parity-Inversion
Transform

General Lorentz Time-Reversal Transform: m

N, — T, (Improper,symmetric,discrete)

=|-1 Oj j _1_ Oj
General Lorentz Identity Transform: Identical 4-Vector JTime-Reversed 4-Vector §Parity-Inverted 4-Vectorf Combo PT'd 4-Vector
A, — ¥, = §", = I (Proper,symmetric) A=A"=n" A'=(a’,a’) § A=A"=T" A'=(a’,a’) A=A"=P" A'=(a%,a’) | A’=A"=(PT)"A"=(a",a’)

=(a’,a)=A

=(-a’a) =(a’,-a) =(-a’-a)

SR:Lorentz Transform
a,[R"] = OR"/ORY = A\, Lorentz
— -1 . a — —
Ny = (NT)F NN =ty = 6% |dentity
Transform

/\pvv_’np‘v=8“’v

Lorentz
Parity-Inversion

Transform
/\p v_’Pp v

TrAM]={-0..+}

=Lorentz Transform Type

Both the Parity-Inversion (P) and Time-Reversal (T) have a Determinant of -1, which is an improper transform.
However, combinations (PP), (TT), (PT) have overall Determinant of +1, which is proper.

Classical SR Time Reversal neglects spin and charge. When included, there is also a Charge-Conjugation(C) transform. RS IUEIRQVEely
Then one gets (CC),(PP),(TT),{PTH{PT}), & permutations of (CPT) transforms all leading back to the Identity (I4). A=A"=(a’a)

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

SR 4-Scalar Note that the Trace of Discrete Lorentz Transforms goes in Trace[T"] =N T"=T" =T

(1,1)-Tensor T or T,* | SR 4-CoVector:OneForm f(0,0)-Tensor S or S, steps from {-4,-2,2,4}. As we will see in a bit, this is a major V-V = VEn VY = [(V0)? - vev] = (V0)?
’ =t ] orentz Scala hint for SR antimatter and CPT Symmetry. = Lorentz Scalar
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SR —- QM 4-Vector SRQM Interpretation

—_  SRQM Lorentz Transforms A", = 9,[X"]

Discrete & Fixed Rotation — Particle Exchange sy

John B. Wilson
SciRealm@aol.com

ﬁf-[l;?;;;gztf\x//ectors LO re ntZ COO rd i n ate- F I i p T ran Sfo rm S http://scirealm.org/SRQM.pdf

Tr[R",]=2+2cos[B8]={0..4}

SR:Lorentz Transform

N TriFt,]= 2 Det[R"\]=cos[6]2 + sin[6]2= +1
Lorentz t X Det[Ft“}:,]: -1 ¢ « v 5 aV[R“] = aR“/aRV = /\H'V
'll:':'lgr-]tsform AP t[p1 o 0 0] Ny = (NS NN =y = 8
P x[0 cos[] -sin[6] 0] Moo\ =
S ytooo y [0 sin[6] cos[6] 0] D

TrFx¥,= 2
Det[Fx*\]= -1

=Lorentz Transform Type

Tr[ny“'v]=2 +2cos[1] = 0 /1An)|/_| single Lorel_'ltz. Flip Trag\.sfotlfm is Implgoper, wit.l:ha Dgt?rmir.\antt
b 2 + sin[m]2= +1 . However, pairwise combinations are Proper, with a Determinan
Det[Fxy"]=cos][m] +1. All single flips have Trace of 2.

The combination of any two Spatial Flips is the equivalent of a Spatial
Rotation by (1) about the associated rotational axis.

sin(tr) = 0, cos(1)= -1

Since this is a Proper transform, it is also the equivalent of a particle
location exchange.

The combination of all three Spatial Flips, Flip-xyz, gives the Lorentz
Parity Transform, which is again Improper, with Trace of -2

Tr[prvy]: 2 The Flip-t:s the standard Lorentz Time-Reversal, Improper.
Det[Fy",]= -1

Tr[Fz".]= 2 Lorentz Transform 4,[R"]=A", :
Det[Fz“'v]= 1 [ A%,/ ] temporal-spatial-mixed InnerProd[A"\]
- [ Ao A1 components All Lorentz Trans.
ApA=4=NV A,

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T (1,0)-Tensor V* =V = (V°,v)

Trace[T"] =N, T" =T, =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm
(0,2)-Tensor Ty, (0,1)-Tensor V, = (Vo,-V)
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SR —- QM

4-Vector SRQM Interpretation
Physics

SRQM Lorentz Transforms A", = 9,[X"] °
Lorentz Transform Connection Map s

SciRealm@aol.com
http://scirealm.org/SRQM.pdf

A Tensor Study
of Physical 4-Vectors

Boost (any Axis) Other Axis : SR:Lorentz Transform
N, — B, Rotations & - 2 3V[R”'] = dRY/OR" = N\,

tx |ty |tz Ny — R , TrRY\(1/2)]=2 A= (N AN =y = &Y
fB¥,]J={4..Infinity Y W IR JJ={0.4} NROtag‘u’,”' P Detf]=+1 ! Y _
\\ : T '> v V[Tr ] <‘ i I o
Continuous*  ,*° Xy s TrAY]={-..+}
Conti . Variogs : .’ Continuous Discrete Continouees Flos =L orentz Transform Type
Vgrri]ctJIS: o ‘\ AL EE j O Particle Exchange=Flip-xy ~Rotatez Det[ Proper | = +1
Boosts % E : Det[ Improper ] = -1
‘ Flip-x ' : )
Discrete g | Afy — Fx¥, Discrete En;;t-_xyll ERotr-]z[e] = Rot-z[6+1T]
Flip-x X — =X Flip-y Rotation-z Parity-Inversion article Exchange
i . Di it [ i
unitary A¥, — RY,[1] Flli?)(f;e (2 N, — PY, E"?t_ ij |* REO,[_E[G] = Rot-k[8+1]
......................................... i = Flip- <—> article exchange
% Efisc_;;ete =F|:Ify§y r—-r (orthogonal ijk) .
: p-xy " ¥ space parity
: i : Y : _ unitary
: Discrete Trn®.J=4 Flipy Tr[R",(11)]=0
F“p-t Tr[R“V(21T)]=4 Discrete /\l-"v — Fyu'v Discrete : Det[]=+1 Discrete
Det[n",]=+1 Flip-y Yo -y Flip-x ; Flip
o ) 5 unitary .
Tim V;SI'IC(;‘ﬁSe K i : ; Neg Identlty -1(4)
e-reversal : + Continuous Continuous,’ 5 oy DIl
N, — TV, flips * Rotate-z Rotate-z ,* N v e -8y Flip-charge
‘... Rotation-z It —ETcorr&tio
tot : Other Axis ., "“=--.. pNvoRLBTZ] o -~ o Ep;)ed
time parity Sy Flips r[R¥\(311/2)]=2 unita
ENETIENS Det[T+,]= -1 N, — PG Xy Det[]=+1 ry
4 4 By CPT Symmetry,Sthis should

be equivalent to the
Discrete Space-Parity=Flip-xyz quiy

CPT Symmetric Equivalent Feynman-Stueckelberg
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Dual balance along Temporal

Xamine all possible combinations or Discrete Loren ransformations which are Linear (Determinant of

SR:Lorentz Transform

A lot of the standard SR texts only mention (P)arity-Inverse and (T)ime-Reversal. However, there are many others, i d.[R¥] = OR*/OR" = \¥,
(F)lips and (R)otations of a fixed amount. However, the (T)imeReversal and Combo(P)arity(T)ime take one into a sepa AY = (N ARG =¥, = 8%
of the chart. Taking into account all possible discrete Lorentz Transformations fills in the rest of the chart. The resulting Nu/\'o\'s =
interpretation is that there is CPT Symmetry (Charge:Parity:Time) and Dual TimeSpace (with reversed timeflow). In other m.

one can go from the Identity Transform (all +1) to the Negative Identity Transform (all -1) by doing a Combo PT Lorentz Trans

or by Negating the Charge (Matter<—Antimatter). The Feynman-Stueckelberg CPT Interpretation (AntiMatter moving spacetime T[[A“tv]:{_?o':}
backward = NormalMatter moving spacetime-forward) aligns with this as a Dual-Universe “AntiMatter” Side. e mer e

This is similar to Dirac’s prediction of AntiMatter, but without the formal need of Quantum Mechanics, or Spin. In fact, it is more
general than Dirac’s work, which was about the electron. This is from general Lorentz Transforms for any kind of particle:event.

Discrete NormalMatter (NM) Lorentz Transform Type
Minkowski-Identity :

Flip-z

Flip-y
Flip-yz=Rotate-yz(1r)
Flip-x
Flip-xz=Rotate-xz(1T)
Flip-xy=Rotate-xy(1T)
Flip-xyz=Paritylnverse :

Flip-t=TimeReversal

Matter

Binary Spatial states

el : NormalMatter
for 3 units:dimensions

Flip-txyz=ComboPT
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All Lorentz Transforms have Tensor Invariants: Determinant = £1 and InnerProdu

However, one can use the Tensor Invariant Trace to Identify CPT Symmetry & Antilv i NormalMatter
Boosts
Tr[ NM-Rotate ] = { } Tr[NM-Identity] Tr[NM-Boost] = { -
NormalMatter :
Identity

NormalMatter

R [ErL_Flies

Discrete NormalMatter (NM) Lorentz Transform Type \ P

Minkowski-ldentity :
7 NormalMatter ™,

Flip-t=TimeReversal, Flip-x, Flip-y, Flip-z !  Rotations

wnna
.t
o
.

Flip-xy=Rotate-xy(1r), Flip-xz=Rotate-xz(1r), Flip-yz=Rotate-yz(1)

Flip-xyz=Paritylnverse

Flip-txyz=ComboPT

SR:Lorentz Transform Two interesting properties of (1,1)-Tensors, of which the Lorentz Transform is an example:
2 [Ru'] = OR"/ORY = A\¥ Trace = Sum (%) of EigenValues : Determinant = Product (IT) of EigenValues
" _" N A G e "_ 1 ¢ As 4D Tensors, each Lorentz Transform has 4 EigenValues (EV’s).
N, = (/\ )v WARANTES n.v= o'y Create an Anti-Transform which has all EigenValue Tensor Invariants negated.

r]w/\“ SN\ = AN 3[-(EV’s)] = -Z[EV’s]: The Anti-Transform has negative Trace of the Transform.
ANAV=4=AP NV GRS M[-(EV’s)] = (-1)*TI[EV’s] = IT[EV’s]: The Anti-Transform has equal Determinant.
LLV: i V:

={-c0__ 400} =Lorentz Transform Type The Trace Invariant identifies a “Dual” Negative-Side for all Lorentz Transforms.
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SR:Lorentz Transform
a,[R"] = OR"/ORY = N\,
/\pv = (/\1 )vp : /\pa/\av = n v = Suv

Based on the Lorentz Transform properties of the last few pages, here is interesting observation about Lorentz Transforms:
They all have Determinant of {+1}, and Inner Product of {+4}, but the Trace varies depending on the particular Transform.

The Trace of the Identity is at {+4}. Assume this applies to normal matter particles.

The Trace of normal matter particle Rotations varies continuously from {0..+4}

The Trace of the normal matter particle Boosts varies continuously from {+4..+Infinity (+=)}

So, one can think of Trace = {+4} being the connection point between normal matter Rotations and Boosts.

Now, various Flip Transforms (inc. the Time Reversal and Parity Transforms, and their combination as PT transform),
take the Trace in discrete steps from {-4,-2,0,+2,+4}. Applying a bit of symmetry:

The Trace of the Negative Identity is at {-4}. Assume this applies to anti-matter particles.

The Trace of anti-matter particle Rotations varies continuously from {0..-4}

The Trace of the anti-matter particle Boosts varies continuously from {-4..-Infinity (-)}

So, one can think of Trace = {-4} being the connection point between anti-matter Rotations and Boosts. Pair-Production
in This side

()
AM

This observation would be in agreement with the CPT Theorem:(Feynman-Stueckelberg) idea that (normal/anti)-matter particles
moving backward in SpaceTime are CPT symmetrically equivalent to (anti/normal)-matter particles moving forward in SpaceTime. CPT Symmetry:

each side follows Big-Bang!
Now, sce}le this up to Universe size: The Baryon Asymmetry problem (akg. The Mattgr-AntiMatter Asymmet'ry Problem). ' it's own time-arrow Creation of
If the Universe was created as a huge chunk of energy, and matter-creating energy is always transformed into matter-antimatter with “matter” actin SpaceTime
mirrored pairs, then where is all the antimatter? Turns out this is directly related to the Arrow-of-Time Problem as well. . . g ) P
properly”. 2 itself
Answer: It is temporally on the “Other/Dual-Side” of the Big-Bang! The antimatter created at the Big-Bang is travelling in the ot
= uctr

negative-time (-t) direction from the Big-Bang creation point, and the normal matter is travelling in the positive-time direction (+t). in Dual sid
Universal CPT Symmetry. So, what happened “before” the Big-Bang? It “is” the AntiMatter Dual to our normal matter universe! phlagc

Pair-production is creation of AM-NM mirrored pairs within SpaceTime. The Big-Bang is the creation of SpaceTime itself. +)

This also resolves the Arrow-of-Time Problem. If all known physical microscopic processes are time-symmetric, why is the flow of
Time experienced as uni-directional??? {see Wikipedia “CPT Symmetry”,“CP Violation”,”Andrei Sakharov”}

Dual-Side of Universe
AntiMatter

Answer: Time flow on This-Side of the Universe is (+t) direction, while time flow on the Dual-Side of the Universe is (-t) direction.
The math all works out. Time flow is bi-directional, but on opposite sides of the Big-Bang! Universal CPT Symmetry.

NM=NormalMatter This solves the:
NM_Flips Baryon ( -AntiMatter) Asymmetry Problem
NM_Rotations NM_Identity NM_Boosts & Arrow(s)-of-Time Problem ( /-t)
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\<

SR:Lorentz Transform
B[R] = ORVIR' = NV,
Consider the well-known “balloon” analogy of the universe expansion. The “spatial” coordinates are on the surface of the balloon, R N, = (/\ ) HeAM, /\0‘ = n“ =¥,

and the expansion is in the (+t) direction. There is symmetry in the (+/-) directions of the spatial coordinates, but the time flow is
always uni-directional, (+t), as the balloon gets bigger—inflates.

This idea of Universal CPT Symmetry also gives a Universal Dimensional Symmetry as well.

By allowing a “Dual-Side”, it provides a universal dimensional symmetry. One now has (+/-) symmetry for the temporal directions.
The “center” of the Universe is, literally, the Big Bang Singularity. It is the “center = zero” point of both time and space directions.

The expansion gives time-flow always AWAY FROM the Big Bang singularity in both the Normal-Side (+t) and the Dual-Side (-t).
All spatial coordinates expand in both the (+/-) directions on both temporal sides of the singularity.

()
Note that this gives an unusual interpretation of what came “before” the Big Bang. e
The “past” on either side extends only to the BB singularity, not beyond. Time flow is always away from this creation singularity. Pair-Production

in This side
This is also in accord with known black hole physics, in that all matter entering a BH event horizon ends at the BH singularity.
Time and space coordinates both come to a stop at either type of singularity, from the point of view of an observer that is in the CPT Symmetry:

spacetime but not at one of these singularities. each side follows Big-Bang!
it's own time-arrow Creation of

So, the Big Bang is a “starting” singularity, and black holes are “ending” singularities. This also provides for idea of “white holes” with “matter” actin SpaceTime

actually just being black holes on the Dual-Side. White hole = time-reversed black hole. Always confusion about stuff coming out. | _ g ) P

This way, the mass is still attractive. Time-flow is simply reversed on the alternate side so stuff still goes INTO the hole... properly”. ) itself

which makes way more sense than stuff that can only come out of the “massive=attractive” white-hole. ) .
Pair-Production

So, Universal CPT Symmetry = Universal Dimensional Symmetry. in BualiSis

o
And, going even further, | suspect this is the reason there is a duality in Metric conventions. A,&
In other words, physicists have wondered why one can use Metric signature {+,-,-,-} or {-, }.
| submit that one of these metrics applies to the Normal Matter side, while the other complementarily applies to the Dual side. . .
This would allow correct causality conditions to apply on either side. Dual-Side of Universe
Again, this is similar to the Dirac prediction of antimatter based on a duality of possible solutions. AntiMatter
NM=NormalMatter This solves the:
NM_Flips Baryon ( -AntiMatter) Asymmetry Problem
NM_Rotations NM_Identity NM_Boosts & Arrow(s)-of-Time Problem ( /-t)
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Model

SpaceTimes A Klein geometry is a pair (G,H) where G is a Lie group and H is a closed

Klein Geometry G/H Lie subgroup of G such that the (left) coset space X:=G/H is connected.

De Sitter G acts transitively on the homogeneous space X.

SO(4,1)/SO(3,1)

Minkowski
ISO(3,1)/SO(3,1)
ds? = (cdt)? - dx-dx

Anti de Sitter
S0(3,2)/S0O(3,1)

Lorentzian

pseudo-Riemannian
We may think of H>G as the stabilizer subgroup of a point in X.

Euclidean
ISO(4)/SO(4)
ds? = (cdt)? + dx-dx

Riemannian Hyperbolic

SO(4,1)/SO(4)

Spherical
SO(5)/SO(4)

Geometric Context

Differential
geometry

Gauge Group

Lie group/algebraic group
G

Stabilizer Subgroup

subgroup
(monomorphism)
H-G

Local Model Space

quotient (“coset space”)
G/H

Local
Geometry

Klein
geometry

Global Geometry

Cartan geometry

Differential
Cohomology

Cartan
connection

First Order
Formulation
of Gravity

Examples:

*eekkkr*Fits known
observational data

Euclidean group
Iso(d)

Poincaré group
Iso(d-1,1)

anti de Sitter group
0(d-1,2)

de Sitter group
0O(d,1)

linear algebraic group

conformal group
O(d,t+1)

rotation group
O(d)

Lorentz group
O(d-1,1)

0(d-1,1)

0(d-1,1)

parabolic subgroup/
Borel subgroup

conformal parabolic
subgroup

Cartesian space
IR ¢

Minkowski spacetime
|R d-1,1

anti de Sitter spacetime
AdS?

de Sitter spacetime
ds¢

flag variety

MGobius space
Sd,t

Euclidean
geometry

Lorentzian
geometry

Parabolic
geometry

Riemannian
geometry

Pseudo-Riemannian
geometry

Conformal
geometry

Affine
connection

Spin
connection

Conformal
connection

Euclidean
gravity

Einstein
gravity

AdS
gravity

de Sitter
gravity

Conformal
gravity
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(6)

Galilean Transformation Group aka. Inhomogeneous Galilean Transformation

General Linear,Affine Transform
Galilean Transform
4-Tensor {mixed type-(1,1)}

Discrete Continuous
Time-reversal

SpatialFlipCombos

t— -t*
time parity
anti-unitary {xlylz} — -{xly|z}

unitary Rotation

Parity-Inversion

Identity 1) Xy | xz|yz

r—-r
space parity L
: no mixing
unitary unitary Motion:Shear
tx |ty |tz
Isotropy

{same all directions}

Lie group of all affine isometries of Classical:Euclidean Time + Space (preserve quadratic form &;)

with Det] ] = +1

Translation Transform

4-Vector
Discrete Continuous
Temporal
4-Zero At
no motion Sl
Ax | Ay | Az

Homogeneity
{same all points}

4-Vector SRQM Interpretation

Classical Transforms: Venn Diagram
Full Galilean = Galilean + Translations

SciRealm.org

John B. Wilson
SciRealm@aol.com

http://scirealm.org/SRQM.pdf

Lie Groups

de Sitter Group SO(1,4)
de Sitter invariant relativity
(?maybe?)

Poincaré Group I1SO(1,3)
{r <<r_ = de Sitter Radius}

ro = VIB/A] = LuN[QA]

SR & GR Physics
(** currently thought correct **)

/\“‘v = Bu'v =
Boost

Galilei Group
{Iv|<<c}
Classical Physics

NV, — S¥, =
Motion:Shear
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Poincaré Transformation Group aka. Inhomogeneous Lorentz Transformation

Lie group of all affine isometries of SR:Minkowski D (preserve quadratic form ny)
General Linear,Affine Transform X = A¥, X" + AX" with Det[A",] = +1
(6+4=10)
Lorentz Transform Translation Transform -AngularMomentum M* = X* A P¥ = X¥PY - X'P*
4-Tensor {mixed type-(1,1)} 4-Vector enerator of Lorentz Transformations (6)
- . I-rv_’RI-llv + /\p’v_’Bp'v
Discrete Continuous Discrete Continuous
Time-reversal 4-LinearMomentum P*
= Generator of Translation Transformations (4)
D SpatialFlipCombos = { AX"—(cAL0) + AX*—(0,Ax%)
_) -
time parity Det[A\*\] = +1 for Proper Lorentz Transforms
anti-unitary {xlylz} — -{xly|z} Temporal Det[A\",] = -1 for Improper Lorentz Transform
unitary Rotation
Parity-Inversion P Lorentz Matrices can be generated by a matri
: At with Tr[M]=0 which gives:
Identity Iyy  xiy | xiz | y:z {A=e"M=e"(+6-J-TK)}
r—-r - Spatial {(N"=E "M)'=erM"}
space parity ) aeanelon NN SRRV SR:Lorentz Transform
unitary no mixing a[R"] = ORY/OR" = AV,

unitary Boost Ax | Ay | Az M = +0-J - TK B (AT\ - AHAC =l = SH
B[Z] = e K) A= (NN =1t = 8

harge-Conjugation R[6] = e”(+68-J) N'o\'g = Nog
tx |ty |tz A=erM=gh (+8-J - TK

R R* CPT Symmetry
> R,9—>-q {Charge} Rotations Ji = -em\M™/2, Boosts Ki = Mjp
charge parity {Partiy} Isotropy Homogeneity
anti-unitary {Time}  |{same all directions} {same all points} R— -R*) ] 0 8 ply 9— -q
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o— ) . = Minkowski

: Lagrange “Shift Operator” version of Taylor’s Theorem: e*@® f(x)=f(x+a)

Tava% uv )

4-AD)I(Sp(IaAceEG)nt SpaceTlme 3[X] N?e[[);c] n Bloch Theorem:Translation Operator: €®®y(X) = w(X+R), with K as reciprocal lattice
=(cAt,Ax

ATime Transform AX¥—( ,0)
Generated by energy E = cp°

Conservation of
elativistic 3-mass-moment
(temporal-spatiall)

-YB;
1)B'Bi/(B-B)+3]

Conservation of scalar Energy (temporal)

v
B (v-

Translation Transform Conservation of 4-Momentum
Generated AX*(t,x) = exp[X-P/n]*  KERREIOLEIE e
4-AngularMiomentum
ConservaloiieHliEy Lorentz Transform  3,[X"] = aX"/aX" = NV, (3 +3) = (6) Laws
S-momentum (spatial) Generated A¥,(Z,0) = exp[1/2 weM], = exp[T-K + 8-, '

»,

j 1 0
‘- Generator 0" ( &'-n'n; )cos(B)-( €xn* )sin(B)+n'n;

M
Conservation of angular
4-AngMomentum 3-momentum ( )

Tensor Poincaré Transformation Group aka. Inhomogeneous Lorentz Transformation

’
.

MY = X'"PY-X'P*=XAP The group of all isometries of SR:Minkowski Spacetime (6 + 4 = 10)
s, (preserve quadratic form)
i i M= AM WV M\ M1 =
4-Velocity [0 -cn* -cn’ -cnf] A General Linear,Affine Transform X" = A* X" + AX" with Det[A",] = 1
X z _Iy
=y(c,u) [+Cny OZ * lx] WETERIT | 4-AngularMomentum M™ =X A P = X*P" - X'P¥ 0 -cn
- [+cn’ -l 0 +*] _ = of Lorentz Transformations (6)
dX/dt a=(d/c,-V) : A
* [+an el - 0 ] —\Y{ ={ A —R¥, + \¥,—B¥, } ch I=x"p
Gensﬂator [ 0,-cn'] 4-LinearMomentum P* = P E/c=p°
" ; i |k = of Translation Transformations (4) .
u . [ cn, € K ] ={ AX”'—>( ,0) + AX”'—>(O, ) } p=p
. Angular M + Linear P* Jacobi’s Formula for Complex Square Matrix A: Det(Exp[A])=Exp(Tr[A])
4-Momentum SR Det(A)io = ((tr A)* - 6 tr(A2)(tr AY? + 3(tr(A%)? + 8 tr(A%) tr A - 6 tr(A%)/24

= 10 Symmetries = 10 Generators = 10 Conservation Laws: Noether’s Theorem
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L Poincaré Algebra & Generators _
e Casimir Invariants e

The (10) one-parameter groups can be expressed directly as exponentials of the generators: Poincaré Algebra is the Lie Algebra of the Poincaré Group.

U[l, (a°,0)] = e”(ia®-H) = e*(ia’-p°): (1) M= -cn' | M%=-cn2 | M%= -cn® po

Ull, (0,A8)] = e”(-iAa-p): )

UIA(INGT2), O] = e/(iA8%j): ©) M"=cn' M= M= -2 P!

U[A(A@T2), 0] = e’ (iA@~k): (3) Lorentz Boost k

The Poincaré Algebra is the Lie Algebra of the Poincaré Group: M#=cn? | M#=-P M= P2

Total of (1+3+3+3 = (1+3)+(3+3) = 4+6 = 10) Invariances from Poincaré Symmetry M= cn® | M3'= 2 M= |1 p3

Covariant form: 0 cn S o
H A . = C = C =

Thpesev e :twe commutators of the the Poincaré Algebra : M"Y = X A P = XUPY - XVP* . P

[X*, X7 =0 pr=p cn” | I=x%p p=p

[P¥, P'] = -ihq(F") if interacting with EM field; otherwise = 0" for free particles

M™ = (X"PY - X'P¥) = ih(X"9" — X*0") M = Generator of Lorentz Transformations (6) = + }

[M™, PPl = ih( n®'P" — n°*PY) P = Generator of Translation Transformations (4) = { + }

[MY, MP] = iR(n"PM*® + n*°M*® + n®MP* + n*M°)
Rotations Ji = -€mM™/2, Boosts Ki = Mi
Component form: Rotations J; = -&»,»M™/2, Boosts K = M;
1 PD] — e P oo " The set of all Lorentz Generators V = {{:K + 0-J} forms a vector space over the real numbers.
b 1 L The generators {Jx, Jy , J. , K«, K, , K} form a basis set of V. The components of the axis-angle

[Jm,Po] =_O . vector and rapidity vector {6, 6y, 6, , {, {,, (;} are the coordinates of a Lorentz generator wrt.
%ﬁj,gk]] = ”:]’j:l;P this basis.
j,o] = -1

Very importantly, the Poincaré group has Casimir Invariant Eigenvalues = { Mass m, Spin j },

=.f k
R hence Mass *and* Spin are purely SR phenomena, no QM axioms required!

[Jm,Kn] = i€mnkK®
[Km, K] = -iemd*, @ Wigner Rotation resulting from consecutive boosts

o+ Koo - K] = 0 This Representation of the Poincaré Group or Representation of the Lorentz Group

is known as Wigner's Classification in Representation Theory of Particle Physics

Poincaré Algebra has 2 Casimir Invariants = Operators that commute with all of the Poincaré Generators
These are {P? = P'P, = (m.c)?, W? = W*W, = -(m,c)3(j + 1) }, with W* = (-1/2)e"*°J,,P, as the Pauli-Lubanski Pseudovector

[P?,P°] = [P?,P] = [P?,J] = [P?K] = 0: Hence the 4-Momentum Magnitude squared commutes with all Poincaré Generators
[W2,P%] = [W2,P] = [W?,J] = [W? KT = 0: Hence the 4-SpinMomentum Magnitude squared commutes with all Poincaré Generators
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d’Alembertian Invariant Wave Equation: 8-@ = (d/c)? - V-V = (d./c)? 4-Gradient Invariant

Time Translation: 9=9"=(9,c,-V)=0IoR, (" d'Alembertian

Let Xt = ( ,x), then 9[Xs] = (d/c,-V)( ,x) = Diag[1,-1] = 9[X] = n* =(9,/¢,-9,,-0,,-9,) Wave Equation

so 9[X+] = 9[X] and 9[K] = [[0]] =(0lcat,-9/ox,-8/dy,-0l0z) we:9=(8,/c)-V-

(0-9)[K-X7] = 9-(9[K-X1]) = [K]-X++K-9[X1] = 0+K-9[X] = 9[K]-X+K-9[X] = 9-(9[K-X]) = (9-9)[K-X]: Time Translation Invariance (1)
Conservation of Energy = (Temporal) 1-momentum ( )

Space Translation: part of P¥ = (=/c,p) Hic = Elc = p°
Let Xs = (ct, ), then d[Xs] = (d/c,-V)(ct, ) = Diag[1,-1] = [X] = n*" :
so J[Xs] = 9[X] and 9[K] = [[0]] p=p

(0-9)[K-Xs] = 0-(9[K-Xs]) = 9[K]-Xs+K-9[Xs] = 0+K-9[X] = 9[K]-X+K-9[X] = 0-(d[K-X]) = (9-9)[K-X]: Space Translation Invariances (3)
Conservation of Linear (Spatial) 3-momentum (1)

Lorentz Space-Space Rotation: part of P¥ = (E/c,p)

Let Xr = (ct, ), then 9[Xg] = (d/c,-V)(ct, ) = Diag[1,-1] = 9[X] = n*

so d[Xgr] = 9[X] and 9[K] = [[0]]

(9-9)[K-Xg] = 9-(9[K-XR]) = I[K]-Xr+K-9[Xr] = 0+K-9[X] = J[K]-X+K-9[X] = 2:(d[K-X]) = (2-9)[K-X]: Lorentz Space-Space Rotation Invariances (3)
Conservation of Angular (Spatial) 3-momentum (1)

Lorentz Time-Space Boost: part of M = XAP

Let Xs = v( : ), then d[Xe] = (d/c,-V)y( , ) = [lv,-vBLI-vB]] = A 0 |[=n

J[K-Xg] = 9[K]-Xs+K-9[Xs] = A"K = K; = a Lorentz Boosted K, as expected

2-Kg = 0-A"K = A, (0-K) = A¥(0) = 0 = 9-K = Divergence of K = 0, as expected

(2-9)[K-Xg] = 9-(9[K-Xg]) = 0-K; = 9-K = 9-(d[K-X]) = (9-9)[K-X]: Lorentz Time-Space Boost Invariances (3)
Conservation of Relativistic 3-mass-moment ()

part of M¥ = XAP

SR Waves: see Wikipedia: Relativistic Angular Momentum

Let W = aeMi(K-X), W1 = ae™-i(K-X1), Ws = ae?-i(K-Xs), Wr = ae’-i(K-Xg), Ws = ae’-i(K-Xg)

(0-9)[K-X7] = (0-9)[K-Xs] = (0-9)[K-Xg] = (9-9)[K-Xz] = (9-9)[K-X]: Wave Equation Invariant under all Poincaré transforms

Total of (1+3+3+3 = 10) Invariances from Poincaré Symmetry

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

cn’

I=x*p

SR 4-Vector

SR 4-Scalar Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar
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~  SRQM Study: 4-Vector Operations """
Ai Lorentz Scalar Product A-B = A B*

John B. Wilson

s o EXtErior Product A2AB = A'BY-A'BY ...z

| 0
A 4-Gradient Minkowski Lorentz. [ 4-Position
0=(9,/c,-V)=0loR, oRI='[R'J=n"] a[R']=A", K o I R=(ctr)
Metric Transfor [ i
8-9=(3,/cy-V-V
R-P = 'Saction,free
Action Scalar

There are at least three 4-Vector relations which use the Exterior (Wedge=*) Product.

U-ol..]

yd/dt[..]
d/dt[..]

4-Velocity INA=GAY - §'A¥

U=y(c,u)=dR/dtf EM Faraday
4-Tensor

OrA = M A AY = OPA-0'AF = F* : the Faraday EM 4-Tensor M =
RAP = R* A P' = RP-R'P* = M" : the 4-Angular-Momentum RAP=R"P" - R'P"
RAF = R*A F' = R*F'-R'F* = y*" : the 4-(Angular-)Torque 4-Angz|_e3rrel\ﬂgcr:1rentum @ 4-EMVectorPotential

. A=(p/c,a
This gives the components of each remarkably similar properties. Energy:Mass (9/c,2)

Likewise, each of these has a physical (Dot=") Product relation as well. | & e (6-0)A - 0(3-A)=poJ
4-Momentum Maxwell EM Wave Eqgn

d-A = 9,A" = 0 : the Lorenz Gauge, a conservation of 4-EMVectorPotential P=(mc,p)=(E/c,p)

R-P = R,P" = -Syqionsee : the Action Scalar -

R:F = R,F" = 7?77 . probably something important 4-ChargeFlux @

4-CurrentDensity
J=(pc,j)=p(c,u)

Electric:Magnetic
1/(goMo ) = C°

SR 4-Tensor SR 4-Vector - - —

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar Tiacs[T”V] B n”v;rl;v =T ) To 2

1,1)-Tensor T*, or T,* | SR 4-CoVector:OneForm (0,0)-Tensor S or S, VIV = VNV = (V)" - vev] = (Vo)
= orentz Scala = Lorentz Scalar

0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V
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gﬁy;»ch A ‘- N S RQ M St u d y : 4-Vector SRQM Interpre;?t(igohr/}
A; - 4-Momentum — 4-Force
wmese . 4=AngularMomentum — 4-Torque .,.cness

. paceTime Minkowski Lorentz :
. - " v v ) , 4-Grad t
Linear: @y - - X=0,X'=4 g d[X]=¢"[XI=n" &2 3, [X*]=A\", & a=(ar?c |_evn) A
4-Force Is the o > Dimensio Transfor, -

ProperTime Derivative of 4-Momentum.

-
( > X=(c,x

]
Angular: \g * o

4-Torque is the @’ )
ProperTime Derivative of 4-AngularMomentum. -

p g yd/dt[..] 4 Ang_rhe/lr(])g?ntum Tensor

d/dt.. M™ = XUPY - X'P* = X A P yW=EXF - XF'=XAF
- =

d/dtff M ] =d/di[ X * P ] . [0 -cn* -cn’ -cn dM*/dt
= d/d‘L’[ X'PY — XVPH ] 4l]YG|OCIty [+Cnx 0 +7 -|y]
= [ U"PY + X*FY — U'P* — X'F* ] =y(c,u) [+cn? -F 0 +1]

=[U’moU” + X*FY — U'moU" — X'F¥] [+cn® +Y - 0]
= [UPmoU’ — U'moUt + X*FY — X ] =

= [ mo(U*UY — U"UY) + X¥FY — X'F¥ ] [0 ,-cni]

= [ mo(0™) + X*'F' — X'F¥ ] [+cn', €6 €]

= [ X*FY — X'F¥ ]

4-Momentum

.
didegf MW ] =y = [ X'*F' = X'F*]=XAF P = P=(mc,p)=(E/c,p) 4-Force e o
F=y(E/c,f=p)
=dP/dt
SR 4-Tensor SR 4-Vector s W= TH =
2.0)-T Tov X b=\ = (O SR 4-Scalar Trace[T"] =, T*" =T¥, = T
1,1( )-'Iqtgnseonrs'l(?“rV or T, ggLng\Slc;LYor:(;;eF(Z;;\) (0,0)-Tensor S or S, VAV = Vi, V= (V)7 - vev] = (Vo)

0,2 -Tensor T, v 0,1 -Tensor V, = Vo,-V orentz Scala = LOI'entZ Scalar
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SR —- QM

S, SR 4-Vectors & 4-Tensors 7w
A; Lorentz Scalar Product & Tensor Trace ___
sy Invariants: Similarities

All {4-Vectors:4-Tensors} have an associated {Lorentz Scalar Product:Trace} Lorentz Scalar Invariant
V-V=VAV=(vVY - vev)=(V0)

Each 4-Vector has a “magnitude” given by taking the Lorentz Scalar Product of itself. IVecior

V-V = Vi VY = VRV, = VWY = (VoV? + viv! + vov? + vav®) = (VOVO - vev) = (V0)?

The absolute magnitude of V is V[|V-V]]

Trace Tensor Invariant

Each 4-Tensor has a “magnitude” given by taking the Tensor Trace of itself. TrT*]=T¥,=(T5-TH-TTH)=T

Trace[T"] =TrT"] =N T =T, =T = (T + T + T2+ T2) = (TP -T"-T>2-T¥) =T ~_4-Tensor
Note that the Trace runs down the diagonal of the 4-Tensor. ™ = Eﬁiﬁ:ﬁﬁ%
Notice the similarities. In both cases there is a tensor contraction with [T20,72, T2 7%

30 T31 T32 133
[T, T, T T

the Minkowski Metric Tensor n,, — Diag[+1, |icantessianit et

P-P=(m,c)’=(E./c)

ex. P-P = (E/c)? - p-p = (Eo/c)? = (MoC)? 4-Momentum
which says that the “magnitude” of the 4-Momentum is the RestEnergy/c = RestMass*c

- 11[N"]=4_2

Minkowski Metric

ex. Trace[n™]1=(N"-n"-n*?-n®¥)=1-(-1) -(-1) -(-1) = 1+1+1+1 =4
which says that the “magnitude” of the Minkowski Metric = SpaceTime Dimension = 4

d[R]=n""—Diag[1,-1,-1,-1

SR 4-Tensor SR 4-Vector . i _
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar v VTIa\(;S [T i n“v;rl;v T 0 To 2
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, V=V V= [(V0) - vev] = (Vo)
. 0,1)-Tensor V., = (Vo,-v orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

A? SR 4-Vectors & 4-Tensors
S More 4-Vector-based Invariants

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Some other SR Invariants include:

Lorentz Scalar Invariant

V-V=VHY =(vOVO - v-v):(voo) Particle # EM Charge
(moc)=(Ed/c N = (-Vo/c)[dT-N >

4-\/ector 4-Momentum

SV () = Ind’x = lynd’x Siadx i?)ngzi
VoV s (V ’V) — NoVo — poVo

0 — A3 0
dV/V - d V/V if V-V=(constant

Phase Space Invariant

Fos Ve .- 194 Sy
= C - C =(ydr)-(dA)
= yd®x
-_— . . - d4P
o oy % M = (dErc) dp dp dp? d’p d’x
i ) = dp* dp’ dp® dx dy d
= (dw/c) dKk* dk’ dK? d’k d°x
= dk* dk¥ dk* dx dy dz

SR 4-Tensor SR 4-Vector V] — Wo— TH —

2,0)-T T - H=V = (V° SR 4-Scalar Trace["’lJ ] = nuvT = = T
11y Tomsor e or 7. | SR 4 Govestor:Onet onm: [L0.0)-Tensor S or S, VAV = VN,V = (V)2 - v = (Vo

= orentz Scala = Lorentz Scalar

0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V
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SR —- QM

= SR 4-Vectors & 4-Tensors = 77
A More 4-Vector-based Invariants
Ny Phase Space Integration

Some 4-Vectors have an alternate form of Tensor Invariant: ( dv’/v° = dv/V°) or ( d3v'/V® = d3v/V®)
in addition to the standard Lorentz Invariant V-V = V¥V, = (v’ - v-v) = (v )?

Lorentz Scalar Invariant

V-V=\V*V,=(vV° - v-v)=(V°)

(0]

If V-V = (constant):, with V = (v",v) 4-\/ector
then d(V-V) = 2*(V-dV) = d(constant) = 0
hence (V-dV) = 0 = v’d\° - v-dv 2
dv® = v-dv/\° dv/v® — d*v/V° if V-V=(constant

. Ph S | iant
Generally:, with A = A*, = Lorentz Boost Transform in the B-direction -

V’ = AV : from which the temporal component v% = (yv° - yB-v)
dV’ = AdV : from which the spatial component dv’ = (ydv - yBdv®)

Combining:

dv’ = (ydv - yB(v-dv/V°))

dv’ = (1V°)*(yvPdv - yB(v-dv))
dv’ = (1V°)*(yv°- yB-v)dv

dv’ = (yv°- yB-v)*(1/v°)*dv

dv’ = (V'AF)dv . An alternate approach is:
dv’/v¥ = dv/V® = Invariant of V = (\°,v) for V-V = (constant) Jd*p 8[p>-(MeC)] P-P=(m,c)*=(E./c)’
_ = [d’p (1/2]m.c]) (3[p+m.c] + 3[p-m.c]) 4-Momentum
I§OP fi)r(r(;xca;])r?‘I((e(-:onstant) ~cd'p/2E P=(mc,p)=(E/c,p
L) = = Invariant m

Thus, dp’/(E’/c) = dp/(E/c) = Invariant
Or: dp’/E’ = dp/E — d°p/E = dp*dp’dp?/E = Invariant, usually seen as | F(various invariants)*d°p/E = Invariant

SR 4-Tensor

SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar TIaCS[TuV] =_ n”v;rl;v =T f To 2
1,1)-Tensor T* or T,* § SR 4-CoVector:OneForm K(0.0)-Tensor S or S, V-V = Vo, VY = [(VO)2 - vev] = (VY)
0,2 -Tensor T, " 0,1 -Tensor V, = Vo,-V orentz Scala = LorentZ Scalar
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LS SR 4-Vectors & 4-Tensors 7%
i More 4-Vector-based Invariants

@ SciRealm.org

John B. Wilson

ﬁf-EQ;;L;tz?\zectors P h aS e S p ac e I n te g ratl 0 n http://scirsgliri.ecigg?%)ll\'/ﬁgg

Invariant d*X = -(V,)dT-dX = -(dV,)T-dX = cdt d°x = cdt-dx-dy-dz
The 4D Position coords that are integrated to give a 4D volume: S| units [m*]

4-UnitTemporalDifferential 4-Differential
4-Differential dX = (cdt,cx); dR = (cdi,dr); dT=(d[y].d[vB]) dR=dR"=(cdt,dr)
4-UnitTemporal T = v(1,8) = (v,/8)
4-UnitTemporalDifferential dT = d[(y, )] = (d[y], )

V = [dV = [dx [dy Jdz = [[[dx dy dz = [d®x

V = V,/y = 3D Spatial Volume: Sl units [m?]
dV = d°x = 3D Spatial Volume Element

v =VolV

dy = (Vo/V2)dV

-(Vo)dT-dX = Invariant, because (Rest Scalar * Lorentz Scalar Product) = Invariant Phase Space

= -(Vo)(dIy], )-(cdt,dx) Tensor Invariant
= -(Vo)(d[y]cdt - d[yB]-dx) = cdt-dx-dy-dz
-(Vo)(-(Vo/V)dVedt - d[yB]-dx)

-(Vo)(-(Vo/Vo2)dVedt - d[(1)(0)]-dx) by taking the usual rest-case
-(Vo)(-(Vo/Vo2)dVedt)

-(Vo)(-(1/Vo)dVedt)

= cydt-dx-dy-d

dVcdt
= cdt dV
= cdt-dx-dy-dz i ) dVv
= cdt d°x [F[various Invariants]d“X —ydz(-dy-dz
= d*X = Invariant B
And, this makes sense. =(ydr)-(dA)
T is a temporal 4-Vector with fixed magnitude: T-T = 1. d(T-T) =d(1) = 0 = 2(dT-T) = 'Yd3x

Since (dT-T)=0, dT must orthogonal to T and thus must be a spatial 4-Vector

If dX is also spatial, then the Lorentz scalar product { (dT-dX) = -magnitude } will be negative with this choice of Minkowski Metric.
Thus, multiplying by -(V,) gives a positive volume element{ cdt dx dy dz = d*X}

It is sort of quirky though, that the temporal (cdt) comes from the dX part, and the spatial (d°x) comes from the dT part.

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V)7 - vev] = (Vo)
= Lorentz Scalar

SR 4-Scalar

(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
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4-Vector SRQM Interpretation

oo SR 4-Vectors & 4-Tensors |

@

? More 4-Vector-based Invariants

SciRealm.org
John B. Wilson

ﬁf-EQ;;L;tz?\zectors P h aS e S p ac e I n te g ratl 0 n http://scirsgliri.ecigg?%)ll\'/ﬁgm

p d° = p' d*" = (-V,/c)dT-J = Lorentz Scalar Invariant
n d®x = n' d®' = (-V,/c)dT-N = Lorentz Scalar Invariant

4-CurrentDensity J = (pc,])

4-NumberFlux N = (nc,n)

4-UnitTemporal T = y(1,8) = (v,7B)
4-UnitTemporalDifferential dT = d[(y,/£)] = (d[v], )

V = Vly
= -(Vo/VA)dV

(-Vo/c)dT-J = Invariant, because (Rest Scalar * Lorentz Scalar Product) = Invariant
= (-Vo/c)(d[y], *(pc,j)

= (-Vo/c)(d[v]lpc - d[yB]- J)

= (-Vole)(-(Vo /Vz)(dV)(pC) d[yBIj)

= (-Vole)(-(Vo/Vo?)(dV)(pc) - d[(1)0]))

= (-Vole)(-(Vo/Vo?)(dV)(pc))

= (dV/c)(pc)

= (pc)(dV/c)

= (p)(dV)

=p d®

Total Charge Q = Jyp, d°x = [p d° = Lorentz Scalar Invariant
Total Particle # N = [yn, d® = |n d°x = Lorentz Scalar Invariant
Total RestVolume V, = [yd®x = Lorentz Scalar Invariant

This also gives an alternate way to define the RestVolume Invariant V..
(-Vo/c)dT:N = nd®x

N = [nd*x = J(-Vo/c)dT:N

cN/V, = -[dT-N

V, = -cN/[dT-N

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar

-Tensor T or T, § SR 4- r: F 0,0)-Tensor S or S
) v u ri

( ) CoVecto One orm ( ) ) o
orentz Scala

4-(Dust)NumberFlux

N=N"=(cn,nu)=

LU-U=c’2

4-\elocity

> U=U'=y(c.,u) (0.
4-UnitTemporalDifferential 4-ChargeFlux
dT=(d[y],d[yB]) 4-CurrentDensity

J=J"=(cp,j)=p(c,u)
L -Vo/c ] =p.U=gn.U=gN

n(c,u)

Phase Space
@ Tensor Invariants @

N = (-V/c)/dT-N Q = (-VJ/c)[dT-

= [nd®x = Jyn.d®x = [pd®x = Jyp.d®x
— poVo

Total # Particles N is a Total EM Charge Q is a

Lorentz Scalar Invariant Lorentz Scalar Invariant

Trace[T"] =T =T =T
V-V = Vi, VY = [(VO)? - vev] = (V0)?
= Lorentz Scalar
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- SR 4-Vectors & 4-Tensors
i, More 4-Vector-based Invariants
Ny Phase Space Integration

gjz = %""iﬂ?ﬂi = ((%E/;:))ﬁsr;( = (&E//C))ddp; (iﬁ(yy%iz 4-UnitTemporalDifferential 4-MomentumDifferential
= (Vko)dT-dK = (dw/c) d’k = (dw/c) dk* § = —ADH—
The 4D Momentum coords that are integrated to give a 4D Momentum Volume: S| Units [(kg-m/s)’] dT (d[y],d[yB]) dP=dP _(dE/C’dp)
The 4D WaveVector coords that are integrated to give a 4D WaveVector Volume: Sl Units [(1/m)*]

4-DifferentialMomentum dP = ( ,dp)
4-DifferentialWWaveVector dK = ( ,dk)
4-UnitTemporal T = y(1,8) = (y,78)
4-UnitTemporalDifferential dT = d[(y,y£)] = (d[y], )

Ve = [dVe = [dp*[dp*[dp? = [[[dp* dp’ dp* = [d°p

Ve = 7(Veo) = 3D Volume in Momentum Space: S| Units [(kg-m/s)’]

dVe = dy(Veo) = 3D Volume Element in Momentum Space

¥ = (Ve)/(Veo) _ ST

dy = (dVe)/(Veo) = (dE/c) dp* dp’ dp
= (dE/c) d®

(Vpo)dT-dP = Invariant, because Rest Scalar * Lorentz Scalar Product Phase Space

= (Vpo))(d[y], )+( ,dp) Tensor Invariant

(Veo)(dIyldE/c - d[yB]-dp)

(Vro)((dVe/Veo)dE/C - d[yB]-dp)

= (Vro))((dVe/Veo)dE/c - d[(1)(0)]-dp) by taking the usual rest-case

= (Vro))((dVe/Veo)dE/c)

(dVp) (dE/c)

d’p (dE/c)

(dE/c) d°p

= (dE/c) dp* dp* dp?

= d*P = Invariant

[F[various Invariants]d‘P

Likewise, d’K = Invariant [F[various Invariants]d*‘K

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

Trace[T"] =N T" =T =T
V-V = Vi, VY = [(VO)? - vev] = (V0)?
= Lorentz Scalar

SR 4-Scalar

(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
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@

A Tensor Study
of Physical 4-Vectors

d®p P = (Veo)dT-(-Vo)dT = (-Vo)(Veo)dT-dT
A%k 02X = (Vio)dT+(-Vo)dT = (-V,)(Vio)dT-dT

4-UnitTemporal T = y(1,B) = (v,/8)
4-UnitTemporalDifferential dT = d[(y,y£)] = (d[y], )

(Vpo)dT-(-Vo)dT = Invariant

= (Vro)(dly], ):(-Vo)(dly], )

= (Vro)(-Vo)(d[yId[y] - d[yB]-d[vB])

= (Vro)(-Vo)(-(Vo/V?)dV(dVe/(Veo)) - dlyB]-d[yB])

= (Vro)(-Vo)(-(Vo/Vo')dV(dVe/(Veo)) - d[(1)0]-d[(1)0])
= (Veo)(-Vo)(-(Vo/Vo)dV(dVe/(Veo))

= (Vpo)dV(dVe/(Vo))

=dV dVp

=dVp dV

= d°p d°x = Invariant

Likewise, d*k d*x = Invariant

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T* or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V

SR 4-Vector

SR 4-Scalar

orentz Scala

(0,0)-Tensor S or S,

SR 4_Vectors & 4-TenSO|‘S 4-Vector SRQM Interpre;?t(izo'\r/l‘n
Ai More 4-Vector-based Invariants

SciRealm.org
John B. Wilson

Phase Space Integration

4-UnitTemporalDifferential § 4-UnitTemporalDifferential

dT=(d[y].d[vBI) dT=(d[y].d[vBI)

d’p d®x

= dp* dp’ dp* dx dy d

Phase Space
Tensor Invariant

[F[various Invariants]d®p d°x

[F[various Invariants]d®k dx

Trace[T"] =T =T =T
V-V = Ve, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

~—~  SRQM Study: SR 4-Tensor Properties
O . . .
., General - Symmetric & Anti-Symmetric_ st

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Any SR Tensor T* = (S* + A*') can be decomposed into parts:
Symmetric S = (TH+T™)/2 with S = +S"
Anti-Symmetric AP = (TW-T™)/2 with A" = -A"

Importantly, the Contraction of any
Symmetric tensor with any

Anti-Symmetric tensor on the same index is
always 0.

SH+ AR = (TH+TW)2+(TH-T™)/2 = T2 + T2 + T2 - T2 =T + 0 = T *Note* These don’t have to be composed from a
single general tensor.

Independent components: {4°=16=10+6} S™AL=0
Max 16 possible Max 10 possible Max 6 possible -
roor:
Symmetric Anti-Symmetric SH AL

General
4-Tensor
T =
[TOO’TO1 ,TOZ’TOB]
[T10,T11,T12,T13]
[TZO,T21 ,T22,T23]
[T30,T31 ,T32,T33]

4-Tensor
S =
[800,801 ,802,803]
[810,811 ,812,813]
[820,821 ,822,823]
[830,831 ,832,833]

[SOO SO1 _802 803]

4-Tensor
A¥ =
[AOO A01 A02 A03]
[A10’A11 ’A12’A13]
[A20,A21 ,A22,A23]

[A30 A31 A32 A33]

[0’ A01 ’_AOZ’ AO3]

= 8" A,.: because we can switch dummy indices
= (+S")A,,: because of symmetry

= 8¥(-Aw): because of anti-symmetry

=-S" A

= 0: because the only solution of {c =-c} is 0

Physically, the anti-symmetric part contains
rotational information and the symmetric part
contains information about isotropic scaling and
anisotropic shear.

[+SO1 S11 812 813]
[+SOZ’+S15 825 823]
+803:+S13:+82;§,S33

[_A01 0 A12 A13]
[_AO2 ,-A’12 0 ’ A23]
[_AOS’ _A1 3, -A:23 0]

aka
Skew-Symmetric

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V" = V = (V°,v)
SR 4-CoVector:OneForm

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

(1,1)-Tensor T*, or T,Y
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Any Symmetric SR Tensor S = (T_* + T__ ") can be decomposed into parts: Importantly, the GaniSCESNIEIE
iso aniso Symmetric tensor with any
Isotropic TiSONV = (1 /4)Trace[SPV] n" = (T) n* Anti-Symmetric tensor on the same index is always 0.
Anisotropic T " =8"-T_" *Note* These don’t have to be composed from a

single general tensor.

The Anisotropic part is Traceless by construction, and the Isotropic part has the same Trace asthe gwpa =g
original Symmetric Tensor. The Minkowski Metric is a symmetric, isotropic 4-tensor with T=1.

Proof:
Independent components: SW A,
Max 10 possible Max 1 possible Max 9 possible = §" A,: because we can switch dummy indices

(+S")A,,: because of symmetry

Svmmetric Svmmetric Symmetric S“VS-AW): because of anti-symmetry
y y Anisotropic =-S" Aw

4-Tensor Isotropic T = 0: because the only solution of {c = -c} is 0
SY = 4-Tensor wo—

Physically, the isotropic part represents a direction

[SOO,SO1 ,802,303] TiSO”V = [SOO-T,ag%C;,SOZ,Sos] independent transformation (e.g., a uniform scaling or

[810’811,812’813] [T, 0’0’0]

uniform pressure); the deviatoric part represents the

[810,811"'-'-,812,813] distortion
[820 821 SZ2+T 823]
[830’831 ,832 SS’3+T]

[820,821,822,823] [0,-T,0,0]
[830’831,832’833] [0,0,'T,0]
= [0,0,0,-T]

An Isotropic Tensor has the same components in all
possible coordinate-frames.

00 01 02 03 =
[S™, S7, S, S7] [SOO-T go1 Qo2 803] Rank 0: All Scalars are isotropic
[+S°%", 8", S™ S with T= I R Rank 1: There are no non-zero isotropic vectors
+S%2 +g12 g22 g2 1/4)Trace[S*] [+S™, S"+T, S, S™] Rank 2: Most general isotropic 2™ rank tensor must
[ ’ S, S'] (i Aliace +S% +8'2 g224T S28 equal to A3*, = A, for some scalar A
03 1513 4§28 G [ , , , S77] q v = A’y Tor Scalariy

[+S ) ) ) 03 +g13 +G23 G334 T aka Rank 3: Most general isotropic 3" rank tensor must
1 2 2 2 Deviatoric equal to Ae* for some scalar A.
aniso ]‘O Rank 4: Most general isotropic 4" rank tensor must
equal to a6 + bs*5"® + cd"*8 for scalars {a,b,c).

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar

Tr[T

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm

SR 4-Scalar
(0,0)-Tensor S or S,
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General (rank=2) 4-Tensor T"

Symmetric 4-Tensor T___ "
= (T +T™)/2

=T M+ T

Isotropic Symm
4-Tensor

T =(Tr[T

symm

") 0

max DoF = 1

SR 4-Tensor
(2,0)-Tensor T+

(1,1)-Tensor T*, or T,Y

T = 4T

symm symm
max DoF = 10

SR 4-Vector
(1,0)-Tensor V" = V = (V°,v)
SR 4-CoVector:OneForm

symm

=T W 4 v

symm anti-symm

Anti-Symmetric 4-Tensor T w
= (T™ -T")/2

anti-symm

Anisotropic Symm
4-Tensor

V=T BV _
aniso symm

Tr[Taniso“V]=0

max DoF =9
BV — v

anti-symm anti-symm
vy

max DoF =6

max DoF = (dim)*(rank) = 42 = 4x4 =16 = (10+6)

Maximum Degrees of Freedom (DoF)
= # of possible independent components

SR 4-Scalar

orentz Scala

(Tensor dimension)*(Tensor rank) Trace[T"] =N, T =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?

= Lorentz Scalar
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T
(0,0)-Tensor = Lorentz Scalar S: Has either (0) or (1) Tensor Invariant, depending on exact meaning Tensorr?:\?ariant
S) itself is Invariant
( ) Tr TpV]=Tvv=(TOO_T11_T22_T33)=
4-Tensor
(1,0)-Tensor = 4-Vector V*: Has (1) Tensor Invariant = The Lorentz Scalar Product i eﬁ\e/;fijfet[T n g T = [T T T2 7%
V-V =Vin, VY = N VPV = TriVEVY] = VY = (Vv + vav! + vav? + vav®) = (VVO - vev) = (V)2 J b [T0T" 72T
Eigenvalues Tensor o1 00
V== (vW)=(v, v V2 V) C VRV = (VOO - vev) = (Vo) '”Varia”tm ngﬁ};z’ﬁﬂ
(2,0)-Tensor = 4-Tensor T*: Has (4+) Tensor Invariants (though not all independent) e, @'
a) T°% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed) el Determinant
b) T T?; = Asymm Bi-Product — Inner Product e Asymm Tri-Product 1eNSor Invariant
c) T% TP T, = Asymm Tri-Product — ?Name? Tensor Invariant
d) T° [aTBBTV T%; = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors
owered 4-Tenso
eg. TuT% = T%T? - T TP = (T,)? - T%T {1} = (T%)* - T%TP{(Va)nvenv} The lowered-indices form of a T = NupNva T7°
and, bending tensor rules slightly: = (T",)? - T%T?{(Va)Nesn™} = (T%)? - To%(N™) TPa(Nes){(Va)} = (T4)? - TToe{(%4)} tensor just negativizes the =
and, since linear combinations of invariants are invariant: (time-space) and (space-time) [Too ,Tor ,Toz , Tos]
Examine just the (T%Ts,) part, which for symm|asymm is (+)(T®Ts) ie. the InnerProduct Invariant sections of the upper-indices 0y DAl 5 0k o L0
tensor [T10 ,T11 ,T12 ,T13]
@) Traco[T) = THT] = T2/ = T = T = (160 Ty T T4 = (12 T T T9= (1) s sometime soena [Teo, To1 . T2z, T
for anti-symmetric: = 0 | _ ) | _ “ 1 = (1A)Tr(T™)] [Ts0,T31,Ts2, T3]
b): InnerProduct T, T = ToeT® + ToT® + ToT® + TyTV = (T)7 - S[TP - [T + &[T ,, - ()T =
for symmetric | anti-symmetric: = (T®)? - 25 [T + Z[T']? = £, [T"]? - 25 [T + 255[ T 2 = (1/3)Tr(T™Y] [+T%, -T™ -T% -T%]
c): Antisymmetric Triple Product T TPTY; = Tr[T*]® - 3(Tr{T*])(T%TP) + To%TA TV + T, 5T f = (1/4)Tr(T™Y] [T 4T 4T +T"9)
for anti-symmetric: = 0 If | got all the math right... ! [T +T?" +T%2 +T%)

d): Determinant Det[T"] =?= -(1/2)€qps T TY
for anti-symmetric: Det[T*'] = Pfaffian[T*]* (The Pfaffian is a special polynomial of the matrix entries)
SR 4-Tensor

(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

[_T3O ,+T31 ,+T32 ,+T33]

SR 4-Vector

SR 4-Scalar Det[T%,] = IL[AJ; with {A} = Set of Eigenvalues Trace[T*] = H i

0,0)-Tensor S or S, o ) ) _ V-V = Vi, VY = [(VO)? - vev] = (V0)?
( Z)rentz Scala Characteristic Eqns: Det[T% - Ad4)]=0 =“|_0rentz Scalar
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Some Tensor Gymnastics: a=TriA]
Matrix A = Tensor A'. Aa[a Abb] = Aaa Abb : Aab Aba = (Tr[A])Z - Tr[Az]
with rows denoted by “r’, columns by “c”

Aa[a Abb Acc]
+ Aaa Abb Acc = Aaa Abc Acb + Aab Abc Aca = Aab Aba Acc + Aac Aba Acb = Aac Abb Aca
+(Aaa Abb Acc) h (Aaa Abc Acb + Aab Aba Acc + Aac Abb Aca) + (Aab Abc Aca + Aac Aba Acb)
+(Aaa Abb Acc) = (Aaa Abc Acb + Acc Aab Aba + Abb Aac Aca) + (Aab Abc Aca + Aac Acb Aba)
+(TrA])° - 3*(Tr{A])(Tr[A%]) + 2*(Tr[A’])

Example with dim=4: r,c={0..3}
Matrix A =

[Ar:00=0 A\r=0c=1 Ar=0C=2 Ar:00=3]
[Ar=1c:O p\r=1c:1 Ar=1c=2 Ar=1c=3]
[Ar=2c:o p\r=2c:1 Ar=2022 Av=2c:3]
[Ar=30=0 Ar=3c=1 Ar=3c=2 Ar=30=3]

A’ A% A° Add] =
M = A x B = A% B, = M% +ATAPACAYG -ATAAGA -AZAPAGAY AT ACA AT +ATA A AT -ATAATA
,with the rows of A multiplied by the columns of B AT A A A FATA A GA S HATAPA A -ATAAA S -ABA A%AY HATA A A
due to the summation over index “c” +A2 AP, AS AY, -AZ AP ASAY A2 AP AC AL +A AP ACAY +ATAPACAY -AZAPASAY,

“ATAAGA FATA A A HATAPATGAY -ATAACAY -ATAAAY, TATAADA
If we have sums over both indices: —
A% B =M% = Traqe[M] . M +AaaAbbACoAdd
O e e o o e g s 1 10 ST BN BRI AR BB DR
+ATA A GAY, FATAP A GA  FATANATGAY HATAATAY TATAYALA TATAATGAY FATA ATCAY, TATAAGA
A% A% = (AXA)%s = (N)% = Trace[N] = Trace[A?] = Tr[A?] +HALAATGAY HATAA%AY +ATAYADA
A% A% = (NEAS)AL = N(A%A%) = Ne(N%) = 82 (N%) = TIN] = TrA?]  -APAATGA% -A%A GA%A" -A%APA%GA Y, -AA GA%A Y -A%A%A A -ATA A%A%,

A% A%y = A% A% - A% A% = (Tr[A])? — Tr[A?] +(Tr{A])*
,with brackets [..] around the indices indicating anti-symmetric -6*(Tr[A])%(Tr[A?])
S +8*(THA])(THA)
* 21\2
The Trace formula’s are independent of tensor dimension. +3 (Tr[A; )
-6*(Tr[A])

+(Tr{A])* -6*(Tr{A)*(Tr[A%]) +8*(Tr[A])(Tr{A%]) +3*(Tr[A%]) -6*(Tr[A"])

SR 4-Tensor SR 4-Vector : .
(2,0)-Tensor T~ §(1,0)-Tensor V* =V = (v*,v) . SR 4-Scalar Det[T,] = II[A]; with {\} = Eigenvalues

(1,1)-Tensor T, or T,/ § SR 4-CoVector:OneForm R0.0)-Tensor S or S, Characteristic Eqns: Det[T - Ad4]=0

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar
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General Cayley-Hamilton Theorem
A%+Cy AT+, +CoA%= 0y, With A = square matrix, d = dimension, A° = Identity(d) = L
Characteristic Polynomial: p(A) = Det[A - Al )]

Io = Z[Unique Eigenvalue Naughts] = 1 (1)
The following are the Principle Tensor Invariants for dimensions 1..4 I; = £[Unique Eigenvalue Singles] = A + Ay + A3 + A 4)
I, = 2[Unique Eigenvalue Doubles] = Az + AMAs + AAs + AoAs + AAs + AsAs (6)
dim=1: A4c)A°=0 : A-1;1;,=0 I; = X[Unique Eigenvalue Triples] = AAxAs + AAAs + AAsAs + AAsAg 4)
1, = tr[A] = Detp[A] = A 1, = Z[Unique Eigenvalue Quadruples] = AAzAzAs (1)
dim = 2: A>+cA'™+c)A’=0 : A%- ;A" + ;15 =0 Each dimension gives the number of elements
I; = tr[A] = X[Eigenvalues] = A1 + A, from it's row in Pascal’s Triangle :)

I, = (tr[A]? - tr[A?] )/2 = Detyp[A] = IT[Eigenvalues] = A\,

dim = 3: A3+C2A2+C1A1+C0AO =0 : A3- 14 A? + I, Al - I3 Ig) = 0]

I, = tr[A] = Z[Eigenvalues] = A1 + A2 + A3

Iy = (tr[AJ - tr[A%] )/2 = MAz + Aihs + Ao

Is = [ (tr A)® - 3 tr(A%)(tr A) + 2 tr(A®%) ]/6 = Detsp[A] = IT[Eigenvalues] = AMAsAs

dim = 4: A4+C3A3+C2A2+C1A1+C0AO =0 : A4 = I1 A3 + 12 /A\2 = I3 A1 + /4 1(4) =0

I, = tr[A] = Z[Eigenvalues] = A + Ay + A3 + Ay

Iz = ( tr[A]2 = tr[AZ] )/2 = )\1)\2 + )\1)\3 + )\1)\4 + )\2)\3 + )\2)\4 + )\3)\4

Is= [ (tr A)? - 3 tr(A2)(tr A) + 2 tr(A%) 1/6 = AAaAs + MAohs + Aihshs + Ashahs

lo = ((tr A)* - 6 tr(A%)(tr A)? + 3(tr(A%))* + 8 tr(A%) tr A - 6 tr(A*))/24 = Detp[A] = I1[Eigenvalues] = AAsAsAs

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T* or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V

SR 4-Vector

SR 4-Scalar Det[T%] = ITJAJ; with {A} = Eigenvalues Trace[T™] = miTESeHE

0,0)-Tensor S or S, s ) o _ V:V = Vi, V' = [(VO)2 -vv] = (Voo)2
( ())rentz Scala Characteristic Eqns: Det[T% - Adl4)]=0 ;Lmentz Scalar
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General Cayley-Hamilton Theorem Dim =1 Dim =2 Dim=3 Euclidean Dim=4 Minkowski
A%Cy A%+, +CoA'= 0, With A = square matrix, 3-Space SpaceTime

d = dimension, A’ = Identity(d) = I, A=[ a ] A=[ a b ] A=[ a b c ] A=[ a b c d ]
LA -1, A+ LA*- A"+ [,A° =0 : for 4D [ cd] [ de £ ] [ e £gh]
Characteristic Polynomial: p(A) = Det[A — Al )] [ ghi] [ 13 k1]
[ mn op ]
Tensor Invariants /, = A - j,k={1} = A, 1 j,k={1,2} = A :j,k={1,2,3} =AY : u,v={0,1,2,3}
lh=1/0!=1 (1) (1) (1) (1)
=1 =1 =1 =1
I; = tr[A]/1! (1) (2) (3) (4)
=M =M+ A =MtA+A; =AM +HA A A
=A% = (a) =(a+d) =(ateti) =(a+f+k+p)

= X[Unique Eigenvalue Singles]

Y[Eigenvalues]
Detm[A]
= TI[Eigenvalues]

= X[Eigenvalues]

= X[Eigenvalues]

= X[Eigenvalues]

I, = ( tr[A] - tr[A?] )/2! =0 (1) (3) (6)
= )\1)\2 = )\1)\2 + )\1)\3 + )\2)\3 = )\1)\2 + )\1)\3 + )\1)\4 + )\2)\3 + )\2)\4 + )\3)\4
= A%, A%/ 2 = (ad - bc) = (ae - bd)+(ai - cg)+(ei - fh) = (af - be) + (ak - ci) + (ap - dm)
= Detyp[A] +(fk - gj) + (fp - hn) + (kp - lo)
= X[Unique Eigenvalue Doubles] = II[Eigenvalues]
I = (tr A)® - 3 tr(A%)(tr A) + 2 tr(A®) /3! =0 =0 (1) (4)
= )\1)\2)\3 = )\1)\2)\3 + )\1)\2)\4 + )\1)\3)\4 + )\2)\3)\4
= A% Af AY, 1/ 6 = a(ei-th)-b(di-fg)+c(dh-eg) = ..
= Detao[A]
= X[Unique Eigenvalue Triples] = TI[Eigenvalues]
I, = ((tr A)* - 6 tr(A?)(tr A) + 3(tr(A%))? + 8 tr(A®) tr A - 6 tr(A%))/4! | =0 =0 =0 (1)

= Aq[u ABp Avv A65] | 24

= X[Unique Eigenvalue Quadruples]

= )\1)\2)\3)\4
=a( f( kp-lo)) + ...
= Det4D[A]
= II[Eigenvalues]
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The Faraday EM Tensor F% = &°AP - 3°A° = 8 A A is an anti-symmetric tensor 4-Gradient FarTaday EM %
that contains the Electric and Magnetic Fields, defined by the Exterior “Wedge” Product (). 3=3“=(3t/0,-V) ensor

Fe = °AP- OPA° =0 A A
—
[ Ftt th Fty FtZ]
[Fxt | =y =3 FXZ]
[Fyf =7 =7 Fyz]
[th sz Fzy FZZ]

The 3-electric components (e = €') are in the temporal-spatial sections.
The 3-magnetic components (b = b¥) are in the only-spatial section.

(2.0)-Tensor = 4-Tensor T*: Has (4+) Tensor Invariants (though not all independent
a) T% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed)

b) T% TP = Asymm Bi-Product — Inner Product

) T% TP T = Asymm Tri-Product — ?Name? F P _
d) T%TP:TY T% = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors =2{(b-bu)-(e-e/02 [ O d’a’-9'a’ Pa*-%a’ ’a’-0°a’)

[0'a’-d%" 0 9d'a*-d%a' d9'a*-d’a’]

Tensor Invariant

a): Faraday Trace[F*] = F," = (F®-F"-F2-F*)=(0-0-0-0)=0 Inner Product 220092 Fa’-g'a? 2.3 n3.2
b): Faraday Inner Product F,,F" = &, [F™]? - 25 [F°P + 2Z,[F']? = (0) - 2(e-e/c?)+ 2(b-b) = 2{(b-b)-(e-e/c?)} Tensor Invariant [ 330' 033 333 1'3133 , 9 - d“a’-d’a]
c): Faraday AsymmTri[F*] = THF*] - 3(Tr{F*])(F%F®.) + FoeFP,FYy + FoFSFY = 0-3(0)+FFP, FYot(-Fo)(-F%,)(-F%) = 0 [0a’-d'a” da-da” da-oa 0 ]

d): Faraday Det[anti-symmetric F*'] = Pfaffian[F*']? = [(-e*/c)(-b*) - (-e¥/c)(bY) + (-e%/c)(-b?)]? = [(e*b¥/c) + (e¥b¥/c) + (e?b#/c)]? = {(e-b)/c}? =

[ 0 (da+Vo)c (d'a'+VVe)lc (d'a*+VZ)/c]
[(_Vx(p_ataxlc) 0 _any+Vyax _anz+VzaX]
Importantly, the Faraday EM Tensor has only (2) linearly-independent invariants: [(-VVe-da¥lc) -Va+Va’ 0 Va+Vaa']

b) 2{(bb)-(99/C2)} \/Zn_Ataz _\/zax XnZ _\/ZqY Y aZ
) {(b-e)/c}? m V(P da‘/c) Vza +Va= Vza'+V¥a 0 ]
a) & c) give 0=0, and do not provide additional constraints [0

. -e*/c -e’lc -€?/c]
Asymm Tri-Product [+e’c 0 -b? +b’]

The 4-Gradient and 4-EMVectorPotential have (4) independent components each, for total of (8). Tensor Invariant
Subtract the (2) invariants which provide constraints to get a total of (6) independent components [+e’lc +b* O -b*]
= (6) independent components of a 4x4 anti-symmetric tensor Det[F"'] [te*/c -b¥ +b* 0]
= (3) 3-electric e + (3) 3-magnetic b = (6) independent EM field components ={(e-b)/c}? =

J
Note: It is possible to have non-zero e and b, yet still have zeroes in the Tensor Invariants. ||H-|— } - P Determlnarjt [[+e(‘)/c ,-g?i/gk}
If e is orthogonal to b, then Det[F°*] = {(b-e)/c}? = 0. Tensor Invariant 'k
If (b-b)=(e-e/c?), then InnerProd[F**] = 2{(b-b)-(e-e/c?)} = 0. 4-(EM)VectorPotential =
These conditions lead to the properties of EM waves = photons = null 4-vectors, A=A"=(p/c.a [ O ,-elc ]
which have fields |b| = |e|/c and b orthogonal to e, travelling at velocity c. Sl [+e'/c, -V * a]

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

Fundamental EM Invariants: Trace[T"] = N T = T8, = T
P = (1/2)F“VFIJV = (—1/2)*FHV*FPV = {(b'b)-(e'e/C2)} \VAVAS Vunuvvv = [(%0)2 _ V'V:T = (VOO)Z
Q = (1/4)F,"F*" = (1/8)e**°FqFys = {(e-b)/c} = Lorentz Scalar

SR 4-Scalar
(0,0)-Tensor S or S,

(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm
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4-Posili 4-AngularMomentum
The 4-AngularMomentum Tensor M*® = X°P? - XPP* = X"P is an anti-symmetric tensor -Position Tensor . }
The 3-mass-moment components (n = n') are in the temporal-spatial sections. X=X"=(ct,x M® = X*P? - XPP*= X A P
The 3-angular-momentum components (I = I) are in the only-spatial section. —

. [ Mtt Mtx Mty MtZ]
(2.0)-Tensor = 4-Tensor T*; Has (4+) Tensor Invariants (though not all independent [Mxt M= MY M)

a) T% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed) MY MY MY MY
b) T TP = Asymm Bi-Product — Inner Product Tenscj-rr?:\(/eariant {MZ’ M IV MZZ}
c) T% TP T = Asymm Tri-Product — ?Name? !

d) T%T%TY, T%; = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors -

[ 0 X°p'-x'p® x°p2x%p° X°pi-xp°]

a): 4-AngMom Trace[M™] = M,* = (M®-M"-M2-M*)= (0 -0 -0 -0) = 0 [X'p%-x°p' 0 x'px*p' x'p’x’p']
b): 4-AngMom Inner Product M, M* = . [MP] - 25[M°F + 25, [MT* = (0) - 2(c’n-n)+ 2(Il) = 2{(Il)-(c’n-n)} Inner Product Xp%xp? x’p'x'p? 0 x*p’-x’p?
c): 4-AngMom AsymmTri[M*] = Tr[M"* - 3(Tr[M*])(MsM®5) + MM, MY, + M°,M°®Mg = 0 Tensor Invariant Cp°-xp® x’p'x'p® x*p’-xp® 0

d): 4-AngMom Det[anti-symmetric M*'] = Pfaffian[M"]> = [(-cn®)(+I¥) - (-cn¥)(-IY) + (-cn?)(+1%)]? = [-(cn®I¥) - (cn¥P) - (cn??)]? = {c(n-1)}? =
[ O ctp*xElc ctp’-yElc ctp*zE/c]

Importantly, the 4-AngularMomentum Tensor has only (2) linearly-independent invariants: [XE/c-ctp” 0 Xp'-yp*  xp?-zp*]
b 2{(I1)-(c*>n-n)}: see Wikipedia Laplace—Runge—-Lenz vector, sec. Casimir Invariants . .
L pedia —ap St [yElc-ctp’ yp'xp’ 0 yp*-zp']

[zE/c-ctp* zp*-xp* zp’-yp* 0 ]
Asymm Tri-Product =
The 4-Position and 4-Momentum have (4) independent components each, for total of (8). Tensor Invariant [ 0 c(tpxm) c(tp’-ym) c(tp*-zm)]
Subtract the (2) invariants which provide constraints to get a total of (6) independent components [c(xm-tp¥) 0 xp’-yp* xp*-zp*]
= (6) independent components of a 4x4 anti-symmetric tensor [c(ym-tp¥) yp*-xp’ 0 yp*-zp’]
= (3) 3-mass-moment n + (3) 3-angular-momentum | = (6) independent 4-AngularMomentum components [c(zm-tp?) zp*-xp* zp’-yp* 0 ]

a) & c¢) give 0=0, and do not provide additional constraints

3-massmoment n = xm - tp = m(x - tu) = m(r - tu) = m(r - t(w x r)) : Tangential velocity ur = (w x r) Determinant

Tensor Invariant [0 -cn* -cn’ -cn?
(-k/r)n = -mk(F - t(w x 7)) = mkt(w x £) - mk# =t * d/dt(p) x L - mk# : d/dt(p) x L = mk(w X F) [tcn® O +F  -P]
n is related to the LRL = Laplace-Runge-Lenz 3-vector: A = p x L — mk# [+cn” -F 0 +I]
which is another classical conserved vector. The invariance is shown here to be relativistic in origin. [+cn* 4+ - 0]
Wikipedia article: Laplace-Runge-Lenz vector shows these as Casimir Invariants. =
See Also: Relativistic Angular Momentum. [0 ,-cn']

[ +cn', €l 1]

Trace[T"] =N T =T, =T =
VAV = VN VY = (V) - vev] = (Vo) [0 ,-cn ]
= Lorentz Scalar [+cn", x A p]

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

SR 4-Scalar
(0,0)-Tensor S or S,

(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm
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- SRQM Study: SR 4-Tensors %
2 SR Tensor Invariants
Ny for Minkowski Metric Tensor  .,.ssese

Trace Tensor Invariant
A 0" = (1) -(1) -(1) 1) = 4
(2,0)-Tensor = 4-Tensor T*: Has (4+) Tensor Invariants (though not all independent) NN = N = 8% = 1+1+1+1

a) T% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed) a:éfir(aad/'ce?%) 3R] = &R’ = n* ﬁ
t )

b) T%T?s = Asymm Bi-Product — Inner Product
c) T%T% T, = Asymm Tri-Product — ?Name?

The Minkowksi Metric Tensor n* is the tensor all SR 4-Vectors are measured by.

—

d) T%T%TY,T% = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors DiaDQ“ ’['11 "]1 ’]'1]
: - 1agll,-1)
. . GR Trace Tensor Invariant i W . o
a): Minkowksi Trace[n"] = 4 4D SpaceTime E'Sgg}[ﬁh;ef[?} V] Diag[1,-6"]
b): Minkowksi Inner Product n,n"* = 4 1 =

c): Minkowksi AsymmTri[n*] = 24 = 41 In GR Eigenvalues T N Inner Product

d): Minkowksi Det[n"] = -1 Tr[g"] = gwg™ = g%, = &%, S vara [ 51 10 8 8 ] Tensor Invariant
= 1+1+141 = 4 [O0- ]

a) Tuq = TI’[A] = 4 Slgnature[npv] = (+’-’-’- [ 0 0 -1 O ]

b) TuTPs = (Tr[A])? - Tr[A%] =42-4 =12
C) T%TPsTY, = +(Tr[A])® - 3*(Tr[A])(Tr{AZ]) + 2*(Tr[A%]) = 42 - 3*4*4 + 2*4 = 64 - 48 + 8 = 24

d) TuTPTY, T% = +(Tr[A])* -6*(Tr[A])*(Tr[A%)) +8*(Tr[A])(Tr[A%]) +3*(Tr[A%])? -6*(Tr[A%]) = Signature Tensor

4% - B*42*4 + 8*4*4 + 3*42 - 6*4 = 256 - 384 + 128 + 48 - 24 = 24 Invariant [Nud = 1/[N%] : 0, = 8, (Detln”] = -1
‘Mi i P Det[n"] = +1

AN =n a) T M1 = 4/1 = 4 SR:Minkowski Metric [n*]

b v aB

” "Particle Physics” Conventio ;
H b) T%T%; /2! =12/2=6 4-Position | y Determinant
Tensor Invariant

[000-1]

{in Cartesian form}

= {1,3,0} = (1-3)= -2

c) T TP T /31 = 24/6= 4
Det(Exp[A])=Exp(Tr{A]) d) TaT 6T T%% /4! = 24/24 = 1 ~
Asymm Tri-Product
Detio(A)=((tr A)* - 6 tr(AZ)(tr A)? + 3(tr(A2))? + 8 tr(A°) tr A - 6 tr(A"))/24 Tensor Invariant

EigenValues not defined for the standard Minkowski Metric Tensor since it is a type (2,0)-Tensor, all upper indices. However, they are defined for the mixed form (1,1)-Tensor
EigenValues are defined for the Lorentz Transforms since they are type (1,1)-Tensors, mixed indices

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector - B _
(1,0)-Tensor V¥ = V = (\°,v) 4 0?$ 4-ScaSIar S Det[T%] = IT[A]; with {A} = EigenValues VVTIa\(;SrET‘;/]V—_?(U\;;I')‘; —VTV”ij 5 ;\I’/O v
SR 4-CoVector:OneF ,0)-Tensor S or S, g . . _ AVERVE VA -vev] = (VY%

, ovector:onerorm @l rentz Scala Characteristic Eqgns: Det[T% - Ad)]=0 2 orehteie i

(1,1)-Tensor T*, or T,Y
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SR - QM 4-Vector SRQM Interpretation

e SRQM Study: SR 4-Tensors

AN :
-I )\ SR Tensor Invariants

for Perfect Fluid Stress-Energy Tensor _srhesic:

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Trace Tensor Invariant
The Perfect Fluid Stress-EnergyTensor T* is the tensor of a relativistic fluid. THT*] = (Peo) -(Po) -(Po) -(Po) =

N T = T = Peo-3Po

(2,0)-Tensor = 4-Tensor T*; Has (4+) Tensor Invariants (though not all independent)
a) T%% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed)

b) T%T?s = Asymm Bi-Product — Inner Product

c) T%T% T, = Asymm Tri-Product — ?Name? .
d) T%T%TY,T% = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors Tperfectfiuia

EigenValues[T"] Diag—[)f{)MC;F}p o]
Di_ag[pe’p!ffg] Inner Product
Dlag[ee,po ] Tensor Invariant

a): PerfectFluid Trace[T"] = peo-3Po
b): PerfectFluid Inner Product T, T = (peo)2+3(Po)? =Set{Peo,"Po,"Po,~Po
c): PerfectFluid AsymmTri[T*] =

d): PerfectFluid Det[T"'] = peo(po)®

Eigenvalues Tensor
Invariants

Signature[T"] = (+,+,+,+ [Pe000]

: SR Perfect Fluid 4-Tensor
4-ForceDensity Fgensi = = =
-0 T = FL:rlmsity:Ji v Tpertectivid™ = (Peo) V" + (-po)H" — — {4’0’0} - (4-0)_ 4 [ 0 P 00 ]
SR Conservation of Signature Tensor [00pO] o — 3
Invariant [000p] Det[T*] = Peo(Po)

StressEnergy T* {in Cartesian form}  \Det[T"] = -Peo(Po)°

if Faensiyy” = O" .
Equation of State
a AB - 0 V= 1 V)= p/= Determinant
NNNG=N, : . OSIT™]=w=p./bg EoS[T™]=W=po/peg : Tensor Invariant
Units of Symmetric Eqli e AsymmTri[T"]=
- [EnergyDensity=Pressure] quation or sta ’
Det(ExplAD=Exp(TrIA]) Jr1T"]=Peo 3p Tensor Invariant not yet calcd

Asymm Tri-Product
Detyp(A)=((tr A)* - 6 tr(A?)(tr A)? + 3(tr(A?))* + 8 tr(A%) tr A - 6 tr(A*))/24 Tensor Invariant

EigenValues not defined for the standard Perfect Fluid Tensor since it is a type (2,0)-Tensor, all upper indices. However, they are defined for the mixed form (1,1)-Tensor
EigenValues are defined for the Lorentz Transforms since they are type (1,1)-Tensors, mixed indices

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector - B _
(1,0)-Tensor V¥ = V = (\°,v) 4 0?$ 4-ScaSIar S Det[T%] = IT[A]; with {A} = EigenValues VvT:a\(/:SrET‘;/]V—_?(U\;;I; —VTV”ij 5 ;\I’/O v
SR 4-CoVector:OneF ,0)-Tensor S or S, g . . _ AVERVE VA -vev] = (VY%

, ovector:onerorm @l rentz Scala Characteristic Eqgns: Det[T% - Ad)]=0 2 orehteie i

(1,1)-Tensor T*, or T,Y
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Rotation(0)

Identity

Lorentz SR
Identity
Tensor A,—n",
=R",[0] = B",[0]

The Lorentz Transform Tensor { A¥ = dx*/ox" = 9 [X"] } is the tensor all SR 4-Vectors must transform by. Boost(0)

Lorentz SR
Boost
Tensor A\¥,—B",

(2,0)-Tensor = 4-Tensor T*: Has (4+) Tensor Invariants (though not all independent) Inner Product Lorentz SR

a) T% = Trace = Sum of EigenValues for (1,1)-Tensors (mixed) TonsoiuEEEl Rotatpilon .
b) T TP = Asymm Bi-Product — Inner Product @ Tensor A\*,—R",
c) T%T%T™, = Asymm Tri-Product — ?Name? =

d) T%TPeT", T% = Asymm Quad-Product — 4D Determinant = Product of EigenValues for (1,1)-Tensors [1 0 g 0]
[0 cos[B] -sin[6] O]

a): Lorentz Trace[A"] = {0..4..Infinity} Lorentz Boost meets Rotation at Identity of 4 Asymm Tri-Product %8 sm([)e] C%S[e] (1)}

b): Lorentz Inner Product A,AY =4 from {n,/\"a/\'s = Nee} and {n.n"" = 4} Tonsomlin e o

¢): Lorentz AsymmTri[A"] = —
d): Lorentz Det[A\"] = +1 for Proper Transforms, Continuous Transforms Proper (s ALl o{
Not yet calc...

An even more general version would be
with a & b as arbitrary complex values:

m
v

0
0
0
1

= Minkowski
Delta

EigenValues[B"\]
=Set{e’,e?,1,1}

EigenValues[R"\]

sl EigenValues[n",
=Set{1,e°e™,1} S ™

EigenValues[A"\] =Set{1,1,1,1}
=Set{e’,e? e e”

Trace Tensor Invariant Sum of
EigenValues[R"]
=Tr[R",]=R",,
=1+e+e™+1
=2+2cos[0]
={0..4}

Sum of
EigenValues[B"\]
=Tr[B",]=B",
=e®+e+1+1

Sum of
EigenValues[n*.]
=Tr{n"J=n",
=1+1+1+1

could be 2 boosts, 2 rotations,

or a boost:rotation combo Sum of

EigenValues[A"\]
=Tr[A"\J=AY,,
={ea+e-a+eb+e—b}
=2(cosh[a]+cosh[b])
={-4..Infinity}

Tr[Cont. A*\]={0..4..Infinity}
Depends on “rotation”
amount
Tr[A]={-0..+ =}
=Lorentz Transform Type

Determinant Tensor Invariant
SR:Lorentz Transform

Product of Product of

Product o

a[R*] = 8RY/aR" = \¥, i |
: A v EigenValues[A\",
/\uv = (/\ 1)vu . /\ua/\ v = r]uV - 6HV Ige=nDeat;\eu?/:||: ]

={ea_e-a_eb_e-b}

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
orentz Scala

Det[Proper A¥,]=+1
Proper Transform

always +1

EigenValues[R"]
=Det[R",]
=1-¢%e"1
= +1

Proper

Det[T%] = IT[A]; with {A} = EigenValues
Characteristic Eqns: Det[T% - Ad4)]=0

EigenValues[n"\]
=Det[n"\]
=1-1-1-1

= +1

Proper

EigenValues[B"\]
=Det[B"]
=e%e%1-1

= +1

Proper

Trace[T"] = nuTW =TH, =T

V-V = Vi VY = (V)7 - vev] = (Vo)

= Lorentz Scalar
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Discrete Lorentz Transform Tensors SoReain@aoLcon

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR:Lorentz Transform Inner Product
. . . Lorentz SR
A [R"] = 0R*/ORY = \¥, Tensor Invariant Lorentz SR Lorentz SR oo ot :

TPcombo Parity-Inversion Flip-xy-Combo Time-Reversal

A= (NP ARG = by = 8 @ Tensor \V\—TP¥, Tensor \*,—P", B Tensor A¥,—Fxy*, Tensor A*,—T¥,

Asymm Tri-Product
Tensor Invariant
Tr[A"]J={-..+ =}

=Lorentz Transform Type

] ]
] ]
] ]
1] ]

EigenValues[TP*\] EigenValues[P",] W EigenValues[Fxy"\] EigenValues[T",] EigenValues[n"\]

The Trace of =Set{-1,-1,-1,-1} =Set{1,-1,-1,-1} =Set{1,-1,-1,1} =Set{-1,1,1,1} =Set{1,1,1,1}

various discrete Trace Tensor Invariant

Lorentz transforms _ , _ , _ , Eigenvalues[T", Eigenvalues[’y

varies in steps from Tr[Discrete A\]={-4,-2,0,2,4} Y/ ='¢ les I uestr I jesiFxy 'genvauesty 1genvauesin.

{-4,-2,0,2,4} Depends on transform -T£[TF’“ J=ETPY, —Tr[_ny“ WJEFXYY, ;T_r1[11v1—11;1u ;T;[D1 ﬂ;fhu

=4

This includes Mirror Determinant Tensor Invariant

Flips, Time u , | ' : Product of
. Det[A"\]=£1 EigenValues[TP".] EigenValues[P"\] i . EigenValues[T"\] EigenValues[n*\]

Re\{ersal, and Proper Transform = +1 =Det[TP",] =Det[P"\] = ' =Det[T"\] =Det[n"\]

Parity Inverse — mproper Transform = -1 =1-1-1--1 =1--1-1--1 q-q- =-1111 =111-1

essentially taking all
combinations of +1

on the diagonal of Proper Improper Proper Improper Proper
the transform.

= +1 =-1 =-1 = +1

SR 4-Tensor SR 4-Vector Vi — v — =
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (v*.v) "SR 4-Scalar Det[T°.] = [I[AJ; with {A} = EigenValues Trace[T™] = miTESeHE

i v 0,0)-T SorS, o ) _ V-V = Vi, VY = [(V0) - vev] = (V)
(1,1)-Tensor T*, or T, | SR 4-CoVector: OneForm ( Z)reenqiosrcalgr Characteristic Eqns: Det[T - Ad)]=0 ZuLoren[’fz %Calar] )
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SR:Lorentz Transform
a[R"] =
/\uv = (/\-1)vu

Lorentz SR Lorentz SR
T1-Rotation-z
Tensor A¥,—RY,

0 0]
[0 cos[tm] -sin[m] 0]
[0 sin[mr] cos[m] 0]
[0 0 1]

Lorentz SR Lorentz SR
Identity Flipx Flip-y
Tensor A¥,—Fx", Tensor A\¥,—Fy",

Lorentz SR
Flip- xy-Combo
Tensor /\“ V—»ny

IRVIOR" = NV,
: NGNS, = 1y =

Tr[A"]={-..+c0}

=Lorentz Transform Type

0
-1

0
0

The Flip-xy-Combo is the

equivalent of a 1-Rotation-z. _ \

EigenValues[Fxy"\]
=Set{1,-1,-1,1}

igenValues[Fy",
=Set{1,1,-1,1)

EigenValues[Fx"\]
=Set{1,-1,1,1)

EigenValues[R"\]
=Set{1,e,e" 1}

| suspect that this may be
related to exchange symmetry

and the Spin-Statistics idea Sum of Sum of

that a particle-exchange
is the equivalent of
a spin-rotation.

A single Flip would not be an
exchange because it leaves a
mirror-inversion of <right-|-left>.

But the extra Flip along an
orthogonal axis corrects the
mirror-inversion, and would be
an overall exchange because
the particle is in a different
location.

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T, | SR 4-CoVector: OneForm (0,0)-Tensor S or S,

; Lorentz SR
0-Rotation-z
Tensor A“'V—>R“'V TR /\pv_)r]p
[1 O 0 0] ! 0
[0 cos[0] -sin[0] O] 0
[0 sin[0] cos[0] O] 0
0 0 1] 1
= Minkowski
EigenValues[R"\] EigenValues[n“\]
=Set{1,e",e",1} =Set{1,1,1,1}
EigenValues[R"\]
=Tr[R"\]=R",
=1+e"’+e™'+1 = 1+1+1+1
=2+2cos|0] =2+2cos[0]
=4 =4
Product of Product of )
EigenValues[R"] EigenValues[n"\]
=Det[R"\] =Det[n"}]
=1-e”-e™1 =1-1-11
= +1 = +1
Proper Proper
SR 4-Scalar

orentz Scala

igenValues[Fx",
=Tr[Fx"\]=Fx",

EigenValues[Fx"\]
=Det[Fx"\]
=1-111

=1

Improper Improper

Det[T%] = IT[A]; with {A} = EigenValues
Characteristic Eqns: Det[T% - Ad4)]=0

EigenValues[Fxy"\]
=Tr[Fxy"\]=Fxy*,
=1-1-1+1
=2+2cos[1]

Trace[T"] = N T" =
V-V = V', V"

EigenValues[R"\]
=Tr[R*,]=R¥,
=1+e'"+e"+1

=2+2cos[1T]
=0

Product of
EigenValues[R"\]
=Det[R",]
=1-eme ™1
= +1

Proper

=T

= (V) - vv] = (Veo)*

= Lorentz Scalar
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of Physical 4-Vectors p ro p e rtl e S an d re I at I 0 n S http://scirealm.org/SRQM.pdf
SR 4-Scalars, 4-Vectors, and 4-Tensors beautifully and elegantly display the relations between lots of different physical properties and relations.

4-Tensor T*

Their notation makes navigation through the physics very simple.

They also devolve very nicely into the limiting/approximate Newtonian cases of { |v| << c }
by letting{y — 1and y’ = dy/dt — 0 }.

SR tells us that several different physical properties are actually dual aspects of the same thing, @
with the only real difference being one's point of view, or reference frame.

[Ttt Ttx Tty TtZ]
[Txt Txx Txy TXZ]
[Tyt T TYW TyZ]
[th sz sz TZZ]
[temporal,mixed]
[ mixed ,spatial]

SR 4-Vector V = V°
Examples of 4-Vectors = (1,0)-Tensors include: =(V,V)=(V}, V5, V7, V7)

E : )s ( : : (), ( : b \ ), =(temporal * ¢c*',spatial)

( : ), ( , ), etc.

One can also examine 4-Tensors, which are type (2,0)-Tensors.
The Faraday EM Tensor similarly combines EM fields:

Electric { e = €' = (e*,e",e”) } and Magnetic { } Faraday EBM
. ® ---- > Tensor F
F = -e'/c - =
+e'lc e @ P_‘l(#]/lc? m)e_r(lltEu/E:n ) [0 -e'c -e'lc -e*/c]
4-Velocity i L] o L] [+e*c 0 -b* +b']

Also, things are even more related than that. U=y(c,u)
The 4-Momentum is just a constant times 4-Velocity.
The 4-WaveVector is just a constant times 4-Velocity.

[+e'lc +b* 0 -b*]
[+e®lc -b¥ +b* 0]

4-WaveVector

K=(w/c,k)=(w/c,wni/v
M -- > [ 0 ,-elc]

phase

In addition, the very important conservation/continuity equations seem to just fall out of the notation.
The universe apparently has some simple laws which can be easy to write down by using a little math and a super notation.

[+e'lc, -€ b“]

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar
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R=4
O—@ [Heartof SR szceTlme 4-Acceleration

4-Displacement A=y(cy’,y'u+ya) 4-Polarization
AR= (cAt Ar) E=(¢°€)=(e-B.€)
d dt.d

Minkowski Lorentz Secrmeiis ]
ARI=FRI=n"] B[R'I=N, /A 4-Gradient
Metric . 0=(9/c,-V)

paceTime Dim
M=4= JAWVAL

- Conservation of Complex  Hamilton-
Polarization - 4-TotalWaveVector Plane-Waves jacobj

- is Rest Spatial Sum of Plane-Waves K.=-0[®]  p_=-g[s]

(¥ Invariant Interval ‘

Ao, Yot 4-WaveVector 4-TotalWaveVector
R=(ct)*-rr = (ct . "
.. @ K=(w/c,k)=(w/c,wn/vphase) @ K.=(w,/c,k;)

Wave Velocity  u,=0} < {K-U=0} « {K is null} =-0[Dphase]

*,
group  phase

Rest AngFrequency @

. F=y(E/c,f=p)

@ ® >N —dP/dt 4-TotalMomentum
E=mc? 4-M — P.=(E./c,p,)=(H/c,p,)
Rest Energy:Mass -Momentum ProperTime
Rest Number Rest Charge P=(mc,p)=(E/c,p)

Derivative =-0[Saction)

Density .

n, ) O e (mi=0) > (P-U=0} > (P s nul} o olET (3,113

A Rest Scalar Sum of Momenta
k- - - Potential TP

4-UnitTemporal
T=y(1,0 Soeed e
Time: Space@ ofpfith

Orthogonal

L T-S=0

4-UnitSpatial
S=ye(A-B, 1),

> ; Minimal c 4-MomentumincField

" 4-EMVectorPotential EM Charge Coupling P=(E/c,p,)=P+Q=P+gA
SYEEICEN  4-ChargeFlux A=(¢/c,a) 9 P+Q

4-NumberFlux a 4-CurrentDensity e . 0

N=(nc,n)=n(c,u) J=(pc,j)=p(c,u) {9:=0} <> {A-U=0} <> {A is null} 4-EMPotentialMomentum SESIale]YEslErTEN

Q=(U/c,q)=qA

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [ B n“VT;V L 3 To 2
(1,1)-Tensor T% or T, § SR 4-CoVector:OneForm (0,0)—Ter;sosr S IOF S, V-V = Vi VY= [(V)7 - vev] = (Vo)
orentz Scala

= Lorentz Scalar
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SR —- QM

AA SRQM Diagram: B
Al SRQM 4-Vectors and
woswy — LOrentz Scalars / Physical Constants Saream@aoon

http://scirealm.org/SRQM.pdf

Minkowski e Lorentz
H fSR 0-R=4 : ebboll  Soul of SR |
S MUY o, coTime | 4-Acceleration 4-Polarization [SASEMAIRI=0'R1=n"| &R‘I=A", FE"SAl 4-Gradient
4- D|splacement A=y(cy',y'utya) E=(%,€)=(c-B,) Ealy Metric ansformg/ a=(d/c,-V)
dR d d RPN Poincaré Invariance, M = 4 = Ay AW
B.s Ll Conservation of Complex Hamilton-
_ _ : Polarization:Spin - 4-TotalWaveVector Plane-Waves Jacobi
[V Invariant Interval is Rest Spatial Sum of Plane-Waves K, =-9[®.K=id P, =-9[S]
R R(OUr = (og) 4-WaveVector 4-TotalWaveVector
. .. @ K=(w/c,k)=(w/c,wﬁ/vphase) @ K.=(w,/c,k;)
4- UnItT(e1m0ra| Wavs Velocitzy {ws=0} © {K-U=0} < {K is null} ='a[¢phase] T
_Y vgroup phase=
Time: SpaCG@ gfp fizcrj]te Rest AngFrequency Einstein %
Orthogonal Einstein®( 1 ) oL - de Broglie (h)
P50 de Broglie — . F=y(E/c,f=p) ML
Rest Number P =hK . ) I 4-TotalMomentum
@ Density . . L 0/dT .. =dP/dt > . .
S — E=mc : 4-Momentum : SR P.=(E./c,p,)=(H/c,p,)
i UnItSpatIa . Rest Energy:Mass ProperTime . . =-9IS
S=ypn(11-B, 1), Poroe = X \p Rest Charge P=(mc,p)=(E/c,p) Derivative =-9[Sacion]
_ 2 Density, K . ; Conservation of
=|0dw) [P o @ EM @ {m;=0} < {P-U=0} < {P'is null} 4-TotalMomentum @
- - - Probability Rule : Rest Scalar Sum of Momenta
RestiRrobiuelely “@>---» Potential ||H| } e Minimal 4-MomentumIncField
4-NumberFlux 4-EMVectorPotential [ yRweuge Il © P=(E/c,p,)=P+Q=P+qA
SVl  4-ChargeFlux A=(¢/c,a) 9 P+Q
4- ProbCuerensﬂy a 4-CurrentDensity - —— 4-EMPotentialM n
4-ProbabilityFlux J=(pC,j)=p(C,U) {9.=0} < {A-U=0} < {Ais null} otentaliviomentum EESi{e]\ D|agram

Jorob=( adn)

Q=(U/c,q)=qA

SR 4-Tensor SR 4-Vector L. W] = W= TH —

(2,0)-Tensor T*  §(1,0)-Tensor V¥ =V = (\°,v) . SR 4-Scalar Existing SR Rules Tracf [T1 = M

(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, Quantum Principles V-V = Vi VY= [(v0) - vevl = (Vi)
0,1)-Tensor V, = (Vo,-v orentz Scala = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

Physics A SRQM Study: of QM
Ai SR Gradient 4-Vectors = (1,0)-Tensors

@ - SciRealm.org
SR Gradient One-Forms = (0,1)-Tensors ...

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Vector = Type (1,0)-Tensor [ = ] components

4-Position R = R" = (ct,r) [Time (t) : Space (r)]

4-Gradient dr = 9 = 0" = 9/OR,, = (d/c,- V) [Time Differential (;) : Spatial Gradient(V)]

Standard 4-Vector Related Gradient 4-Vector (from index-raised Gradient One-Form
4-Position R = R" = (ct,r) 4-PositionGradient dr = dr* = 9d/0R, = ( , ) =0=0"=4-Gradient
4-Velocity U = U" = y(c,u) 4-VelocityGradient dy = du* = d/ldU,, = ( ~V,)

4-Momentum P = P* = (E/c,p) 4-MomentumGradient dp = 9% = 9/dP,, = ( ~V.)

4-WaveVector K = K" = (w/c,k) 4-WaveGradient ok = ok* = 9/oK, = (¢ /c, )

In each case, the (Whichever)Gradient 4-Vector is derived from an SR One-Form or 4-CoVector,
which is a type (0,1)-Tensor
ex. One-Form PositionGradient d., = 9d/dR" = ( AV

The (Whichever)Gradient 4-Vector is the index-raised version of the SR One-Form (Whichever)Gradient
ex. 4-PositionGradient d_.* = 9/oR,, = ( -V5.) =N, = n"aloRY = n™( , ) = n"(One-Form PositionGradient),

This is why the 4-Gradient is commonly seen with a minus sign in the spatial component,
unlike the other regular 4-Vectors, which have all positive components.

4-Tensors can be constructed from the Tensor Outer Product of 4-Vectors
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SR — QM 4-Vector SRQM Interpretation

s Some Basic 4-Vectors
Ai Minkowski SpaceTime Diagram

John B. Wilson

| |
ATensor Study E e ts & D e S o S SciRealm@aol.com
of Physical 4-Vectors V n I m n I n http://scirealm.org/SRQM.pdf

Classical
| At time-like interval Mechanics

@ Xrtne displacement ‘

3-displacement
Ar = Ar'—(Ax,Ay,Az)

Note the separate dimensional units: (time + 3D space)
At is [time], |Ar|is [length]

future G e

S U E IS LCANICUEI 1 _Displacement
CM
AR, =(cAt @& Ar)

S

},

“Stack of Motion Picture Photos”

S .
future At time-like int I ' SpeC|aI
utu % ime-like interval (+) 4-D|sBIacement Relativity
S ight-ike interval (0) = null [
| ) / c light-like interval (0) = nu A-Position
elsewnere —
IR Ar space-like interval (-) R=(ctr) (cAt)? Time-Like  (+)
AR-AR = [(cAt)> — Ar-Ar] =0 Light-like:Null (0)
. : : _ -(Ar,)* Space-like ()
past Note the matching dimensional units: (4D SpaceTime)
- (cAt) is [length/time]*[time] = [length], |Ar]| is [length], |AR| is [length]
: -C T is the Proper Time = “rest-time”, time as measured by something not moving spatially
LightCone The Minkowski Diagram provides a great visual representation of SpaceTime
SR 4-Tensor SR 4-Vector UV] — W — TH —
SR 4-Scalar Classical (scalar f 3-vector) TracelT™] =N T7= T = T

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
1,1)-Tensor T", or T, il SR 4-CoVector:OneForm
0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V

(0,0)-Tensor S or S, Galilean Not Lorentz V-V = Vi VY = (V)7 - vev] = (Vo)
orentz Scala Invariant Invariant = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

AA Some Basic 4-Vectors

. Minkowski SpaceTime Diagram, WorldLines, _

LightSpeed to the Future! SoReam@a01om

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The 4-Position is a particular

At | time-like interval (+) / 4-Displacement ; ,
. . B - ype of 4-Displacement, for
- — : light-like interval (0) = null ARE(EG1) which the vector base is at the
at-rest inertial motion 4-Position origin (0, ) = 4-Zero.

WorldLine (u=0) WorldLine (O<u<c) R=(ct,r)=<Event>
4-Position is Lorentz Invariant,
but not Poincaré Invariant.

Ar b, A standard 4-Displacement is
% future space-like interval () both. .
(CA’I:)2 for time-like (+)
An Event (*) is a point in SpaceTime ARr.AR = [(CAt)? - Ar-Ar] = for light-like (0)
elsewhere The 4-Position points to an Event. (Aro)z for space-like ( )
A WorldLine is a series of connected [t 4'Ve|°°_'ty<rest-frame> ARV
Events which trace out a path in =y(c,u)=dR/dt U,=(c.0 U = (c.ch
SpaceTime, such as the track of a a=>
moving particle. U-U = y(c,u)y(c,u) = y*(c*-u-u) = (c?)
St y = 1A[1-(u/c)?] = 1[1-(B)]
Massive particles move temporally into the future
-C ‘/ at the speed-of-light (c) in their own rest-frame.
. Massless particles (photonic) move nully into the future
LightCone at the speed-of-light (c), and have no rest-frame.
SR 4-Tensor SR 4-Vector V] = Wo— TH —
2,0)-T T 1.0)-T V=V SR 4-Scalar Trace[T"] = nuT" =T =T
(1, 1() Tgn:or}s%rv or T, (SRZl gg\slc;;tor OneF(zrr\':\) (0,0)-Tensor S or S, V-V = VWY = [(VO)2 - vev] = (V)2

orentz Scala = Lorentz Scalar
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SR —- QM

4-Vector SRQM Interpretation
Physics

SR Invariant Intervals
Minkowski Diagram:Lorentz Transform  ......

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
SR:Lorentz Transform SR:Minkowski Metric

a[R"] = aRV/aR" = ¥, 9[R] = &'R' = N = VW + H" —

Since the SpaceTime magnitude of U is a constant (c), Ho= (AT\H - AH AT — H — SH n A A ik
changes in the components of U are like rotating the 4-Vector N = (NS NN = nfy = 8 D'ag.[1(’:_1t’_1 ’_fﬂ N ,Elﬁ.gl[1,;r:l(?)] _c Dlg['l 0]
without changing its length. It keeps the same magnitude. g {in Ca eiarj]/mmp}u _a 'C\,e_ ys'\,cs =
Rotations, purely spatial changes, {eg. along x,y} result in circular displacements. {Nu} = 1An™} 1 n," = 3,

Boosts, or temporal-spatial changes, {eg. along x,t} result in hyperbolic displacements.

The interval between the origin and a given topograph-line is a Lorentz Invariant Constant.

U-U = y(c,u)y(c,u) = y*(c*u-u) = (¢?) Rotation (x,y): Purely Spatial Boost (x,t): Spatial-Temporal

r!

The Light Cone / Minkowski Diagram provides a great visual representation of SpaceTime
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

SR Invariant Intervals
Minkowski Diagram

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR:Minkowski Metric
JR]=0"R'=n"=V"+ H" —

Since the SpaceTime magnitude of U is a constant (c), changes in the components of U are
like rotating the 4-Vector without changing its length. It keeps the same magnitude (c). , T o .
Rotations, purely spatial changes, {eg. along x,y} result in circular displacements. Dlag{i[n1 é;:lft:e-s?a;\-;lo:rl'm_} Bﬁgyﬁﬂylé?é]s"_CODlag1 0]
Boosts, or temporal-spatial changes, {eg. along x,t} result in hyperbolic displacements. N} = 140" 0" = 8,

The interval between the origin and a given topograph-line is a Lorentz Invariant Constant. = L

(cAt)? (+) {causal = 1D temporally-ordered, spatially relative}
AR-AR = [(cAt)’ - Ar-Ar] = (0)  Light-like:Null:Photonic (0) {causal & topological, maximum signal speed (|Ar/At|=c)}
-(Ar,)? (-) {temporally relative, topological = 3D spatially-ordered}

Disconnected

--..
-"-\qﬁ:?pr ‘-“-_ NN b A VAN S ‘- :’.-‘:-A.ﬁ':_“
W% - S e

A
- '@%m\}\
;%gﬁyilllllal‘\\

& f‘%& I"‘. LA
%g;gggl-E- “é‘% 8%

||
= EEmET

Space-Like (-) Light-Like:Null (0)
The Minkowski Diagram provides a great visual representation of SpaceTime
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4-Vector SRQM Interpretation

e SRQM: Some Basic 4-Vectors
Ai‘ """ > 4 Position, 4-Velocity, 4-Acceleration

®---- John B. Wilson

ﬁf-ll;?ﬁjsoiz:asltz(-j\}/lectors S p a.c eT I m e K I n e m at I c S http://scirsgllri.eciarg]g?%)ll\'/ﬁgm

roperTime Derivative
-9=y(c,u)(9,/c,-V)=y(d,+ u-V)=yd/dt

ProperTime

R-U/U-U=(ct,r)-y(c,u)/c*=y(c?t - r-u)/c®=(c’,)/c? 4-Gradient

St =1 3=(8,/c,-V)—(8,/c,-0,,-6,,-9,)

S ial ° 4-Vectors:
pecial P U-ar..] 4-Velocity U-ar..] 4-Acceleration R=-"ycn
Relativity R=(ct.r) yd/dt[..] U=y(c,u) yd/dt[..] A=y(cy',y'u+ya) U = dR/d
|V|:|u|:{0<—>c} ‘ d/d’l?[] ‘ d/df[_] =n/2(~2 u-a /C, 2 u-a u/02+a e T
y = 1A[1-(v/c)] y(y(u-a)ic,y(u-a) ) A =dU/dt
! Newtonian/CIassicaI Limit |
Classical .~ =
Mechanics @ 4 Veloc:|ty @ 4-Acceleration
[v| = |u| << ¢ =(ct =(c A =0 ;aa)
y—1+0[(v/c)]] CM -
y—0 Since time:space don’t mix in CM, Since temporal velocity (c) always constant in CM Since temporal acceleration (0) always constant in CM,
Typically use time t & 3-position r separately Typically use just 3-velocity u Typically use just 3-acceleration a s
‘ 3-position ~ 3-velocity 3-acceleration t=
r=(r')-(x,y,z) u = (u')—(u*,u,u?) a=(a')—(a%,a,a’ 3-vectors:
r=
The relativistic Gamma factor y = 1/[1-(v/c)]] u = dr/dt
The 1* order Newtonian Limit gives y ~ 1 + O[(v/c)?] a = du/dt
The 2™ order Newtonian Limit gives y ~ 1 + (v/c)*/2 + O[(v/c)’] For historical reasons, velocity can be represented by either (v) or (u)

SR 4-Tensor SR 4-Vector . Trace[TuV] = TvV=T" =T

(2,0)-Tensor T*  §(1,0)-Tensor V¥ =V = (\°,v) jf. SR 4-Scalar Classical (scalar jA 3-vector) v = dy/dt = y3(u-a)/c? ¥ ~ N
(1,1)-Tensor T*, or T,* | SR 4-CoVector: OneForm (0,0)-Tensor S or S, Galilean Not Lorentz V-V = Vi VY= [(v0) - vevl = (Vi)
orentz Scala Invariant Invariant = Lorentz Scalar
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i o ° SRQM: Some Basic 4-Vectors 7"
Ag o---» @---» 4-Position, 4-Velocity, 4-Acceleration,

—%¢.-..-»9 ---» (RestMass), 4-Momentum, 4-Force (SaReam o

e Ve SpaceTime Dynamics Ptpiscireslm org/SRGM pe

ProperTime E ProperTime Derivative i
R-U/E.I-U=(ct,r2)-y(c§,U)/022 U-9=y(c,u)-(9,/c,-V) a=(g_ftavc;|=ean/taR A
=y(ct - r-u)/c*=(ct,)/c =y(3,+ u-V)=yd/dt - :

=t=T

Special s .. 4-Vectors:

Rel ativity 4-Position 4-\elocity 4-Acceleration =

] = Jul = {0 &> ¢} R=(ct,r) U=y(c,u)=dR/dt ) A=y(cy',y'u+ya)=dU/dt RTEERe|:Tlole

y = 1N[1-(v/c)?] A = dU/dt
This group of 4-Vectors are the main ones that are
connected by the ProperTime Derivative.
U-0 = d/dt = yd/dt = y(cd/c+u-V) = y(9 + u-V)
The classical part of it, the convective derivative U-a[..]

, ’ , ’ 4-Momentum 4-Force P=m\U
(@, + u-V), is known by many different names: P=(E/c.p)= _ yd/dt[..] (e fm i\ 2
=(E/c,p)=(mc,p)=m,U F=y(E/c,f=p)=dP/dt -

The convective derivative is a derivative taken with d/dt[..] . F = dP/dr
respect to a moving coordinate system. It is also called
the advective derivative, derivative following the motion,
hydrodynamic derivative, Lagrangian derivative, material
derivative, particle derivative, substantial derivative,
substantive derivative, Stokes derivative, or total
derivative

SR 4-Tensor SR 4-Vector V] = Wo— TH —

2,0)-Te Tw 1,0)-T V=V = (VO SR 4-Scalar Trace[T"] = N T =T% =T
1,1( )_Tén:onrs-l(—)urv or T, (SR Zl-gg\slc;::tor:Onengn\:\) (0,0)-Tensor S or S, V-V =V, VY = [(V)? - vev] = (Vo)

= orentz Scala = Lorentz Scalar

0,2)-Tensor T,y 0,1)-Tensor V, = (Vo,-V
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SR — QM 4-Vector SRQM Interpretation
Physics - of QM

A? SRQM: Some Basic 4-Vectors
0w 4-Velocity, 4-Momentum,

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

FW—I. oo

o--n p) = MU = ymi(c,u) = m(c,u)

Special 4-Velocity 4-Momentum

Relativity U-Y(C u) @ P=(E/c,p)=(mc,p) Temporal part:  E = mc* = YmoC;= YE. , N
= RestE = ~ ener = moC® + (y-1)M,C

vl =lul={0 &) S PP = (E,/c) = (M) el a5 +((1; -1))Eo

(rest) + (kinetic)

Spatial part:
| Newtonian/Classical Limit | {momentum} p =ym.u = mu
Classical 4-Velocit )
i - y 4-Momentum T 9
Mechanics P_=E/c A p)=(mc ) ~ (1+(v/c)*/2)m,(c,u)
Iv| = u] <<c Classmal M
Mass (A Temporal part: E ~ (1+(v/c)?*/2)myC? = moC? + mov?/2
{energy} E, +|pl/2m,
‘ 3-momentum (rest) + (kinetic)
Since time:space don’t mix in CM, p_)(px,py,pZ)
Typically use energy E & 3-momentum p separately

Spatial part:

The relativistic Gamma factor y = 1/[1-(v/c)]] {momentum} p ~ (1)Moll = MoU — Mu
o o o

The 1% order Newtonian Limit gives y ~ 1 + O[(v/c)]

n ; it o " 2 4
The 2 order Newtonian Limit gives y ~ 1 + (v/c)/2 + O[(v/c)] For historical reasons, velocity can be represented by either (v) or (u)

SR 4-Tensor

SR 4-Vector i W TH =

(2,0)-Tensor T §(1,0)-Tensor V¥ = V = (v".v) PSR 4-Scalar Classical (scalar f 3-vector) v_vaa\(;f [TV]V = N TS T

(1,1)-Tensor T*, or T,* | SR 4-CoVector: OneForm (0,0)-Tensor S or S, Galilean Not Lorentz = ViV = (V) - vevl = (Vo)
, 2 orentz Scala Invariant Invariant = Lorentz Scalar
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e, SRQM: Some Basic 4-Vectors
Ai 4-Velocity, 4-Acceleration,

G SpaceTime Orthogonality

A 4-Gradient

/ a=(3t/c,—V)—>(3t/C,-@X,—ay,-az)

roperTime Derivative
U-9=y(c,u)(0,/c,-V)=y(d,+ u-V)=yd/dt

= d/dT

o0-R=4 d[R]=n""—Diag[1,-1,-1,-1]
SpaceTime Minkowski Metric

4-Velocity

yd/dt[..]
d/dt[..]

4-Position
R=(ct,r)

4-Vectors
U-A=U-U’=0 R = (ct,r)
The Lorentz Scalar Product can be used to show < ULA U= dR,/dr =R’
SpaceTime orthogonality when the result is zero. SoaceTIme GriTAIN A = dU/dr = U?

U=y(c,u)

. 4- Acceleratlon

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

A =U =R”is normal
to WorldLine
(Ais Spatlal)

ProperTime ProperTime
Derivative Derivative
Thoooood > @ = =R
U-a[..] U-ar..] .~

U = R’ is tangent
¢ to WorldLine
(U is Temporal)

U-u=¢c? 4-Velocity U (a Temporal 4-Vector) -
— _ is orth I to it

d/dt[U-U] = d/dT[c’] =0 f-gccglg?:tiaono,lkl i’?}”'(‘a Spatial 4-Vector)

d/dT[U-U] = d/dTt[U]-U + U-d/dT[U] = A-U + U-A=2(U-A)=0 WorldLine

U-A = U-U’ = 0: The 4-Velocity is SpaceTime orthogonal to it's 4-Acceleration.

4-Velocity is the direction along a WorldLine.
4-Acceleration is the thing which causes a WorldLine to bend/curve.

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

R moves along
Worldline

Trace[T"] =N T" =T =T
V-V = Vi, VY = [(VO)? - vev] = (V0)?
= Lorentz Scalar
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SR —- QM

AA SRQM: Some Basic 4-Vectors

Al 4-Displacement, 4-Velocity,

SciRealm.org
John B. Wilson

ﬁf-EQ;;L;tz?\zectors R e I at I v I ty Of S I m u Itan e Ity http://scirsgliri.ecigg?%)ll\'/ﬁgg

- X=4 A[X¥]=0X¥ 1oX'=N\", B o[X]=n""—Diag[1,-1,-1,-1] A 4-Gradient
SpaceTime Lorentz Transform Minkowski Metric a=(8/c,-V)

Rest-Frame Lorentz

ProperTime Boost-Frame

4-Displacement .. ) =T t c
AX=(cAt,Ax) N

Dimensio

4-Acceleration u

ProperTime A=y(cy’,y'u+ya)
Derivative

ProperTime
Derivative

At=0
L - = y(c,u)-(cAt,Ax) = y(c?At - u-Ax Simultaneous in {t',x’} ‘
=CzAto=CZAT At#00 -

Not Simultaneous in {t,x
If Lorentz Scalar (U-AX = 0 = ¢?At), then the ProperTime displacement (A1) is zero,
and the event separation (AX = X, - X,) is orthogonal to the worldline U.

X, and X, are therefore simultaneous for the observer on this worldline U.

Examining the equation we get y(c?At - u-Ax) = 0. The coordinate time difference between the events is (At = u-Ax/c?)
The condition for simultaneity in an alternate frame (moving at 3-velocity u wrt. the worldline U) is At = 0, which implies (u-Ax) =0

This can be met by:

(lu] = 0), the alternate observer is not moving wrt. the events, i.e. is on worldline U or on a worldline parallel to U.
(|Ax| = 0), the events are at the same spatial location (co-local).

(u-Ax = 0), the alternate observer's motion is perpendicular (orthogonal) to the spatial separation Ax of the events in that frame.

If none of these conditions is met, then the events will not be simultaneous in the alternate reference frame.
This is the mathematics behind the concept of Relativity of Simultaneity.

SR 4-Scalar Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector



mailto:SciRealm@aol.com

SR - QM 4-Vector SRQM Interpretation

W= SR Diagram:

Z4%w > SR Motion * Lorentz Scalar

... = Interesting Physical 4-Vector ..o
0-R=4 d[R]=n*""—Diag[1,-1,-1,-1] A 4-Gradient NEES NI ES

SpaceTime E— ; ; ; = _
Dimensio Al @il gl E s (at/C’ V) Most 4-Vectors have
4-Displacement d[.. 9I.. PO - 21 independent components.

AR=(cAt,Ar) 4-Acceleration ’ :
ProperTime i
Derivatilve @

A=y(cy’,y'utya) RLEEREICEIAEENAGCK]
ProperTime spatial however, due to its
Derr)ivative invariant magnitude? U-U=c?.

— This fact allows one to multiply

it by a Lorentz Scalar to make

Rest Charge Rest Scalar Rest Rest Angular a new 4-Vector with 4
Rest Number Density Density Potential Mass:Energy Frequency |ndeper_1dent components, as
E=mc? shown in the diagram.
@ Wave VeIOC|ty @ _

=c? Proof of non-varying (c).

group phase

AA (9o /c)2 ”H | } P-P=(m.c)*=(Eo/c W""’
4-NumberFlux 4_%3?2;?82#5)&3/ 4-EMVectorPotential 4-Momentum @ 4-WaveVector
N=(nc,n)=n(c,u) J=(pc,j)=p(c,u) =(¢/c, P=m(c,u)=(mc,p)=(E/c,p) @ K=(w/c,k)=(w/c,wilv_

{p.=0} < {A-U50} < {Ais null} {m,=0} < {P-U=0} < {P is null} {w.=0} < {K-U=0} & {K is null}

EIectric:Magnetict% (8-0)A-8(3-A)=poJ

Maxwell EM Wave Egn

1/(EoMo )=C?

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vect Vi — v — =
(1,0)-Tensor VSE :)Ir (v°,v) Trace[T"] = r]pv;l"; =TH, = T0 ]
SR 4-CoVector: OneForm V-V = Vi VY= [(V)° - vev] = (Vo)
= Lorentz Scalar

(1,1)-Tensor T, or T,Y



mailto:SciRealm@aol.com

s SRQM Diagram:
">~ SRQM Motion * Lorentz Scalar

o é .-
At = Interesting Physical 4-Vector
0-R=4 J[R]=n""—Diag[1,-1,-1,-1] A 4-Gradient

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Interesting note:

S i EEEEEE— . : . —
‘i’;ceiTs'i’:e Minkowski Metric z 9=(d/c,-V)
4-Displacement d[.. OI.. o - - (

AR=(cAt,Ar) 4-Acceleration

A=y(cy',y'u+ya)

4-Position Plerpethime -
— erivative roperTime
R=(ct,r) Derr)ivative
[
Rest Number Density
Rest Probabilty Density
Rest Charge Rest Scalar Rest Rest Angular
Density Potential Mass:Energy Frequency

Born pprobO E=mc?
Rule | Xl‘V | @ @ Wave VeIomty@

2
group phase

. - ||H | } Einstein
de Broglie
4-NumberFlux EM @ AA (@ /C)z P-P=(m,c)*=(Eo/c P th

= = Charge
N=(nc,n) n(c,u) o ChargeFIU)g 4-EMVectorPotential 4-Momentum
4-ProbCurrDensity 4- CurrentDens'W A=(p/c,a) P=m(c,u)=(mc,p)=(E/c,p) (h)

; ili J=(pc
4-ProbabilityFlux (pC.j)= {0.=0} > {A-U40} < {Ais null} {m,=0} <> {P-U=0} < {P is null}

Most 4-Vectors have
4 independent components.

, )

The 4-Velocity has only the 3
spatial however, due to its
invariant magnitude? U-U=c?.

This fact allows one to multiply
it by a Lorentz Scalar Invariant
to make a new 4-Vector with

4 independent components,
as shown in the diagram.

Proof of non-varying (c)

K-K=(w./c) W -

4-WaveVector

K=(wl/c, k)=(uu/c,ouﬁ/vphase
{wo=0} — {K-U=0} < {K is null}

J prob:( ! )
Electric: Magnetlc % (0-0)A-3(8-A)=piod

1/(€0o )=

Maxwell EM Wave Egn

Existing SR Rules
Quantum Principles

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
. , , orentz Scala

Trace[T"] = nuTW =TH, =T

V-V = Vi VY = (V)7 - vev] = (Vo)

= Lorentz Scalar
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Sﬁy;cSM S RQ M D iag ram : 4-\ector SRQM Interpre;?gol\r/l’n
ProperTime Derivative o
5 onn b. Vvilson
zv:a;;;;tzdem Very Fundamental Results
4
8=(3/c,-V)
Continuity of
4-Velocity Flow: 0-U=0

------ ProperTime

4-Veloci ty Derivative
U=y(c,u . Acceleration of Event

o-R=4 d[R]=n""—Diag[1,-1,-1,-1]
SpaceTlme Minkowski Metric

ProperTime Derivative
U-9=y(c,u)(6,/c,-V)=y(d,+ u-V)

=yd/dt=d/dT

4-Displacement Efef;ﬁ,zg\i/f:e yd/dt[..]
AR—(cAt Ar)

4-Acceleration
A=y(cy',y'u+ya)

4-Position is perpendicular to
R=(ct,r) Event WorldLine
@ i : ProperTime »
: . . Derivative ‘N
2R = 4: SpaceTime Dimension is 4 ‘
U-U = ¢% Tensor Invariant of 4-Velocity
4-Momentum 4-Force

d/dt(e-R) = d/d(4)
(4

0
(U-0)(0-R) = (U-0)(4) =

d/d{U-U] = d/d[c?] = 0 P=(E/c,p)=(mc,p)

F=y(E/c,f=p)
(U-9)[U-U] = (U-d)[c*] = 0

4)=0
d/du(@-R) = d/dz(d)-R + 8-d/de(R) = 0

d/dt(é-R) = d/dt[d]R + :U =0 d/dt[U-U] = d/d<[U]-U + U-d/d7[U] = A-U + U-A =2(U-A) =0
gg : :((j(jdg[)z[g]RR U-A = U-U’ = 0: The 4-Velocity is SpaceTime orthogonal to it's 4-Acceleration. 4-Vectors:
a-U = -(U.,8")[3,]R" 4-Velocity is the direction of an Event along a WorldLine. R=<Event>
o-U =-Ud"9,R" 4-Acceleration of an Event is the thing which causes a WorldLine to bend. U = dR/dt
o-U =-U,9,0'R" A = dU/dt
o-uU=-Uon*
o-U = -U,(0Y) _
2-U = 0: Conservation of the 4-Velocity Flow (4-Velocity Flow-Field) P =m,U

F = dP/dt

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n“VT;V T 5 To 2
(1,1)-Tensor T* or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
, , ’ orentz Scala = Lorentz Scalar
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SR — QM
Physics

o>
A
IS
hE
A Tensor Study
of Physical 4-Vectors

0-R=4

SpaceTlme

4-Displacement
AR—(cAt Ar)

4-Position
R=(ct,r)
o

oR=4

ProperTime ’Yd/dt [..]

Derivative

d/de(@-R) = d/dt(4) = 0

d/de(@-R) = d/dt(d)-R + d-d/dt(R) = 0
d/de(@-R) = d/dt[d]R + &-U = 0

a-U = -d/dt[d]'R
a-U = -(U-9)[9]-R
aU = -(U,8")[3,]R"
a-U = -U,3'9,R¥

a-U = -U,0,0'R": | believe this is legit, partials commute

a-U = -U,g,n"
a-U = -U,(0")
aU=0

Conservation of the 4-Velocity Flow
(4-Velocity Flow-Field)

SR 4-Tensor
(2,0)-Tensor T+

(1,1)-Tensor T, or T,Y

SR 4-Vector
(1,0)-Tensor V¥ = V = (V°,v)
SR 4-CoVector: OneForm

J[R]=n""—Diag[1,-1,-1,-1]

Minkowski Metric

SRQM Diagram:
Local Continuity of 4-Velocity leads to

all of the Conservation Laws
A 4-Gradient

=(3/c.-V)

Continuity of
4-Velocity Flow: -U=0

4-Velocity

U=y(c,u)

orUu=0

d-(Lorentz Scalar)U = O(Lorentz Scalar)
0+(Lorentz Scalar)U =0

J-(Interesting 4-Vector) = 0

Example:

9-(po)U =0

oJ=0

(0/c pc + V+j) =
©Op+Vi)=

= Conservation of Charge
= A Continuity Equation

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

4-Vector SRQM Interpretation
of QM

ProperTime Derivative
U-9=y(c,u)(6,/c,-V)=y(d,+ u-V)

=yd/dt=d/dT

4-Acceleration
A=y(cy',y'u+ya)

Conservation L aws:

All of the Physical
Conservation Laws are in the
form of a 4-Divergence, which
is a Lorentz Invariant Scalar
equation.

These are local continuity
equations which basically say
that the temporal change in a
quantity is balanced by the
flow of that quantity into or out
of a local spatial region.

Conservation of Charge:
ad=0p+Vij)=0

Trace[T"] = nuTW =TH, =T

V-V = Vi VY = (V)7 - vev] = (Vo)

= Lorentz Scalar

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf


mailto:SciRealm@aol.com

SR - QM 4-Vector SRQM Interpretation

.‘ SRQM Diagram:
SRQM Motion * Lorentz Scalar
Conservation Laws, Continuity Eqns SoReaim@sol com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

o0-R=4 =n*"'—Diag[1,-1,-1,-1] 4-Gradient BNl ile]al FEIWES

SpaceTime

Minkowski Metric a=(3t/C,-V) _
Continuity All of the Physical _
4-Displacement II.. of 4-Velocity Flow: Conservation Laws are in the

oU=0 A P> form of a 4-Divergence, which
AR= (CAt,Ar) " PNl is a Lorentz Invariant Scalar

A=y(cy’,y’u+ya) equation.

ProperTime of
Derivative

Derivative These are local continuity

equations which basically say
Rest Number Density that the temporal change in a
Rest Probabilty Density Rest Charge quantity is balanced by the

Density@ Rest Scalar Rest Rest Angular ﬂ?w IOf thlat qu['.al?t'ty into oS
EM Potential Mass:Energy Frequency of a local spatial region.

Born E=mc’
@ Rule “probo J N @ @ Wave Veloc'ty @ Conservation of Charge:
BICANDR A -c.c) . e =3+ Vi)=0

group phase
Charge 4-ChargeFlux
4-CurrentDensity

Einstein
N de Broglie 550
J=(pc,j)=p(c,u) ”HH S @ > LS W -

4-NumberFqu

N=(nc,n)=n(c,u)

4-ProbCurrDensity; o (RSP @8- - - - - 4-EMVectorPotential 4-Momentum ‘m 4-WaveVector
4-ProbabilityFlux | (@ . A=(¢/c,a) P=m(c,u)=(mc,p)=(E/c,p) B K=(wick)=(wlcwilv, )

Jprob_( ) ) Rest
Mass:Energ

Conservation of Lorenz Gauge

Particle #: :-N=0 Conservation of i Conservation of

Mass: 0-G=0 - 9-d= M Potential: 9-A=0.

{9.=0} & {A-U40} « {Ais null} {m,=0} « {P-U50} < {P is null} 0} < {Kis null}

Conservation of
4-Momentum: 2-P=0Q

Conservation of
4-\WaveVector: 9-K=0,

These are Individual Particle/Wave/Delta-function Conservation/Continuity Laws

Existing SR Rules
Quantum Principles

SR 4-Tensor SR 4-Vector Trace[TuV] = I.]W-I-uv = Tuu =T
V-V = Vi VY = (V)2 - vev] = (Vo)?
= Lorentz Scalar

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm
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SR —- QM

4-Vector SRQM Interpretation

of QM

SciRealm.org

A‘ SRQM: Some Basic 4-Vectors
—+  4-Velocity, 4-Gradient, Time Dilation

of Physical 4-Vectors

. . . 4-Gradient ProperTime
at—rest const '|nert|al motion =2/cV) I U-0=d/dT=yd/dt s
worldline U, worldline U Derivative
(u=0) (O<u<c)

trades some time for space

fully temporal

The Minkowski Diagram provides
a great visual representation
of SpaceTime

SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T, 0,1)-Tensor V, = (Vo,-V

SR 4-Tensor

(

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

roperTime

dt=(1/y

SciRealm@aol.com
http://scirealm.org/SRQM.pdf

4_Ve|ocity U-u= Y( ) )Y( ’ ) = ,YZ(CZ_u_u) = (CZ)

(GO0, 1 [1-(uio)?) = 1182

4-Velocity Everything moves into future (+t)
U.=(c (()a)“reS” at the speed-of-light (c)
T in its own spatial rest-frame

Since the SpaceTime magnitude of U is a constant,
changes in the components of U are like “rotating”
the 4-Vector without changing its length. However,
as U gains some spatial velocity, it loses some
“relative” temporal velocity. Objects that move in
some reference frame “age” more slowly relative to
those at rest in the same reference frame.

Time Dilation! At = yAt = yAt,
dt =vydt
d/dt = yd/dt

Each observer will see the other as aging more
slowly; similarly to two people moving oppositely
along a train track, seeing the other as appearing
smaller in the distance.

Trace[T"] = nuT" =T =T
V-V = Vi VY = [(V0)7 - vev] = (Vo)
= Lorentz Scalar

John B. Wilson
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SR —- QM

o SRQM: Some Basic 4-Vectors =~ o
L e SR 4-WaveVector K

SciRealm.org
John B. Wilson

e OOlUution to d’Alembertian (0:90)  wsiurssis

4-WaveVector, aka. Wave 4-Vector: {solution of d’Alembertian Wave Eqn. 9-9}

K = (wo/c’)U = (w/c,k) = (w/c,wnlv__ )= (w/c,wu/c?) = (w/c?)(c,u) = (w/c)(1,B) = (1/cF,A/k) = -0

There are multiple ways of writing out the components of the 4-WaveVector,
with each one giving an interesting take on what the 4-WaveVector means.

Wn(X) = A, e”-i(Ka-X): Explicit form of an SR plane wave
W(X) = Z.[ wa(X) ]: Complete wave is a

. superposition of multiple plane waves.

nvariant Phase Al W(X) 1= 9] Ae-i(K-X) ] = -iK [ Ae-i(K-X) ] = -IK[ w(X) ]

An SR wave Y is actually composed of two tensors:

: e . ea K-R d = -iK as the condition for a complex-valued plane wave.
(1) 4-Vector propagation part = K* (the engine), in e (-iK®X,) ] _ _ iy
(2) Variable amplitude part = A (the load), depends on what is waving... = (Ui)/C,k)'(C’;,r) -9l w(X) 1 = (NENK-K wX) 1= (KK w(X) ]
=(wt - k'r
4-Scalar A: ¥ = A e M-IKXq) =(t/:F = ﬁ'l'/)t) A
ex. KG Quantum Wave [} = -®ase oiane
s 4-WaveVector K _ i i

4-Vector A" W¥ = A¥ eM(-iK*Xo) 4-Position

=(w/c,k
ex. Maxwell Photon Wave R=(ct,r) ( )

. =(w/c,wn/v )
4-\£elo<:|ty U =(w/c,u)u/ng§e
—'y(C1, uB)) =(w/c?)(c,u) .
, ~(w/c)(1,8) =@/cf-V-V
=(1/cF, A/k) =(0,/c)’
=(9/cat,)?
=(dlcan)’

)

4-Tensor A": W = AP eM(-iKX,) nvariant Interva
ex. Gravitational Wave Approx. R-R=(ct)2-r-r

=(ct)’

The Y tensor-type will match the
yp =(Cto)2

A tensor-type, as the propagation
part eA(-iK®X,) is overall dimensionless.

=7*2(U)2-U)02)
— 22,42
- 7\ W (for photon)

One comparison | find very interesting is:
R-R = (ct,)* = (ct)?

= (1/cFo)?
90 = (dlcat,)? = (dlcart)?

— )\2,,2
- )\ A% (for photon)

| believe the last one is correct: (9-9)[R] = 0 = (8/cat)*[R] = A./c® = 0: The 4-Acceleration seen in the ProperTime Frame = RestFrame = 0
Normally (d/dt)’[R] = A, which could be non-zero. But that is for the total derivative, not the partial derivative.

SR 4-Tensor SR 4-Vector V] = v — —
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar Tiacf [T i n”VT; T 0 To 2
(1,1)-Tensor T or T, § SR 4-CoVector:OneForm (0,0)- Te”tsosr S Ior S, VIV = VNV = (V)" - vev] = (Vo)
orentz Scala

= Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

T SRQM: Some Basic 4-Vectors
Ai MWk----> 4-Velocity, 4-WaveVector
e Wave Properties, Relativistic Doppler Effect ...n: e

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

. > — T

W _____ > Relativistic SR Doppler Effect
| (A ) here is the unit-directional 3-vector of the photon

4-\elocit 4-WaveVector
U=y(c llj)y @ K=(w/c,k)=(w/c,wi/v__ ) Choose an observer frame for which:
: i K = (w/c,), with k,A pointing toward observer
RestAngularFrequenc
Y Uass = (c,0) K-Uass = (10/0, (0, ) = w = W
K= ) = (Wo/c?)U Uemit = (¢, 1) K-Uemie = (00/¢, ) v(c, ) = v(w - k'u) = W, o
= 2 = 2 -
= R K-Uspe /K-Uemic = 0,,0/00,,,0 = 00/[y(0 - keu)]

(wlc, ) = (wlc, ) For photons, Kis null > K-K =0 — k = (w/c)n
Taking just the spatial components of the 4-WaveVector: W el Wy 0 = W/Y(W - (w/e)A-u)] = 1/[y(1 - A-B)] = 1/[y(1 - |B|cos[6,,.])]
wn/vphase = (U.)/CZ)U wobs/wemit = ywobso/(ywemito) B wobso/wemito
ANV = (u/c?

W, = w, (1 - AB)] = w, N[1+B[I*V1-IBI/(1 - A-B)
utv,  =¢ with y = 17[1-8%] = 1/(N[1+[B[IV[1-IB[])

— A2 R —
“ =c, withu=v
group phase group

For motion of emitter B: (in observer frame of reference)

Wave Group velocity (v_ ) is mathematically the same as Particle velocity (u). Away from obs, (A-B) = -B, w,,, = w, V=B +|Bl) =

Wave Phase velocity (v ) is the speed of an individual plane-wave, also the Toward obs,  (A:B) = +B, w,, = W NITHIBIIA(T - [B]) =

speed of signal synchronicity, the speed of the wave of coordinated flashes. Transverse, (A:B)=0, w, . =w_./y=Transverse Doppler Shift
The Phase Velocity of a Photon {vphase = c} equals the Particle Velocity of a Photon {u = c}
The Phase Velocity of a Massive Particle {vphase > c} is greater than the Velocity of a Massive Particle {u < c}

SR 4-Tensor

SR 4-Vector - - —
(2,0)-Tensor T (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar T:acpe[T“V] B n”v;rl;v =T 3 To 2
1,1)-Tensor T% or T, | SR 4-CoVector:OneForm K(0,0)-Tensor S or S, V-V = V', VY = [(VO)7 - vav] = (Vo)
0,2 -Tensor T 0,1 -Tensor V, = Vo,-V orentz Scala = LorentZ Scalar

(
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s SRQM: Some Basic 4-Vectors
AT = 4-Velocity, 4-WaveVector N
s WNAVE Properties, Relativistic Aberration  ..one.as

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

®o----p | W _____ Relatlwstlc SR Aberration Effect

i ) here is the unit-directional 3-vector of the photon

4-Velocity 4-WaveVector A
Sl a PSRRI ... - . /[1(1 - Bl = ©,,/l1(1 - [BIcos(8,, )
@ RestAngularFrequency w
Change reference frames with {obs—emit} &{ B — -B }
K = (w/c.k) = (wlc, ) = (WA . N
= (wo/CZ)Y( , ) = ((JJ/CZ)( ) ( , ) wemit - wobs/[Y(1 +n B)] obs/[Y(1 + |Blcos[eem|t])]
(wlc, ) = (wlc, ) (Wp0) " (Wep) =(W i /Iy(1 - IBIcOs[O, DI)*(wg, /(1 + [Blcos[O, ., ])])
Taking just the spatial components of the 4-WaveVector:
wniv. = (wichu 1= (1[y(1 - IBlcos[8,, D)*(1/Ex(1 + [Blcos[E,,,))
A, = (u/c) 1= (v(1 - |Blcos(B,,,.]))*(x(1 + |Blcos[s, )
’ =v*(1 - |Blcos[®,,])*(1 + |Blcos[6, )
hase .
groupp* Vphase . Cz’ Wlth e Vgroup SOIVe for |B|COS[eobs] and use {(72-1) = 6272}
Wave Group velocity (v ) is mathematically the same as Particle velocity (u). cos[ o) = (cos[®,_ 1+ |Bl)/ (1 +|Blcos[6,_.])

Wave Phase velocity (vp ase) is the speed of an individual plane-wave, also the
speed of signal synchronicity, the speed of the wave of coordinated flashes.

The Phase Velocity of a Photon {vphase = c} equals the Particle Velocity of a Photon {u = c}
The Phase Velocity of a Massive Particle {vphase > c} is greater than the Velocity of a Massive Particle {u < c}

SR 4-Tensor SR 4-Scalar Trace[T"] = nuT" =T =T
(0,0)-Tensor S or S, V-V = Vi, VY = [(VO)? - vev] = (V0)?
orentz Scala = Lorentz Scalar

SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm
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SR —- QM

e @ SRQM: Some Basic 4-Vectors
M- 4-Momentum, 4-WaveVector, |
s 4-Position, 4-Velocity, 4-Gradient, Wave-Particle _ oz

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

P-P = (m.c)’= (Ed/C

4-Momentum Treating motion like a particle @
- i P=(mc,p)=(E/c,p) Moving particles have a 4-Velocity

[P-dR =-S " Rest Mass:Energy P=-0[S 00 icc 4-Momentum is the negative 4-Gradient of the SR Action (S)
action,free Elnsteln . ------ i _ i SpaceTime
~ E=yE,=ym.c*=mc @

®

4-Position
R=(ct,r)

Hamilton-Jacobi
= -a[Saction free] A o o'R=4
0o action,free i :’. Dimension

4-Gradient B G[R]=n""—Diag[1,-1,-1,-1]
a=(3t/C,-V)—»(at/c,—ax,-ay,-82) Minkowski Metric

Einstein

de Broglie
ProperTime

) _ 2 .\ —
N\ Wave wmm@ P piangd = (9/0)-V'V =(d./c =d/dT=yd/dt

3.
K-dR = -0 A | R Vtgxup thase K= -3[¢phase'plane] Derivative
phase,plane estAngFrequenc i
y 4-WaveVector WaveVector Gradient

d’Alembertian

AN | K=(w/c,k)=(w/c,whlv Treating motion like a wave W _____ >
phase q .
K=-9[® ] Moving waves have a 4-Velocity
bhase plane 4-WaveVector is the negative 4-Gradient of the SR Phase (®)
See Hamilton-Jacobi Formulation of Mechanics See SR Wave Definition
for info on the Lorentz Scalar Invariant SR Action. for info on the Lorentz Scalar Invariant SR WavePhase.
{P = (E/c,p) =-9[S] = (-d/cat[S], )} { K= (w/c,k) =-0[®] = (-d/cat[D], )}
{temporal component} E = -0/dt[S] = -7 [S] ] | {temporal component} w = -d/ot[®] = —at[CD]
{ component} { component}
**Note** This is the Action (Sacion) for a free particle. **Note** This is the Phase (®) for a single free plane-wave.
Generally Action is for the 4-TotalMomentum P+ of a system. Generally WavePhase is for the 4-TotalWaveVector K; of a system.

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T*  §(1,0)-Tensor V¥ = V = (v°,v) Existing SR Rules vaIa\j‘?rETi;]:r[](u\;g;v =vT\:iJ N g/" )?
1,1)-Tensor T or T, } SR 4-CoVector:OneF inci T S o
( )’ ensor T, or T, | oVector:OneForm Quantum Principles = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

™ Some Cool Minkowski Metric Tensor Tricks
A 4-Gradient, 4-Position, 4-Velocity

SciRealm.org
John B. Wilson

o—e

ATensor Study S pac ETi me i S 4 D  SciRealm@aol.com

of Physical 4-Vectors

http://scirealm.org/SRQM.pdf

roperTime Derivative 4-Gradient /
U-8=y(c,u)-(9,/c,-V)=y(3,+ u'V) "} 8=(8/c,-V)—(9/c,-d,-6,-9)
= d/dt = yd/dt

Tr[n*]=n,"=4

e SpaceTime

dR] = n" o-R=4 . — —\_Dimension
—Diag[1,-1,-1,-11 [l SpaceTime d[R] =n

. _ _ —Diag[1,-1,-1,-1]
Minkowski Metric Index-Raised

Minkowski Metric

4-Velocity a 4-Position

=v(c,u) . R=(ct,r) - n 5.
o> | 9 g -Diag[1, .11
Nes(N') = na* = Diag|[1, I"Diag[1, 1= Diag[1,1.1.1] Minkowski Metric  ronecker Deltz
tShiﬁgS;Ie Index-Lowering the Minkowski Metric (n'?) gives the Kronecker Delta N n,,
(@'R) = (6"RP) = (6°nagRP) = Nep(9°RP) = Neg(n?) = N” = 8% = 4 Tﬂiﬁfﬂg@gk}}]
Eﬁge[Minkowski Metric] = Trin®] = nap[n®] = na" = 8" = 4 Minkowski Metric

The Divergence of 4-Position (9-R) = “Magnitude” of the Minkowski Metric Tr[n°*] = the Dimension of SpaceTime (4)

(U-9)[R] = (U*8")[R'] = (U"nepd”)[R"] = (Upd")[R'] = (Up)@*[R"] = (Up)n™ = U¥ = U = (d/d7)[R]
thus
Lorentz Scalar Product (U-9) = Derivative wrt. ProperTime (d/dt) = Relativistic Factor * Derivative wrt. CoordinateTime y(d/dt):

SR 4-Tensor SR 4-Vector V] — v — —

(2,0)-Tensor T §(1,0)-Tensor V¥ =V = (\°,v) . SR 4-Scalar Tiacf [T = M T T

(1,1)-Tensor T* or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, V-V = Vi VY= [(V)7 - vev] = (Vo)
2)- 1)- N orentz Scala = Lorentz Scalar
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SR —- QM
Physics

; SRQM+EM Diagram:
o= 4-Vectors

A Tensor Study
of Physical 4-Vectors

4-Acceleration 4-Polarization:
4-Displacement E=(%¢£)=(e-B,€)

‘ut+ya

AR=(cAt,Ar) ER
dR=(cdt,dr)
4-Position 4-TotalWaveVector
R=(ct.r 4-WaveVector K,=(w./c,k,)
: K=(w/c,k)

4-UnitTemporal 4-Velocity
T=y(1,B) U=y(c,u)
4-Force
4-Momentum o
F=y(E/c,f=
4-UnitSpatial P=(mc.p)=(E/c,p) W)
S=ypn(1-B, 1), 4-MassFlux
4-MomentumDensit
4-NumberFlux
N=(nc,n)=n(c,u)
4-ProbCurrDensity 4-ChargeFlux
4-ProbabilityFlux 4- CurrentDenSIty

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T*  M(1,0)-Tensor V¥ =V = (\°,v) Existing SR Rules
(1,1)-Tensor T* or T,' | SR 4-CoVector: OneForm Quantum Principles

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

4-Gradient
9=(d/c,-V)

4-TotalMomentum

P.=(E/c,p;)=(H/c,p,)

4-ForceDensity

Fden=

(Egen’/C,faen)M4-MomentumField

Trace[T"] =N T" =T =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR —- QM
Physics

5 SRQM+EM Diagram:
o—+ 4-Vectors, 4-Tensors

A Tensor Study
of Physical 4-Vectors

d[R]=n""—Diag[1,-1,-1,-1]

Minkowski Metric

SR Perfect Fluid
M=((PeotPo)/c?)UMU"-(po)n*

4-Acceleration 4-Polarization:
E=(€0,€):(£.B’£)
s’s)=(s'B,s

4-Displacement
AR=(cAt,Ar)
dR=(cdt,dr)

T7=(pec) V" +(-po)
StressEnergy 4-Tensor,

4-Total\WaveVector
K.=(w,/c)k,)

A=y(cy',y'u+va

4-\WWaveVector
K=(w/c,k)

4-Position
R=(ct,r
4-UnitTemporal 4-Velocity :
T=y(1,8) U=y(c,u)

4-Momentum
- F=y(Elc,f=p
4-UnitSpatial P=(mc.p)=(E/c,p) W)

S:’YBn(ﬁ-Ban’)J_ / ass ux
4-MomentumDensit

4-NumberFlux

N=(nc,n)=n(c,u)

4-ProbCurrDensity 4-ChargeFlux
4-ProbabilityFlux

SR 4-Tensor SR 4-Vector o
(2,0)-Tensor T*  §(1,0)-Tensor V¥ =V = (\°,v) Existing SR Rules
(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm Quantum Principles

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Einstein GR

GH=R"-g"R/2

4-Tensor 4-Gradient
9=(3/c.-V)

Fob=g°AP-gPA"
=[ 0 ,-elc]

[+e'/c,-€ib"]
4-Tensor

4-TotalMomentum
P.=(E/c,p;)=(H/c,p,)

4-ForceDensity
Fden= (Edeny/C,fden) 4-MomentumField

P=(E/c,p,)

Trace[T"] =N, =T =T
V-V =V, VY = [(V)? - vev] = (V)2
= Lorentz Scalar
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4-Vector SRQM Interpretation

e, SRQM+EM Diagram:

AL} 4-\Vectors, 4-Tensors

John B. Wilson

sy LOrentz Scalars | Physical Constants | sreinewicn

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

3.R=4 = O[RI=n""—Diag[1,-1-1,-1]

Minkowski Metric

'a'Tpv=Fden

. (SHV=NH
Fi)r?l(;?l-gir:)]e @ SR Conservation of Ei i R W SR gocr?se:vgtion
SR Perfect Fluid 8 StressEnergy if Faen=0" instein G of Einstein Tenso

4-Acceleration 4-Polarization: W=((0oo+Do)/c2)UMUY-(po)N” G"=R"-g""R/2
St E=(c%,)=(c"B.¢) ({(PectpoVc JUPU ~(Po)n” B g 17 /c* 3 4-Tensor .
A= ,Y'u+ya $05)=(s'B.s TH=(Peo) V*'+(-po)H 4-Gradient
2 StressEnergy 4-Tensor, 9=(d/c,-V)
4-TotalWaveVector
K.=(w/c,k,)

4-Displacement
AR=(cAt,Ar)
dR=(cdt,dr)

4- WaveVector
=(w/c,k)

4-Position
R=(ct,r

d/dr|. ]—yd/dt .

T-AR/c=At ProperT_lme ﬂ |
ProperTime U-9=d/dt=yd/dt (h) . o8 aB_ 0 AB_ AB AT
Derivative F=0°AP-0°A

= 0 ,-e/d]
[+e'/c,-€ib"]
4-Tensor ﬁ

4-UnitTemporal o 4- VeI00|ty
@ 4-TotalMomentum

4-F o
4-Momentum F:y(E%Cfez o) P.=(E,/c,p,)=(H/c,p,)
@ L9,/C7 P=(mc,p)=(E/c,p) > ’ o)

4-MassFlux
4-MomentumDensit

prrobo \V
4-UnitSpatial —| Y|y |2
S=ypn(1-B, 1),

4-ForceDensity
4-NumberFlux Faen=Y(Egen/C, fsen) B4-MomentumField

N=(nc,n)=n(c,u) 4-EMVectorPotential T P=(E/c,p,)
4-ProbCurrDensity - A=(p/c,a o
- 0

4-ProbabilityFlux
(8-9)A-3(8-A)=poJ A= .
@ Maxwell EM Wave Eqn Conservation of EM Field

= | orenz Gauge

Existing SR Rules V.VTLa\C;f[Ti;]V Z rluv;l";v_= T”u: T0 )
Quantum Principles NV’ = [(V')" - v=v] = (V7o)
= Lorentz Scalar

" Conservation of
Conservation of Charge

Particle # : Probabilt;

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar

(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
. , , orentz Scala
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4-Vector SRQM Interpretation

e, SRQM+EM Diagram:

i 4-Vectors, 4-Tensors

John B. Wilson

Lorentz Scalars | Physical Constants,_ _srenewsicn

of Physical 4-Vectors http://smrealm org/SRQM.pdf

R=4 @ OR]=n""—Diag[1,-1,-1,-1] -
SpaceTime Minkowski Metric -0-T" =Fd.en T
Dimensio! SR Conservation of : - e

(D] SR Perfect Fluid N StressEnergy if Faen=0" Elnsteln GR onservation

4-Acceleration 4-Polarization: 0 uvz((peo+po)/c2)upUv_(po)rl GH=RHM- gl-lVR/2 of Einstein Tenso

- E=(c%c)=(c ) (PeoPo)/ JUPUH(PeIN" SR 8/ IR~ 4 Tensor

4-Displacement TH=(Peo) VH'+(-po)H Gravitatonal 4-Gradient

AR=(cAt,Ar) StressEnergy 4-Tensor it ke ConSt K R gg:gls\);aves 0=(9/c,-V)
dRtedt.dr) {,=0} & {K-U=0} < {K'is null} i i [Tpapsysmrss T "“e

d =-3[®] K=i
4-Position -
5 - 4- WaveVector b 1.1 K; (w lck;)
R=(ct,r '
d/dt[..]=yd/dt[, @ w/ k) ProperTime "'
'I;AR/E:I_?AT Prop_erTyme Wave Veloc U-o=d/dt= Yd/dt a
roperTime Derivative Derivative nuv Lorentz EM Forcs Eqn

group phase

Fob=g°AP-gPA"
=[ 0 ,-€l/c]

me P =hK

®-- P _ 4-TotaIMomentum

Light

l 0]
4-UnitTemporal o 4-Velocity Elnsteln { U-F®=(1/q)F } 3 [+elc.-€ib']
T=y(1,8) Speed of U=y(c,u) , (h) de Broglie F 4-Tensor

0,00 = Xv §Bomn 4-Momentum =(E,/c,p,)=(H/c,p;)
4-UnitSpatial H =l |2 Rule @ @ P=(mc,p)=(E/c,p) a»
S=Yen(fi-B.N), R (m:=0}  (P-U=0} - (P s nul) @ Conservation
an - -p 4 ForceDensity 4-TotalMomentum
{(p0=0} N {AU:O} “n {A is nuII} 0..C.Q 0. : Fden (Edenlcyfden 4-MomentumField

4-NumberFlux O
N=(nc,n)=n(c,u)
4-ProbCurrDensity 4-ChargeFlux

4-ProbabilityFlux © 4- CurrentDenSIty
Jprob ( 7 ) EM

Em/zmmw*a[w] AW 1w%+ iq/m iiw wiA Charge
Complex
|

Conservation of
Particle # :

P=(E/c,p,)
=P+Q=P+gA

4- EMPotenUaIMomentum ?:""I';ma' Coupling
+

4-EMVectorPotential
A=(p/c,a

> |

@ ,\Sl‘zx‘wgrg\(ﬂavg);“gﬁn K Conservation of EM Field
= Lorenz Gauge Maxwell EM Eqgns: Gauss-Ampére : Gauss-Faraday

{8F%® =pod } : { Qu(VoE™Fy5) = 0}
Existing SR Rules
Quantum Principles

Conservation of
Charge

SR 4-Vector
(1,0)-Tensor V* =V = (v’,v) . SR 4-Scalar
SR 4-CoVector:OneForm (0,0)-Tensor S or S,
, orentz Scala

SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T, or T,Y

Trace[T"] =N, =T =T
V-V =V, VY = [(V)? - vev] = (V)2
= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation

" SRQM+EM Diagram: 4-Vectors, 4-Tensors
LA Lorentz Scalars / Physical Constants
with Tensor Invariants @W

of Physical 4-Vectors

9-R=4 @ 9[R]=n""—Diag[1,-1.-1.-1 -
R-R=(ct)*-rr SpaceTime Minkowski Metric T T™= peo-3po -0 T"=Fgon 0-G"=0" ' i
AR-AR=(cAt)*-Ar: A" Dimensio Det[T]= ~(Peo)(Po)’® SR Conservation of : . 0=, Ic)-V-V

dR-dR=(cdty’- - LA A= (@) - LT"1= eo-3p.~ SR Perfect Fluid W StressEnergy if Fou.=0" 'EV'TStpev'n SR Nt Einsten Toreo
variant Interv 4- Accelera on 4-Polarization: o M= ((Peo*Po)/C2)UPUY-(po)n® . G"=R"-g""R/2

E=(c".c)=(s-B.c) o V4 (- GG R
4-Displacement A ‘u+vya ) TH=(Peo) VH'+(-po)H 3 3 4-Gradient
AR=(cAt,Ar) SOHSE StressEnergy 4-Tensor, Graviiiin] ConSt"._ Compiex a=(d/c,-V)
Y o Plane- Waves !
4_Position \ R= q) {UJ 0} > {K ‘U= 0} > {K IS nU"} 4- TOtaIWaVeVeCtor ( I-) = Tr[Fuv] .
oy 4 Wa"eveCtor '33 K, (‘” fc.k) W (PRI F"=2((bb)-(e-e/c?)
t

dR=(cdt dr) (@)
g/dul..]=ydidt[.

- ProperTime -" N - ’
T-AR/c=At ProperTime @ Wave Veloc U-o-d/dt= Yd/dt
ProperTime Derivative r]p\, : il FP=g7AP-gPA"

Derivative s
group phase Lorentz EM FOFCG Eqn =[ 0 , 'eJ/C]

1
. iz : ’
4-U$ETe1mporal 4- VeIOCIty E| D { U-F** =(1/q)F } [relc e
=y( =B Speed of @ =y(c,u) E-m02 (h) de Broglie . A-Tonsor

Light P =hK @ . )
‘ ®- - P — w: 4-TotaIMomentum
Born 4- Momentum : c ' =(E,/c,p,)=(H/c,p;)
vie gny @D P=(mc,p)=(E/c.p) ®@ L1

{m 0} s {P B 0} i, {P is nU”} Fden Fden—Y [ Eden/C) 'fden fden Conservaﬁon

— %
prob® =XV

4-UnitSpatial =|(xlw))?
S=ypn(f-B, 1),

4-ForceDensity 4-TotalMomentum
4-MomentumField

P=(E/c,p,)

{9.=0} < {A-U=0} & {A is null}

4- EMVectorPotentiaI
A=(p/

i

a-A=0
@ M‘erv:: Eal\(/lav’\z e anjn i Conservation of EM Field
= Lorenz Gauge Maxwell EM Eqgns: Gauss-Ampére : Gauss-Faraday

{8F%® =pod } : { Qu(VoE™Fy5) = 0}
Existing SR Rules
Quantum Principles

Fden (Eden/Cyfden

4- ProbCuerenS|ty 4-ChargeFlux
4-ProbabilityFlux 4- CurrentDenSIty

=P+Q=P+gA

-EMPotenUaIMomentum Ml%mal Coupling
+

oCharge

Conservation of
Charge

Conservation of
Particle # :

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar
(1,1)-Tensor T% or T,* § SR 4-CoVector: OneForm (0,0)-Tensor S or S,
, orentz Scala

Trace[T"] = NI =T, =T
V-V =V, VY = [(V)? - vev] = (V)2
= Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation
Physics of QM

SRQM Diagram:
.. Physical Constants Emphasized . .

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

o-R=4 o[R]=n""—Diag[1,-1,-1,-1]
SpaceTime Minkowski Metric
Dimension

-0"T"'=F gen d-G"=0"
SR Conservation of SR Conservation
StressEnergy if Fgen=0" of Einstein Tensor

ProperTime

U-9=d/dt=yd/dt

Derivative

Notice that all the main “Universal” or “Fundamental” @
Physical Constants are here: G,c,h,&,[o.

Some depend on the actual particle type: q,mo,w,
Some depend on regional conditions: T, Peo,Po;PosPo, W*W
Some depend on interaction:® S

phase’ — action
Some are mathematical: 0,4,,i,Diag[1,-1,-1,-1],d/dt
Conservation Laws are also a type of “zero” constant in

0 this regard.

The majority of the constants are Lorentz Scalars, but
0-A=0 some are 4-Vector or 4-Tensor, and all are valid for all

Conservation of EM Field inertial observers.
= | orenz Gauge

oD

@ (h)
>

a-J=0
Conservation of
Charge

Fundamental Physical Constants are SR Lorentz Scalars

SR 4-Vector The fact that these “tie together” a network of 4-Vectors is

(1,0)-Tensor V* = V = (v°,v) - 0?? 4-ScaS|ar S Existina SR Rules a?ood_ argument for wh;lldth?]ir valu;ahs areI c;_onstﬁ_nt.
SR 4-CoVector:OneForm ,U)-1ensor oS or oS h iD anging even one woula change the relationsnip
orentz Scala Quantum Principles properties among all of the 4-Vectors.

SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T, or T,Y
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SR —- QM
Physics

A

ATensor Study
of Physical 4-Vectors

4-UnitTemporal
T=y(1,8) (&)

o-R=4
SpaceTime
Dimension

ProperTime

U-d=d/dt=yd/dt

Derivative

4—Ve|ocity

=y(c,u)

4-Position 4-Gradient

R=(ct,r) 0=(9/c,-V)

J[R]=n""
—Diag[1,-1,-1,-1]
Minkowski Metric
SpaceTime Tensor

T'T=V"
—>D|ag[1 ,0,0,0]rest
Temporal “Vertical”

an_VuvzHuv
—Diag[0,-1,-1,-1]rest
Spatial “Horizontal”
Projection Tensor

VP-(1/3)H"=N"
—Diag[1,1/3,1/3,1/3]
Isotropic Null “Light-Like”
Projection Tensor

SR 4-Tensor
(2 0)-Tensor T+

SRQM Diagram:
Temporal, Spatial, Null, SpaceTime

4-Vector SRQM Interpretation

Projection Tensors

of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com

http://scirealm.org/SRQM.pdf

Projection Tensors act as follows: Time-like
Generic 4-Vector: Interval (+)
A' = (a%,a) = (a°,a’,a%a’) At
"Vertical”
Temporal
Projection

Temporal Projection:

= Nuwv - D|ag[ ,0,0,0]

A=(000)=( o) <,
Spatial Projection: future
H v = r](,uv|_|uUU — D|ag[0,1 ,1 ,1] AI’

H, A' = (0,a',a%a’) = (0,a)

(n=)
"SpaceTime”
Projection

SpaceTime Projection:
A’ + HY AY = nH AY
=3 A" =AY = (a’,a)

nere

+HY =nf = 6%
+ HW = nuv
The Minkowski Metric Tensor is
the Sum of Temporal & Spatial
Projection Tensors, all of which
are dimensionless.

LightCone

Light-like
Interval (0)
(NE)

"Null”
Projection

Space-like
Interval ()
(Hg)
"Horizontal”
Spatial
Projection

P a~L

Trace[T"] = NI =T, =T

(VAVERVNVE

= [(v°) - vev] = (Vo)?

= Lorentz Scalar
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SR —- QM
Physics

A
=

A Tensor Study
of Physical 4-Vectors

ProperTime

4-Vector SRQM Interpretation

SRQM Diagram: Projection Tensors &
Perfect-Fluid Stress-Energy Tensor

of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com

http://scirealm.org/SRQM.pdf

Projection Tensors act as follows:

4-UnitTemporal Time-like
T=y(1,B) e UIa:d/-dT-:Yd/dt ' = (a%a) = (a°a',a%,a’) Interval (+)
. Derivative
4-Velocity i : Aty (Vi)
har S~ Dl 00
" - i =(2,0,0,0) = (=, empora
4-Position $ g=c(35?gl_evn; Projection /
R=(ct,r) (Trn")=43 A ", = 1., H" — Diag[0,1,1,1]
3RI=™ A= a )= 0) <R, c
o‘R=4 —Diag[1,-1,-1,-1]
i Minkowski Metric A’ + HY, A =t AY future
SpaceTime Tensor =" A" = A= (a',a) Ar
T =\ -V =H * :EV = r]:v
L + v — v pv
® —Diag[1 :‘O’O’.O]r?f‘ *Diag[‘?ﬂ ’.'1 "1]{,93‘ The Minkomr/]ski Metric Tensor is here ’(’gp;ceTime”
Temporal “Vertical Spatial “Horizontal the Sum of Temporal & Spatial Projection

rojection Tenso Projection Tensor

Perfect-Fluid
StressEnergy 4-Tensor:

rest-energy-density rest-pressure

L

[ T"]=Peo-3P4
Perfect-Fluid
StressEnergy 4-Tensor

SR 4-Scalar
orentz Scala

T = ((PeotPo)/c?)UMUY - (po)n*”

can be written in much
simpler form using

Projection Tensors: T est—Diag[PeosPosPo,Po

TH= » /M (- . H"
T = (pur) (Peo) V¥ +(-po)

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' il SR 4-CoVector:OneForm

- (Po)

e is the Temporal Projection.

8- T"=0"
Co i
StressEnergy

Projection Tensors, all of which
are dimensionless.

The rest-energy-density (peo)

The neg rest-pressure (-po)
is the Spatial Projection.

LightCone

T"vcre — Diag[PeosPo,PosPo]

P"NY = (m,U")(n,U") =
= (Pmo)(C®)(THTY) = (Peo)(T*TY) =

(Mano)(UFUY) = (pmo)(U"UY)
(Peo)(V*) = Peo

Trace[T"] = nu T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar

Light-like
Interval (0)
(NE)

"Null”
Projection

Space-like
Interval ()
(Hg)
"Horizontal”
Spatial
Projection

P a~L

W=TH =T
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SRQM+EM Diagram:

Z+J; Projection Tensors & Stress-Energy Tensors:

A Tensor Study
of Physical 4-Vectors

Special Cases

4-Momentum I
P=(E/c,p) IR

ProperTime

EM : D

Faraday 4-U nltTem poral VeI00|ty

Fe? T=y(1,8)
=9°AP-F A

=[ 0 ,-elc] 4-Position % U-9=d/dt=vd/d .
[+elc,-ehb] @ R_(Ct l') @ Derivativey 4-Gradient -a'T”V=Fden
4-Tensor, @ O[RI=N™=\V*'+H" 6=(c')t/c,-V) SR Conservation of
= e - —Diagl1 -1 -1 -1] e
Dimensio Minkowski Metric

4 Momentum Ti Te
4- VecPotentlaI (E/C p) Spacelime fenscr
A=(oplc, a) Lambda-Vacuum
StressEnergy 4-Tensor
Tpvrest_>Diag[pe;'pe,'pey'pe]

T"=(pu)”

Vuv=IuIv H“V=r]“V-V“V
—Diag[1,0,0,0] —Diag[0,-1,-1,-1]
Temporal “Vertical” Spatial “Horizontal”

@ jecti Projection Tensor

Cold Matter-Dus
StressEnergy 4-Tensor
T"es—Diag[pe,0,0,0]

Perfect-Fluid

StressEnergy 4-Tensor
Tpvrest_’Diag[pes p,p, p]

Null-Dust=Photon-Gas
StressEnergy 4-Tensor
T est—Diag[Pe,Pe/3,pe/3,Pe/3]
*'=(peg) "+ (-pee/3)H" =(0ec NG

ElectroMagnetic (s,
StressEnergy 4-Tensor -

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T# (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
. , , orentz Scala

Special cases of
a Perfect Fluid

Tr[ ] = Trace Function = n,
N* = V¥ - (1/3) H* = Null Projection Tensor
N* — Diag[1,1/3,1/3,1/3] with Tr[N*] = 0

4-Force

E/c,f

Equation of State

EoS[T"]=w=po/peg

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

4-ForceDensity
Fden= Eden/C,fden

A few interesting special cases:

{for Perfect Fluid (no viscosity)}
TuvPerfechIuid = (peo) VUV = (pO) HMV

T pertectrivid = ((PeotPo)/C?)UPUY - (po)™
Tr{T*] = 1(Peo) - 3(Po)

(Po) = (Peo)/3:
{NullDust = PhotonGas = Radiation}

TpVPhotonGas = (peo) va = (peo/3) Huv =) (peo) NuV
TuvPhotonGas = (po)(4vuv = npv)
Tr[T"ehotoncas] = 0: Null (Light-Like) Projection

(po) = 0:

{Cold Matter Dust (pressureless) }
TuvManerDusl = PUNV = (pmo)Uqu = (peo) VUV
Tr[T"maternust] = (Peo): Temporal Projection

(Po) = =(Peo):

{LambdaVacuum Energy}

T VaccEnergy — (peo) VN + (p 0) HP (p ) nuv
Tr[T"Vaccenergy] = 4(Peo): SpaceTime Projection

(Do) = (Peo) = 0:

{ZeroVacuum Energy}

TpVVaccEnergy = Opv

Tr[T"vaccenergy] = 0: Zero Projection

Trace[T"] =N TV =TH =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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SR —- QM

Physi [ 4-Vector SRQM Interpretation
sics [ ]
" SRQM Diagram:

WA} 4-Tensors and 4-Scalars
Alensorstuay generated from 4-Vectors RSB o

All SR 4-Tensors can be generated from SR 4-Vectors:

Fuv = aAA= aHAV - aVAH ; Faraday EM 4_Tensor (from the 4-Gradient & 4-EMVectorPotential)

MH = XAP = XMPY - X'P¥ : 4-AngularMomentum 4-Tensor (from the 4-Position & 4-Momentum)

n" = 9[R] = ¢"[R"] : SR:Minkowski Metric 4-Tensor (from the 4-Gradient & 4-Position)

V=TT =T"T" . (V)ertical: Temporal Projection 4-Tensor (from the 4-UnitTemporal)

HY = n™ - V¥ . (H)orizontal:Spatial Projection 4-Tensor (from previously made 4-Tensors above)

Tcold dust = P®N = P"NVY : (COId)DUSt StreSS-Energy 4-Tensor (from the 4-Momentum & 4-DustNumberFiux)

(peo) — TCoId_Dustuv va : MCRF EnergyDenSity 4_Sca|ar (from previously made 4-Tensors above)

TLambda vacuum”' = (p_)N*" : LambdaVacuum (Dark Energy) Stress-Energy 4-Tensor (from previously made 4-Tensors above)

eo

(po) — (k)(1/3)TLambda7Vacuumuv Hpv c MCRF Pressure 4_Sca|ar (from previously made 4-Tensors above)

with the pressure initially set to the EnergyDensity

and (k) an arbitrary constant which sets pressure level

B P, = (peo)V“V+(-p0)H“V . PerfectFluid Stress-Energy 4-Tensor (from previously made 4-Tensors above)

SR 4-Tensor SR 4-Vector V] — v — —
(2,0)-Tensor T+ (1,0)-Tensor V¥ =V = (V°,v) a 0\)9$ 4-ScaS|ar ) Equation of State v VTIa\c/:frET‘;/l i r[](p\\;;l')‘; _VTVuiJ _ 2\-/0 )2
1,1)-Tensor T*, or T,V } SR 4-CoVector: OneForm ensor S or W= \y= = WV = RS Ve
( ), ) , orentz Scala EoS[T"]=w=po/peg = Lorentz Scalar
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Physics A of QM
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/! SRQM Study:
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4-Gradient
4D Gauss' Theorem in Special Relativity A 0=0r=0x=0"=(d/c,-V)
[0d“X (8,V*) = $:0dS (V*N,) —(8/¢,-8,-0,,-9))
[ad*X (8-V) = $20dS (V-N) =(8/cot, -0 ox,-lay,-81a7)
with:

4D Stokes’
Theorem

V =V is a 4-Vector field defined in 4D Minkowski Region Q

(9-V) = (6,V") is the 4-Divergence of V

(V-N) = (V¥N,) is the component of V along the boundary normal N-direction
Q is a 4D simply-connected region of Minkowski SpaceTime

dQ =S is its 3D boundary with its own 3D Volume element dS and outward pointing normal N. JQd“X(apV“) )
N = N" is the outward-pointing normal of the boundary =] d*X(aV)

d*X = (c dt)(d’x) = (c dt)(dx dy dz) is the 4D differential volume element

Integration of
{4D Div = 4D Surface Flow}

Q = 4D Minkowski Region, dQ = it’s 3D boundary
d“X = 4D Volume Element, V = V" = Arbitrary 4-Vector Field
dS = 3D Surface Element, N = N* = Surface Normal

In vector calculus, the divergence theorem, also known as Gauss's theorem or Ostrogradsky's theorem,

is a result that relates the flow (that is, flux) of a vector field through a surface to the behavior of the vector field inside the surface.
More precisely, the divergence theorem states that the outward flux of a vector field through a closed surface

is equal to the volume integral of the divergence over the region inside the surface.

Intuitively, it states that the sum of all sources minus the sum of all sinks gives the net flow out of a region.

In vector calculus, and more generally in differential geometry,

the generalized Stokes' theorem is a statement about the integration of differential forms on manifolds,

which both simplifies and generalizes several theorems from vector calculus.

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,§)_Tgn:0”f$p§ or T,y COASIMIAIEY (TR ol | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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SR - QM 4-Vector SRQM Interpretation

Physics 4 SRQM Diagram: of QM

£4; Minimal Coupling = (EM)Potential Interaction
Conservation of 4-TotalMomentum ,_sreingsicon

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

0 —I
P = (E/c,p): 4-Momentum SpaceT'me HHE rl]/llr;())?v!si?”etr?c il
Q = (V/c,q) = gA: 4-PotentialMomentum 4-Displacement Dimensio 4-Gradient
A = (¢/c,a): 4-VectorPotential - _ A
P.=(E/c,p,): 4-MomentumIncPotentialField AR= (CAt’Ar) 0=(9/c,-V)
P.=(E /c,p.) = (H/c,p ) = 3 [P]: 4-TotalMomentum
P=P,-qA=( , ): Minimal Coupling Relation
ProperTime I[P U]dr
P.=P + Q=P + qA: Conservation of 4-MomentumIncPotentialField Derivative Hamilton-Jacobi f[—L ot
Pr=-as]  WEM

P.=P+Q H = -0[S], p+=VIS]
P=P+dgA Rest

7 q ) Mass:Energy
P, = (mo)U + (q¢./c*)U
Pf = ErEno/)Cz)U (:lzpq(;;o/)CZ)U 4 VeIOCIty @ E=mc? 4'T0ta|M0mentum

f —y(c u) P_=(E./c,p,)=(H/c,p.)

P,=(E+q@o)c 0y  GEEES T @®----

= 2 Conservation of
Ef _ EEEZ_;C::;;Z;()Y( )’ ) Rest Scalar 4—TotaIMomentur®
o , Potential P=(mc,p)=(E/c,p) P.=2 [P]
P, = , ) @ {m,=0} < {P-U=0} < {P is null}

4-MomentumincPotentialField has a contribution from: E;Mnin}al 4-MomentumincField
a Mass “charge” (m,) ||H_|_ } - P0=l:)p+lgg P =(E/c,p,)=P+Q=P+qA
an EM charge (q) interacting with a potential (¢,) EM Charge f

_ 4-EMVectorPotential 4-EMPotentialMomentum
P, =2 [P,]: Conservation of 4-TotalMomentum A=(g/c,a) 0 Q=(U/c,q)=qA

4-TotalMomentum is the Sum over all such 4-Momenta 19:=0} < {A-U=0} < {A is null

SR 4-Tensor SR 4-Vector V] = v — -
(2,0)-Tensor T §(1,0)-Tensor V¥ =V = (\°,v) . SR 4-Scalar V_VTIa\(/;f [T“V]v i ?(“Vg; B T“i‘ _ (T 02
(1,1)-Tensor T*, or T,* | SR 4-CoVector: OneForm (0,0)- Te”tsosr S Ior S, = VNV =1V - ViV = (Ve
orentz Scala

= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation

Physiz4 SRQM Study: of QM
, SRQM Hamiltonian:Lagrangian Connection
A Tensor Study H + |_ — (pT'U) = 'Y(PT'U) + _(PT.U)/ V http;//scirsgliﬁ.éc%zrgsc.%%l\cll:.sg:ra

of Physical 4-Vectors

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

4-Momentum P = m,U = (E./c?)U ; 4-VectorPotential A = (¢./c?)U : H:L Connection in Density Format
4-TotalMomentum Py = (P + gA ) = ( , )y iH+L=(pru) :
) : nH + nL = n(pr-u), with number density n = yn, :

PU =y(E - pu) = B, = moc™; AU =(0=arun)Sigs P g+ £=(gru), with
PT'U = ( P-U + qA-U ) = E0+ Q(po = MeC + q(po momentum denS|ty {gT = in}
v = 1/Sqrt[1-B-B]: Relativistic Gamma Identity : Hamiltonian density {# = nH}
(v-1/y) = (yBB ): Manipulate into this form... still an identity : Lagrangian Density {£ = nL = (yn,)(Lo/y) = noL.o}
(y-1/y )(P:-U) = (yB-B )(Pr-U): Still covariant with Lorentz Scalar : Lagrangian Density is Lorentz Scalar
y(Pr-U) + (PT U)y = (vB-8 )(Pr-U) : :
v(Pr-U) + «(Pr-U)/y = (yB-B )(Eo + qo) 2 for an EM field (photonic):

Y(PrU) +-(PrU)ly = (yu-u )(E; + ggo)/c” EINI-BY L= (120 + brbli)

; =B L e o= (1/2) g0 e - brb/uo} = (-1/4p0)F P

'Y(PT ) + (PT )/ = (’Y(E /c?+ Q(PO/C )u U) (1-BA)y> =1 T+ e °. i ) Mo Mo)F v
Y(Pr-U) + -(Pr-U)ly = (YEoU/c™+ yq@ou/c?)-u) (PP =1 | et E=Eee=(art)
v(Pr-U) + (PT U)/y = ((Eu/c*+ qpu/c®)-u) (v*-1)=vyp? ul ‘_C
y(Pr-U) + (PT U)y = ((p+qa) u) (v-1hy)=@B) i 91l = eeelc )
Y(Pr-U) +-(PrU)ly = (pru) g L
{ H }+{ L } = (pr-u): The Hamiltonian/Lagrangian connection H, + L, = 0 Calculating the Rest Values

H=y(Pr-U) =vy((P+gA)-U) = The Hamiltonian with minimal coupling Ho
L = -(Pr-U)/y = -((P+gA)-U)/y = The Lagrangian with minimal coupling L, = -(Pr-U) L = Loy

4-Vector notation gives a very nice way to find the Hamiltonian/Lagrangian connection:

(H)+(L)=(pru), where H=vy(Pr-U) & L = -(P+-U)/y


mailto:SciRealm@aol.com

SR - QM

A SRQM Study:
Z4;  SRQM Hamiltonian:Lagrangian Connection

of Physical 4-Vectors

H+L=(pru)=vy(PrU)+-(Pr-U)y

4-Vector SRQM Interpretation
of QM

(y-1/y)=(vyB?): Identity
(v - 1/y )(P-U) = (yB? )(P+U): Identity * Lorentz Scalar
y(PrU) + -(Pr-U)ly = (yB?)(PrU)
y(PrU) + -(Pr-U)/y = (pr-u)
(H) + (L) =(pru)

Relativistic Hamiltonian
H =y(Pr-U)

Relativistic Lagrangian
L = -(Pr-U)/y

L = -(P+-U)y
L=-((P + Q)-U)y
L=-(P-U + Q-U)y

H=y(PrU)
H=((P + Q)U)
H =y(P-U + Q-U)

Binomial Approximation
(1+x)" ~ 1+nx+O(x?) for |x|<<1

H=vyP-U+yQ-U
H = ym.U-U + ygA-U

L=-P-U/y - Q-Uly
L = -m,U-Uly - gA-Uly

L = -moc?/y - gA-Uly
= -moC?y - q(@/c,a)y(c,u)ly
L = -moc?/y - q(¢/c,a)-(c,u)
L =-moc?y - q(¢ - a-u)
L = -moc?y - qp + ga-u
L = -moC?/y - q@oly
L = -(moC? + ao)ly

H = ymoc® + qygo
H=mc?+qo

H = (yB*+ 1/y )msC? + q@

H = ((ymo?c® + msC?/y) + q@

H = ( ymou? + moC?y) + q

H = p-u + m,c?y + q@

H=E+qo

H = £ c\[m.2c?+p?] + q@

H = £ cV[me2c?+(pr-ga)?] + q

H = + m,c2\[1+(pr-qa)?/(m.2c?)] + q@

The non-relativistic Hamiltonian H is an approximation of the relativistic H:
H = y(moc® + q®,)

H = (1A[1-(v/c)2])(mac? + qds)

H ~ [1+(v/c)%/2])(moc? + qP,) = (Moc? + qdo)+(1/2)(moc?v?/c? + qP,v?/c?)

H ~ (moc? + q®,) + (1/2)(mov2 + 0)

H ~ (1/2)(mov?) + (moc? + qd,)

H ~ (Kinetic) + (Rest+Potential) = T + V {for |v| << c}

The non-relativistic Lagrangian L is an approximation of the relativistic L:
L = -(moc? + q®o)/y

-L = (Mee? + qPo)ly = \[1-(v/c)Z(Mec? + qdo)

-L ~ (moc? + q®,) - (1/2)(moc?v?/c? + qdov?/c?)

-L ~ (moc? + qds) - (1/2)(mov2 + ~0 )

L ~ (1/2)(moVv?) - (moc? + qP,)

L ~ (Kinetic) - (Rest+Potential) =T - V {for |v| << ¢}

Rest Hamiltonian
Ho = (P+-U) = H/y

Rest Lagrangian
L, =-(P+U) =yL

Thus, (H~T+ V) and (L~ T - V) only in the non-relativistic limit (|v| << c)
H+L~(T+V)+(T-V)=2T=2(1/2mou-u) = p-u
Thus, (H) + (L)~ ( p-u) in the non-relativistic case.

Pr = -duLe] = -3ufyL] = -Bul-(Pr-U)] = Pr
(E+/c,pr) =-(9,,,-9, )IvLI= (9,0 )IL]

H = £ moc®V[1 + (pr -qa)?/(m:2c?)] + q@

H ~ = moc?[1 + (pr -qa)¥(2m.2c?)] + qo for |(pr -qa)%/(mec)?| << 1

H ~ + [moc? + (pr -qa)?/(2m,)] + q@ for |(pr -qa)?(m.c)?| << 1 {non-relativistic limit}

pru = (yp*)(Pr-U) =
H+L = pru = y(Pr-U) - (Pr-U)y

H + L = y(Pr-U) - (P+-U)/y
H+ L= (y-1~)(P+U)
H+L=(yB*)(PrU)
H+L=(yB*)(P+Q)U)
H+L=(yB?)P-U+Q-U)
H+L=(yB?)(moC? + Qo)
H+ L = (ymoB°c? + qy@.p?)
H + L = (ymou-uc?c? + q@.u-u/c?)
H + L = (ymou-u + ga-u)
H+L=(p-u+qga-u)
H+L= pr-u

Rest Factor
Ho +L,=0

4-Vector notation gives a very nice way to find the Hamiltonian/Lagrangian connection:

(H)+(L)=(pru), where H=vy(Pr-U) & L = -(P+-U)/y
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A Tensor Study
of Physical 4-Vectors

Relativistic Action (S) is Lorentz Scalar Invariant
S = [Ldt = [(Lo/y)(ydt) =
S = [Ldt = [(£/n)dt = [£/(n)dt = |£(d>x)dt = [(L/c)(d>))(cdt) =

J(Lo)(dr)

Explicitly-Covariant Relativistic Action (S)
Density Form {= n,*Particle}

Particle Form

S = JL.dt = -[Hodz
s =-[(P,-U)dz
-(P,-dR/dr)dr
= I(P -dR)

SR 4-Tensor
(2,0)-Tensor T+

4-Vector SRQM Interpretation

SRQM Study:

SR Lagrangian, Lagrangian Density,
and Relativistic Action (S)

SR 4-Vector

(1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

S = (1/c)[(noLo)(d*x) =

S = (1/c)l(£)(d*x)

S = [(£/c)(d*x)

OO umwwm ;m

S = (1/c)[(£)(d*x)

-(1/c)Ino(P,-U)(d*x)
-(1/c)Ing((P + qA)-U)(d"x)
-(1/c)l(noP-U + n,gA-U)(d*x)
(

(

-(1/¢)J(noHo)(d*x)

-(1/6)[(noEs + noqU-A)(d*x)
-(1/e)l(peo + J-A)(d*X)

S = (1/c)]((1/2){e.e e — b-b/u.})(d*x)
S = (1/c)[((-1/4p,)F F*)(d*x)
for an EM field = no rest frame

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

[(Llc)(d*x)

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Lagrangian {L = (pr-u) - H} is *not* Lorentz Scalar Invariant

Rest Lagrangian {L, = yL = -(P,-U)} is Lorentz Scalar Invariant
Lagrangian Density {£ = nL = (yn,)(L./y) = n.Lo} is Lorentz Scalar Invariant

N = yn, = #/d°x = #/(dx)(dy)(dz) = number density
dt = ydr

cdt = ny(cdt)(dx)(dy)(dz) = no(d*x)

dt = (no/c)(d*x)

H:L Connection in Density Format for Photonic System (no rest-frame

i H+L=(pru)

i nH + nL = n(pr-u), with number density n = yn,
! g+ £=(gru), with

{ momentum density {gr = npr}

i Hamiltonian density {# = nH}

i Lagrangian Density {£ = nL = (yno)(Lo/y) = noLo}
i Lagrangian Density is Lorentz Scalar

for an EM field (photonic):
F€ = (1/2){e.e-e + b-b/u.} = n.E; = p, = EM Field Energy Density

L = (1/2){e.ee - b-b/u.} = (-1/4,)F  F* = (-1/4p,)*Faraday EM Tensor Inner Product

Jt+ L=¢cee=(gru)

i ul=

! |gr| = e.eelc

i Poynting Vector |s| = |g|c? — ce.e-e

€oMo= 1/c* :Electric:Magnetic Constant Eqn

The Relativistic Action Equation is seen in many different formats
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SR - QM 4-Vector SRQM Interpretation

e SRQM Study:
A SR Hamilton-Jacobi Equation

- - - - John B. Wilson
A Tensor Study SciRealm@aol.com
St and Relativistic Action (S)

Hamilton-Jacobi Equation

Lagrangian { L = (pr-u) - H= -(P.:U)/y } is *not* a Lorentz Scalar 3[-S] = -3[S] =

Rest Lagrangian { L, = yL = -(P,-U) } is a Lorentz Scalar
S = -[(Eo + q@o)dt

gelaj’lt_l\élftlc Action (S) is Lorentz Scalar g f -gEo I q(po)fdr

S = [(Loy)yd) ST

S = J(Lo)(dr) -S = (E, + q@,)(t + const)
Explicitly Covariant g 4-Scalars . . 4Vectors , g{g} :gEZ I g&;g{g "
Relatvistio Acton (3)  RelisicActon Equaton R ST S B8] =(Es + agndR U/

S JLodt = -[H,dt 9[-S] =((Eo + qo)/c?)9[R-U]

=-[(P-U)dr oIS =(E./c? :
il jp -dR [-S] =(E./c*+ q(Po/ZC )
= (P CIYEk acjcinI[P [U]dr | 4-TotalMomentum 91-8] =(m, + q¢o/c*)U
S -J(P,-dR) _ T a[-S] =m,U + q(@o/c?)U
=-[[(H/c,p.)y(c,u)]dt P, = (E/c=Hlc,p,)
S= '[ P el ='I[Y(,||'D|tpy'u]’dt T = -0[Sacion] oSl iP e
S 3 j((P + qA )dT :-J.[Hojrd'f =(_at/C[Saction],V[Saction]) a[_S] ._
S =-[(P-U + gA-U)dt ~[L]dt Verified!
S = -[(E, + q@.)dt | ]
S=IE+V)dr R-U=c’:t=RUlc
S = V)d .. : : :
= { )t The Hamilton-Jdacobi Equation is incredibly simple in 4-Vector form

SR 4-Tensor SR 4-Vector

2,0)-Te o 1,0)-Te V=V SR 4-Scalar : .
“ 1()_Tgn:0”f$5 or T,y (1 Dy Tensor " = OneF(Z,,,‘Q (USSISEEEY | SRQM: A treatise of SR—QM by John B. Wilson
’ ! orentz Scala
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SEy;CSMA SRQM Diagram: 4-Vector SRQM Interpre;?gol\r/l’n
Ai Relativistic Hamilton-Jacobi Equation .
ws (P = -0[S]) Differential Format : 4-Vectors ...onsie

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
= e OR-4 l
4-Displacement ‘i’;‘fnTs'i';‘e Relativistic Action (S) is Lorentz Scalar Invariant Minkowski Metric 4-PositionGradient

AR=(cAt,Ar) S = [Ldt = J(Lo/y)(ydr) = J(Lo)(dt) = [Lodz 4-Gradient

[R]=n"—Diag[1,-1,-1,-1

dr) — , — , dr=0=(9/c,-V)
Explicitly-Covariant Relativistic Action (S): dt=(1/c)V[dR-dR]

C \
4-Position —(8lact,-010x,-013y,-3/8
R=(ctr @  s-lLd=JHa —
deR’( e S = -J(PU)dt -}J(PT-dR)
- AR=(catP-drdr ~ _ S =]Ld
=(cdr)® S =-[(P-dR/dr)dr SR ActioTn
Invariant Interval S = _J'(pT.dR)
S=-[(P-U)d
a®» 4 '}E(PT ; )q;‘)'u)‘“ U-0-d /et PreaSl
. - _[(p- . 0= = .y o
Faali e e caiaive ol i
“Or[.. 3 =0 © :
Uk ] S =-J(E, + V)dt with V = qo, Proper Time
Proper Time S = -[(msc” + V)dt dt -TotalMomentum

dt =(1/c)V[dR-dR] e - MU P.=(E./c,p,)=(H/c,p,)

e Qo 4-Velocity Invariant Rest Hamiltonian Conservation
U=vy(c,u = -Invariant Rest Laqra_qin 4-TotalMomentum
-Force
rETE—— — F=y(E/c f=p 2, (1]
@ -Momentum .
@ - - 4-MomentumincField
P=(mc,p)=(E/c,
o D e TASHREE PR = /c.p)=(E+U)cp+aa)
‘ - argeFlux ||H'|' } - Ih.| |-| > Minimal Coupling
4-NumberFlux 4-CurrentDensity 4-EMVectorPotential 0 4-EMPotentialMomentum
N=(nc,n)=n(c,u) J=(0C.1)= A=(p/c,a) Q=(U/c,q)=qA

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

1,1)-Tensor T or T,' § SR 4-CoVector:OneForm
0,2)-Tensor T,, 0,1)-Tensor V, = (Vo,-v

SR 4-Vector

(

SR 4-Scalar Trace[T"] = nuvoT‘;” = N T0 ]
(0,0)-Tensor S or S, V-V = Vin, V7 = [(V7) - vev] = (V)
orentz Scala = Lorentz Scalar
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SR —- QM
Physics

A Tensor Study
of Physical 4-Vectors

e = 0'R=4

X SpaceTime
4-Displacement B binensio
AR—(cAt Ar)

ProperTime
Derivative

®
emporal
@ . Number density

Coordinate Time

4-NumberFlux
N=(nc,n)=n(c,u)

SR 4-Tensor
(2 0)-Tensor T+

SRQM Diagram:

Relativistic Action Equation
(S = -|(P,-dR)) Integral Format : 4-Scalars

R Relativisti

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

o[R]=n""—Diag[1,-1,-1,-1]

Minkowski Metric

Lagrangian Density
=nL=(yno)(Lo/y)=n

D

stic e o

Relativi

p,u

y = 1~[1-B-B]: Relativistic Identity
(y-1/v)=(yB-B ): Alternate Form
(v-1/y)(PrU) = (yB-B )(PrU))
(y+-1/y)(PrU

amiltonian

) = (pru)

Proper Time

U-9=d/dt=yd/dt

Derivative

egendre Factor

=y(P-U)=yH,

4-PositionGradient
dt=ydt=ydt, A 4-Gradient
or=0=(d/c,-V)

t )
0 —(dlact,-9/0x,-019y,-0ldz)
Relativistic Action (S)
S =|Ldt

S = [(Lo/y)(ydr)

S = [Lodt = [-Hodt
S = J(-P,-U)dt

S = J(-P,-dR/dt)dt
S = [(-P,-dR)

Hamilton-Jacobi
P: =-0[S]

H =-3(s], pT-V[SJ '
S°a'ar}* 4-TotalMomentum
P.=(E./c,p,)=(H/c,p,)

ProperTime
Derivative

Invariant Rest Hamiltonian

4-Momentum

P=(mc,p)=(E/c,p)

o >
argeFlux .

4CurrentDenS|ty 4-EMVectorPotential 0
A=(gp/c,a)

> e

4-EMPotentialMomentum

Conservation
4-F_OI'C€ 4-TotalMomentum
F=y(E/c,f=p

4-MomentumlIncField
P=(E/c,p)=((E+U)/c,p+qa)
| } Minimal Coupling

Q=(U/c,q)=gA

Trace[T"] =N TV =TH =T
V-V =V, VY = [(V)? - vev] = (Vo)
= Lorentz Scalar
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@

A Tensor Study
of Physical 4-Vectors

O—@

AR—(cAt Ar)

o temporal
scalar}/c

Note Similarity:
4-Velocity is ProperTime

Derivative of 4-Position

U= (d/dt)R [m/s] = [1/s][m]

Relativistic Euler-Lagrange Eqn
or = (d/dt)dy [1/m] = [1/s]*[s/m]

The differential form just inverses

the dimensional units

4-NumberFlux

N=(nc,n)=n(c,u)

SR 4-Tensor
(2 0)-Tensor T+

l— 3'R=4 = a[R]=nHV_)Diag[1,_’|,_1,_1]
4-Displacement i ShaceTime

R Relativisti

ProperTime - @ @
Relativistic e

Derivative

Coordinate Time

SRQM Diagram: Relativistic Factors
Hamiltonian & Lagrangian

Relativistic Euler-Lagrange Equation

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Minkowski Metric

.......................................................................................................

Lagrangian Density

=nL=(yno)(Lo/y)=n
Lagrangian o

Action S = [Ldt

Number density

o
o
o
o
o
o
0
o

v = 1/[1-B-B]: Relativistic Identity

Relativistic
Euler-Lagrange Eqgn
3R = (d/d’[)au

4-VelocityGradient
au=(aut/C,'VU)

4-PositionGradient
dt=ydt=ydt, A 4-Gradient
dr=0=(9/c,-V)

—(9ldct,-010x,-31dy,-019z)

Ey - 17 ;(; ( [{jf;-ﬁ(): gltgr)r(\gteulz)?rm amiltonian —(8ldyc,-0/0yuy,-9ldyuy,-0ldyu,)
Y- T . T = = T
L+ 12}' )(Pr U)) = ZPT ‘u) =y(P-U)=yH, — Hagﬂltona-[.lseicobi
+ (pr-u / T= -
Proper Time . H = -4(S], pr=VIS]
paiceD e 2u[U]=n*—Diag[1,-1,-1,-1]
e ynamlcs U-9=d/dt=yd/dt ’ Minkowski Metric <Ella® 4-TotalMomentum

Derivative

ProperTime

T
=V(H-p_-u)=H,=-L,
Invariant Rest Hamiltonian F=v(E/c.f=p

4-Momentum :
P=(mc,p)=(E/c,p)

o @

4- MomentumlncFieId
1 P=(E ((E+U)/c,p+
R T TR - oo e

argeFlux .
4CurrentDenS|ty 4-EMVectorPotential 0 4-EMPotentialMomentum
A=(gp/c,a) Q=(U/c,q)=qA

Trace[T"] =N, " =T =T
V-V = Vi VY = [(VO)? - vev] = (Veo)?

P.=(E./c,p,)=(H/c,p,)

Conservation
Derivative 4-Force 4-TotalMomentum

= Lorentz Scalar
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gﬁy;CSMA SRQM Diagram: 4-Vector SRQM Interpre;?t(izol\r/l’n
Ai Relativistic Euler-Lagrange Equation |
s THe Easy Derivation (U=(d/dt)R)—(0r=(d/d1)dy) ..cmere

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Relativistic Dynamics Eqn (4-Vector)

Note Similarity: U = (d/doR
‘S—V_elogll_ity iSfT%per_tT_ime ° Classical limit, spatial component (3-vector) @------- >
erivative of 4-Position - _ Natural
U = (d/d0)R [m/s] = [1/s][m] 4-Position ENMN U = (d/dbr .
R=(ct,r) d/dtr..1 4-Vector
aRelazigl//izti)caEu{(1a;-L]agr[a1r;g]e[E/qn] : i N (1,0)-Tensor
= T m] = [1/s]*[s/m .
. N ou[U]=n"*—Diag[1,-1,-1,-1
; i st i SpaceTime . ]M?nk:wskiglE/letric ! U-dr = d/dt = yd/dt
The c_ilffererjual forn_1 just inverses Dimensio Proper Time Interestinalv. this i NS
the dimensional units, so the U-9=d/dT=vd/dlt I s aly, sl
placement of the R and U switch. R_Deriva;'i:\;}y 2'/’(;‘T'a_r 'Z‘/’g{se relations.
That is it: so simple! aR[R]hjlank—)DiigH ’_t1.’_1 1] dt = }}Ildt
Much, much easier than how o-/A-» INKOWSKI Ivietric A
| was taught in Grad School. - ! _
B4-Ve|ocityGradient - 4-Po§|t|onGrad|ent:4-Gradlent Indexcraisctis
To complete the process and 9 =aU:a/aUB=(aUt/C’_V”) . 0x ' =0r=0/0Rs=0=(9/ c,-V) Form
o e Equati%ns NIV —>(0/9vC,-0/3yus,-0/dyU,,-0/dyU,) —(d/dct,-0/0x,-0/0y,-0/9z) 41'VGC$OF
one just applies the base form Relativistic Euler-Lagrange Eqn (1,0)-Tensor
to a Lagrangian. rluﬁ dr = (d/d1)dy rlaB
: Saica i d/0R = (d/dt)d/oU Poica

; aise inde aise inde
-Ela-rg;gsaig:leLagrangian dILJ/oR = (d/d7)d[L]/oU - _
a relativistic Lagrangian VelocityGradient One-Form EERIEIN M oLV Relelsglololal=la}: POSHGI?QCCI?;?]?ISTGOFnoer:']:orm
a Lorentz scalar Lagrangian 0. «=0loUe=(dy/c, = ' -
e o R oo R

SR 4-Tensor SR 4-Vector - v — —
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar V_VTIa\(;f [THVV]\, B ?(“\:;r)i __VT‘:i‘ _ 2\-/0 Y
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, = ViV = 0
= orentz Scala = Lorentz Scalar

0,2)-Tensor T,, 0,1)-Tensor V, = (Vo,-v
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AA SRQM Diagram:
5, Relativistic Euler-Lagrange Equation soncaman
Alternate Forms: Particle vs. Density |, srenewicon

of Physical 4-Vectors

: : : - K-R=-0 4-WaveVector
4-Velocity U is ProperTime Derivative I P phasg K=(w/c,k)

of 4-Position R. The Euler-Lagrange Eqgn
4-Position Or[..]
R=(ct,r) yd/dt[..]

can be generated by taking the
differential form of the same equation.

or'R=4 o0 ou[U]=n**—Diag[1,-1,-1,-1] K=0 [-®
Relativistic 4-Vector Kinematical Eqn pEEl e Minkowski Metric ——

U = (d/dt)R e
U-K = (d/d7)R-K =4 Y Dg{gﬁ"gd/dt
aU' = aR[R]=q°B—>Diag[1 ,'1 ,'1 "1]
Minkowski Metric

Particle Dynamics
U = (d/d7)R

phase]

T SpaceTime
Relativistic Euler-Lagrange Eqns o-A-»

{uses gradient-type 4-Vectors}

. _ ) 4-VelocityGradient d/dt[..] Relativistic 4-PositionGradient:4-Gradient
i __(d(gd,fj)a)“é{pamc'e ez 8,f=8,=010Us=(2u/c, V) & i [.1 E”'e;'Lffj‘d”f)’: U ) P=0,=0/0R,=0=(3/c,-V))
a d4/ dr » —(d/dyc,-0ldyuy,-0ldyuy,-0ldyu,) - : —(0/act,-0/0x,-01dy,-010z)
p EU aT)) L = (112){ 8,[®]-9,[®] - (moc/h)? ®? }: KG Lagrangian Density
-0) = R
Sﬁgg g; i Eg )a Raaaa[/é][u Kl 901 L = (9g) daren L: Euler-Lagrange Eqn {density format}
= (9r \Or) Cacfoll
0/0(-®) = (dRr) 0/9[Or(-D)] ~(moc/h) qi = (%) 3R[2¢]
819(®) = (2x) IO[Gr(D)] (2,20 = - (mclh)* @ |
8[¢] = (BR) 8[3R(¢)]: {density format} (aa) ha (m0C/h) : KG Eqn of Motion

Klein-Gordon Relativistic Quantum Wave Eqgn

SR 4-Tensor SR 4-Vector T, . W= TH —
(2,0)-Tensor T+ (1,0)-Tensor V¥ =V = (V°,v) SR 4-Scalar V-VT;a\c/:“erET ]" = ?(t;’l—)2 - v-rvij = (-I\—/° )
(1,1)-Tensor T* or T, § SR 4-CoVector:OneForm (0,0)- Te”tsosr S |0r So uv °
- orentz Scala

= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation

s SRQM Diagram:
Ai Relativistic Euler-Lagrange Equation .
s  ECUAtion of Motion (EoM) for EM particle  ...onsie

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

 — or'R=4 5= 0r[R]=n""—Diag[1,-1,-1,-1]
4-Displacement ﬁ’i‘;si’:e Minkowski Metric

4-PositionGradient

AR—(cAt Ar) L, = -(P+U) 4-Gradient
du[Lo] = -Pr = -(P+qA) dr=0=(0/c,-V)
(d/dt)[au[L.]] = (d/dD)[-Pr] = -(d/d7)[P+qA] = -(F+q(d/d7)[A]) = -(F+qU-J[A]) = -(F+qU,d'[A]) —(310ct,-210x,-219y,-9107)

0R[Lo] = 9r[-Pr-U] = -0r[(P+qA)-U] = (0) + -qdr[A-U] = -qdr[U.A"] = -qU.dr[A]
assuming the 4-Gradient dr of the 4-Velocity U is zero.

Relativistic

Euler-Lagrange Egn
ProperTime Euler-Lagrange Eqn: (d/dt)dy = ok Proper Time il G0
Derivative @ ;:(F+qlljvaav[[AA]]) = _SL;V?;[,]A\V] U'aREd_/d’tl_T:Yd/dt 4-Ve|ocityGradient
+ q Vv q R v erivative = _
@ LN au=(du/c,-Vu)

F = qU,(3r[A] - 3A]) —(0/0yc,-0ldyuy,-dloyu,,-0ldyu,)

% Vv — .
Note Similarity: o =qg§§”p[?]( (fp[@;])) Eond for e QU= —Diagl1, 1,1 1] Pl
Velocity i - = qU.(F*) = (dP*/dx): EoM for EM particle U= Minkowski Metric =2
i Aatiziopentime Lorentz Force Equation ouU=4 "\ H = -4(S], pr=VIS]

SpaceTime

// imensio Lo 4-TotalMomentum
------ +L=(p,u — —
pU = - ! T P_=(E /c,p,)=(H/c,p,)
-Ve|OCIty —(Hopu)=H, = pHo+L.=0 i |' - Conserianr !
©rd ||H_I_}__>Invarlant e il 4-EMPotentialMomentum 4—TotaIMoment£:1®
Q=(U/c,q)=qA
4- EMVectorPotentlaI .
cp/c a) o (+) 4-MomentumincField
Nl P =(E/c,p)=((E+U)/c,p+qa)
Coupling
4-Momentum 4-Force & 0 F=°[B=g°AB_S‘;§]°
P=(mcp)=(Eico) I TR o= e )
SR 4-Tensor o 0. i (dP¥/dt) = F¥ = qUy(F*") : -Tensor
(20 Tensor T Ve b oe s 4o Equation of motion 4-Velocity
Ilwl_orentz Scalar 2 for charged particle U=y(c,u

Derivative of 4-Position
U = (d/dt)R [m/s] = [1/s]*[m]

Relativistic Euler-Lagrange Eqn
Or = (d/dt)dy [1/m] = [1/s]*[s/m]

The differential form just inverses @
the dimensional units @

4-NumberFlux
N=(nc,n)=n(c,u)
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SR - QM 4-Vector SRQM Interpretation

s SRQM Diagram:
Ai Relativistic Euler-Lagrange Equation .
s  ECUAtion of Motion (EoM) for EM particle  ...onsie

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-TotalMomentum Rest roperTime

v = 1/Sqrt[1-B-B]: Relativistic Gamma Identity 4-Velocity
(vy-1/y)=(vyB:B ): Manipulate into this form... still an identity
Y(Pr-U) +-(PrU)ly = (7B J(PrU) =P+gA = -(P-U)
y(Pr-U) + -(Pr-U)ly = (pru) -(P+qA)-U

{ H }+{ L }=(pru): The Hamiltonian/Lagrangian connection

P.=(E,/c.p,)=(H/c.p)@ Lagrangian L, ‘wm U=y(c.u) I U-0=d/dr=yd/dt

Derivative

4-VelocityGradient " .
H = yH, = y(Pr-U) = y((P+qA)-U) = The Hamiltonian with minimal coupling du=(du/c,-Vu) 4-(POS$tlog}Gr%d|ent
L = Lo/y = -(P'U)/y = -((P+gA)-U)/y = The Lagrangian with minimal coupling o @1Dy, -2l -DlByu, -DlByu) Or= —( dCy= R)
—(d/ct,-0/0x,-01dy ,-010z)

H, = (P"U) = -L, = (U-Pr): Rest Hamiltonian = Total RestEnergy
L, = -(P+U) = -H,

4-VelocityGradient part

) C . : it :
(d/d1)du[Lo] = OR[Lo] (d/dt)au[Lo] = (d/dt)d/oU[L,] Re'“”éiﬁ';i‘iiﬁ;ﬁg;a”g'a" 4 P%il[’:l(:]nfg?glﬂe[ﬂz]art
4-Velocity is ProperTime (d/dt)du°[Lo] = (d/dt)a/dUq[L.) Equations of Motion 3:[L] = A1ARG[Ld]
Derivative of 4-Position = (d/dt)du[-P+-U] _Oa P .Ua ’

U= (@R [mis] = /sl m] = (dido)[-P-] - aAl(PrGALU]
Relativistic Euler-Lagrange Eqn -(d/d7)[P+qA] = (0) + -qor[A-U]

9k = (d/dv)dy [1/m] = [1/s]*[s/m] -(F+q(d/dt)[A]) = -qor[UpA"]

dlI8R = (d/dt)a/ou '(F:q(u'aﬁ)[pt,]) = -qUpd"[A"]
AILY/AR = (d/dr)d[LY/au -(F*+qUgd"[A"]) -(F°+qUBaZ[A‘:]) = -tuau"[A:]

Classical limit, spatial component (F +qUBa [A ]) = qUBa [A ] |

aLyar = (didty3[L]/du F* = qUgd"[A"] - qUsdP[A’] Assumes:

3[LY/ox = (d/dt)a[L)/du Fe = qUg(8°[AP] - 8°[A%) 9[U] = ax[U] = O

Few = 1o{ (ure)lc, (€) + (uxb) ) (dP/dr) = F* = qUy(F*) 3[P] = ax[P] = O
e=(-Vo-da)and b =[Vx a] Lorentz Force Equation

If a~0, then f = -qVo = -VU, the force is neg grad of a potential
Fee=9"AP-gPA"
SR 4-Tensor

SR 4-Vector = _al . V] = W= TH =
(2,0)—Tensor Thv (1 ,O)-TenSOf V=V-= (VO,V) SR 4-Scalar [[+e(ac’_siej /bCk:!I 4-(EM)VeCt0rPOtentla| V_vTia\ipe[Tp :!l i nHV;rz -.r Y - To "
1,1)-Tensor T% or T, | SR 4-CoVector:OneForm K(0,0)-Tensor S or S, 4-Ter ¢ A=A"=(¢/c,a) = ViV = (V)" - v-v] = (V&)
0,2)-Tensor T,, 0,1)-Tensor V, = (Vo,-v orentz Scala -lensor = Lorentz Scalar

(
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SR - QM 4-Vector SRQM Interpretation

s SRQM Diagram:

Ai Relativistic Hamilton’s Equations |
SciRealm.org

s ECUAtion of Motion (EoM) for EM particle  ...oneie

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

y = 1/Sqrt[1-B-B]: Relativistic Gamma Identity

(v -1/y)=(yB-B ): Manipulate into this form... still an identity 4-TotalMomentum . .

y(Pr-U) + -(Pr-U)/y = ( vB-B )(Pr-U) _ _ Hamiltonian H
P.=(E./c,p,)=(H/c,p,) °

ket 4-\elocity

(Pr-U) +-(Pr-U)y = (pr-u) = (P--U) = : U=y(c,u

}{ Hi+{ L Y}= (pr-u): The Hamiltonian/Lagrangian connection = (Pr UI):_ YAH_ST u) vie.u)
= + o

H =yH, = y(PrU) =y((P+qA)-U) = The Hamiltonian with minimal coupling 4-Position - F(’UE A-U

L = Lo/y = -(Pr-U)/y = <((P+qA)-U)/y = The Lagrangian with minimal coupling X=(ct,x) q (3PT)[H0] = (0/0P1)[H.)
Ho = (Pr-U) = -L, = (U-Py): Rest Hamiltonian = Total RestEnergy (d/dt)[X] = (0/0P1)[P+ U]
L, = -(PyU) = -H, = U = y(c,u) = (0/6P1)[P1V]
9r,Ho] = 3p,[U-P1] = 55 [U]-Py + U-dp [Pr] = 0 + U-3p [Pe] = U = d/de[X] = 4-Velocity = (6P1/0P1)U
Thus: (d/d)[X] = de,[He] = (6/0Px)[H.] = P/m, Relativistic Rest Hamiltonian =U= Y(C,U)
8x[Ho] = 8x[U-P+] = 3,[U]-Py + U-34[P1] = 0 + U-3x[P-] = d/d[P1] _ Sl _ :
Thus: (d/d)[P+] = dx[H.] = (8/6X)[H,] ' = (Pr-gA)/m, Equa??mmsllg‘nl\:otion - 4_-\|/:,e/:$]C|ty
Relativistic Hamilton’s Equati (4-Vector): d/d7)[X] = (o/oP7)[H = Y
i [JidolX] = (G/oPo It ] = (PrgA)/m.

(d/dt)[P1] = (9/X) [H.]

(d/dt)[P+] = (9/0X)[H,]

(d/d7)[X] = y(d/dt)[X] = (6/0P1)[H.] = (6/0P1)[(Pr-U)] =

dx)[Ho] = (6/0X)[H,

(d/dr){P] = y(d/d)[P-] = (GX)Ho] = (@/2X)](Pr-U)] = &[(P~-U)] (fj%d;E[PP:(]q Al i ?ggax])[Pguﬁﬁ-u]]
- ) _ = T - (dloR \
KA = () - @7 = [F + q(d/d0)A] L o
y(d/dt)[pr] = (3/x)[Ho] = (6/ax)(H/v) =[F + q(U-9)A] Fo + qusaB[Aﬂ] = qa“[AB]UB i qa AT
Take the Classical limit {y—1} = [II::G i Q(JJL;%‘;')A'\A‘;] Fo = qaa[AB]U _ qU aB[AG] :qq&“EA'!]UB
i ' : = F + qUgd"[A B B =

Classical Hamilton’s E i 3-v r): a — ar AB1 _ AB[AC = . -
(@D = ol e Fe = qU(&°A°] - &°[A%)) qa[A]-(Pr-qA)/m,
(d/dt)[pr] = (-a/ox)[H] (dPa/dT) =F°= qUB(FaB)
Sign-flip difference is interaction of (-8/3pr) with [1/y] Lorentz Force Equation

SR 4-Tensor SR 4-Vector T, . W= TH —
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) 0, 0‘)9'$ 4- Scaslar Sy VIVT;a\c/:gET ]v . ?(;C;I')Z _ V-_rviJ - (-I\—,oo)z
" v ensor S or by
(1,1)- Te_nsor T or T,Y § SR 4-CoVector: OneF?rm it = Lorentz ol
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of Physical 4-Vectors

4-Vector SRQM Interpretation

SRQM Diagram:
Relativistic Hamilton’s Equations

SciRealm.org

Equation of Motion (EoM) for EM particle ..o

http://scirealm.org/SRQM.pdf

y = 1/Sqrt[1-B-B]: Relativistic Gamma Identity Rest

((YP_ 1{% ) =(§)ypli§3/ ): l\?ar&ip;l)ez:;e iﬂt;) this form... still an identity 4-TotalMomentum Hamiltonian H, 4-Velocity
T- + g T- = . T- — - D ————————

(Pr-U) + (Pr-U)y = (pr-u) P.=(E./c,p,)=(H/c,p,) = (PrU) = y(H-pr-u) U=y(c,u)

{ H }+{ L }=(pru): The Hamiltonian/Lagrangian connection = (P+gA)-U

H=yH, = y(PrU) =y((P+qA)-U) = The Hamiltonian with minimal coupling 4-Position = P-U+qA-U ({9 1) Ho]=(0/0{P}a)[Ho]

L = Lo/y = -(Pr-U)/y = -((P+qA)-U)/y = The Lagrangian with minimal coupling X=(Ct,X) _ (a/a{P } )[P U]

Ho, = (P+-U) = -L, = (U-P5): Rest Hamiltonian = Total RestEnergy (d/dr)[X“] = e ! B

prEe (g (3PP LU

1o = (&{Pr}e/o{P}a)[U"]

BerlHe] = e, [U-Pr] = 25, [U]-Pr + U-3py[Pr] = 0 + U-p,[Pr] = U = d/ce[X] = 4-Velocity = §9UP

Thus: (d/dt)[X] = 8p,[Ho] = (8/0P1)[Ho] = P%m, Relativisti =yU%=

3x[Ha] = 3[U-Ps] = 2[U]-P1 + U-35(P1] = 0 + U-3x[P1] = d/dlx[P1] = (Po-gA%)/m, Hamitonre e = U% = y(c,u)

Thus: (d/d7)[P+] = dx[Ho] = (6/6X)[H,]
Relativistic Hamilton’s Equations (4-Vector): (d/dr)[X“] = (3/3PTG)[HO]

(d/dt)[X] = (8/AP1)[H.]
(d/d7)[P+] = (9/6X) [H.]

(d/dt)[P+°] = (9/0Xa)[Ho]
(dIdD)X] = Y(A/dOX] = (BIOP)H,] = (/aP)[(Pr-U)] = U (d/dT)[P+]
(d/n)[P+] = y(Q/d)[P+] = (X)[H,] = (@I3X)(P+-V)] = A[(P~-U)] = (d/dT)[P™+qA]

Taking just the spatial components:
y(d/dt)[x] = (d/dpr)[Ho] = (d/opr)(Hlv)
y(d/dt)[p+] = (9/0x)[HJ] = (8/ox)(H/y)
Take the Classical limit {y—1}

Classical Hamilton’s Equations (3-vector): E® = qU (aﬂ[AB] _ aB[AG])
B

(@/d)[x] = (+8/8pn)[H]
(d/dt)[pr] = (-6/0x)[H]

= 4-Velocity
= P/m,
= (Pr*-gA%)/m,

using Rest Hamiltonian

9°[Ho]=(0/0X4)[Ho]

= (910X,)[P-U+gA-U]
= [0 + (8/0X.)gAPUg]
= q(0A%/AX4)Us
= qo°[AP]Us
= qUpd"[A’]

= [F® + q(d/dT)A7]
=F*+ q(U3)A° Fo + aB A% = aa AB U
= Fa+q(UBaB)Aa qUB [ ] q [ ] 8

Fe = q&°[AJU, - qU FFIA°]

(dP%/dt) = F* = qUg(F*)

Sign-flip difference is interaction of (-8/3pr) with [1/y] Lorentz Force Equation

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector Trace Tpv - VTpv = Tu =T
(TP =TS () o JEREELT A v“rEp i ?(“v")z vy = (V)
X W v . . ,0)-Tensor S or S, v
(1,1)-Tensor T*, or T,V § SR 4 CoVector.(zneForm it = Lorentz Scart
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SR —- QM

4-Vector SRQM Interpretation

A SRQM Diagram: o

@

i Relativistic Hamilton’s Equations

SciRealm.org

s EQUation of Motion (EoM) for Harmonic Oscillator __sms wiso

of Physical 4-Vectors

A-U = o, : RestScalar-Potential
gA-U = q@, = V, : RestVoltage = Electrical PotentialEnergy

Let { gA-U =V, = -kX-X/2 } then { A-U = @, = -(k/q)X-X/2 }
RestHamiltonian H, = (P+-U) = P-U + gA-U = P-U - kX-X/2
J(A-U) = 9(A)-U + A-9(U)

°(APUg) = 0°[AP]Ug + ABS%(Ug)

0%(ABUg) = 0°[AP]U; + 09 : assuming conservative field d%(Ug)=0%
9°(APUg) = °[AP]Us

J[-(k/q)X-X/2] = -(k/q)X

&°(APUg) = 0°[AP]Ug = -(k/q)X"

Fe= qUB(a"[AB] - &*[A°]): Lorentz Force Eqn.
F* = qU,&°[A"] - qU 2°[A°]

= -(k)X< - qUﬁaﬁ[A“]

= -(k)X? - q(d/d7)[A])

Take spatial part: yf = -kx - q(yd/dt[a])

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,* | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
: , , orentz Scala

SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Classical limit:
y—1:v<<c
d/dt[a] — 0 : 3-vector-potential changes very slowly

{A-U =@, = ~(klq)X-X/2 = ~(k/2q){(ct)? - x-x }

Fort=0
Po = ~(kI2g}{-x-x} = (k/2q)}{x-x}
V, = -(k/2){-x-x} = (k/2){x-x} : PE of classical harmonic oscillator

f = -kx : Spring Force acting on classical harmonic oscillator

RestHamiltonian

H, = (Pr'U) = P-U + gA-U = P-U - kX-X/2

Ho, = P-U - kX-X/2 : Covariant Relativistic version
Ho = E, + (k/2){x-x} : Classical

Tot = Rest + Potential

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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gﬁy;cSM A S RQM Stu dy : 4-Vector SRQM Interpre;?gol\r/l’n
Ai EM Lorentz Force Eqn—

..., Classical Force = - Grad[Potential] = -V[U] s

] SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Displacement

Lorentz EM Force Equation: AR=(cAtAr) R e A
=(cAt, 9-R=4 y radien
= cI(F"B)UB dR=(cdt,dr) — 8|\[All?n]korvlv“8;>“5);tang[1 SRR Pvny
Fe = q(8°A® - &PA%)U 4-Position PG =(9/c, V)
B R= ct r

ProperTime /

U-0=d/dt= yd/dt

Examine just the spatial components of 4-Force F: propemme Derivative

Fi= q(a'AB _ aBAI)UB Derivative

F'=q(dA° - aOAi)UO + q(IA - 3in)Uj @---- P EM Faraday
vf = q(-Vio/c] - (8/c)a)(ye) + q(-Via-u] - -u-Valy 4 Velooty PO A-OA°
f = q(-Vig/] - (d/c)a)(c) + q(uV[al-Via-u]) _Y(C Ty AR
f=q(-Vie] - da + u-Vla] - V[a-u]) 4-Tensor

f=q(-Vig] - da+uxb)
@Lorentz EM Force Eqn

Take the limit of {| V[p] | >>|da-uxb |} — " {U-F* =(1/q)F }

il — — - _ P -Momentum
vl vigel=svIESECiaIRE ] P=(mc.p)=(E/c,p) @ P o)

=y(E/c,f=p
The Classical Force = -Grad[Potential] IH{4- » el
t - =
when {| V[g] | >>| da-uxb |} or when {a = 0}
A=(0
The majority of non-gravitational, non-nuclear potentials dealt with in CM 22
are those mediated by the EM potential.
(8-9)A-3(9-A)=pioJ e A0
. . _ _ _ , onservation o ie

ex. Spring Potential { U = kx?/2 }, then { f = -V[kx%2] = -kx } Hooke’s Law Maxwell EM Wave Eqn iy Sl

SR 4-Tensor SR 4-Vector V] — v — —
(2,0)-Tensor T*  §(1,0)-Tensor V* =V = (\°,v) SR 4-Scalar V_VT;a\c/;pe [T ]V; ?(‘z;r)i -_V-rvuiJ _ (-I\—/o ?
(1,1)-Tensor T% or T,* § SR 4-CoVector: OneForm (0,0)-Tensor S or S, N °
I - orentz Scala = Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

! SRQM: The Speed-of-Light (c)

o—@ SciRealm.org

ATensor Study CZ I nvar i ant Re I at i 0 n S (part 1) SciRégm(gé\cl)Yﬂ;Soonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The Speed-of-Light (c) is THE connection

between Time and Space: dR = (cdt,dr) | [
This physical constant appears in several _ Minkowski 4-Position Lorenz
seemingly unrelated places. You don’t notice 3—(3t/C,-V) R=(Ct,l') Gauge

these cool relations when you set c—1.
Also notice that the set of all these relations

Invariant 4-Gradient

definitely rules out a variable speed-of-light. Magnitude Schwarzschild g
(c) is an Invariant Lorentz Scalar constant. (9-9) = ~(moc/h)? = -(1/A)? GR Metric Invariant
— 4-Velocity
U-U = y*(c®u-u) = ¢? Speed of all things into the Future : =
¥(c*-uu) p g M) G QN VERaReY U=v(c,u) B EM Faraday
(Eo/mo)=(yEo/ym,)=(E/m) = c* Mass is concentrated Energy, E = mc? R, CR Céeré/tuzre Uu=¢ @------ 4-Tensor
« = 8mG/c
g @ e . GR Black Hole
* = * = =2 -

[ Vphasel_lvgroup Vphasel = ¢? Particle-Wave “Duality” Correlation 2GM/C = RS

N(w2-0,2) = NA(f.2) = ¢ Wavelength-Frequency Relation: Af = ¢ for photons

(1/gatlo) = & Electric (¢,) and Magnetic (u,) EM Field Constants 0 complen @ @ 4-EMVectorPotential
Relativistic Quantum Wave Equation Plane-Waves Wave Velocity Energy:Mass A=(¢p/c,a)
2 % Klein-Gordon (spin 0), Proca (spin 1), Maxwell (spin 1,m,=0) K=io Vv Y = E = mc?
-(h/mo)*(0-9) = ¢ Factors to Dirac (spin %) GELD Pl .
Classical-limit (Jv|<<c) to Schrédinger P '>

(9-9)A-9(8-A)=poJ

hix_m, 2 = o2 o S\ =
(/A mo)"=c Reduced Compton Wavelength: & = (/mc) 4-WaveVector 4-Momentum Maxwell EM Wave Eqgn
GR Black Hole Equation K=(w/c,k)=(w/c,wilv_ ) SRMIIN P=(mc,p)=(E/c,p) ;
2GM/R = 2 R, = Schwarzschild Radius . phase — ’ , . e
s G = GR GravitationalConst, M = BH Mass =(1/C:F,n/)() Eén;tgglie Al
Invariant 4-WaveVector =
8mG/x = ¢? GR Einstein Curvature Constant: k = 8T1G/c? Magnitude K-K = (w./c)? P=hK 4-ChargeFlux
agniuGElSES 4-CurrentDensity _ _
(c*' * scalar, 3-vector) Every Physical 4-Vector has a (c) factor to maintain J=(pc,j)=p(c,u) Electric:Magnetic
= 4-Vector equivalent dimensional units across the whole 4-Vector : ‘ 1/(goMo ) = C°

SR 4-Vector

SR 4-Tensor
(2,0)-Tensor T+

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar

(1,0)-Tensor V¥ = V = (V°,v)
SR 4-CoVector:OneForm [k (0,0)-Tensor S or S,
orentz Scala

(1,1)-Tensor T, or T,Y
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SR —- QM
Physics
o—@

A Tensor Study
of Physical 4-Vectors

The Speed-of-Light (c) is THE connection
between Time and Space: dR = (cdt,dr)

#R7=n"

Minkowski
Metric

This physical constant appears in several
seemingly unrelated places. You don’t notice
these cool relations when you set c—1.

Also notice that the set of all these relations
definitely rules out a variable speed-of-light.
(c) is an Invariant Lorentz Scalar constant.

4-\/ector

U-U = y*(c*u-u) = ¢2 Speed of all things into the Future

(Eo/mo)=(yEo/ym,)=(E/m) = ¢ Mass is concentrated Energy, E = mc?

lu*v |=|v

phase

*v | =c? Particle-Wave “Duality” Correlation

group phase

N(w2-0,2) = NA(f.2) = ¢ Wavelength-Frequency Relation: Af = ¢ for photons

(1/eopls) = 2 Electric (¢,) and Magnetic (o) EM Field Constants

Relativistic Quantum Wave Equation
Klein-Gordon (spin 0), Proca (spin 1), Maxwell (spin 1,m,=0)
Factors to Dirac (spin %2)

Classical-limit (Jv|<<c) to Schrédinger

-(WIMe)X(@-9) = &2
(Rix mo)* = c* Reduced Compton Wavelength: & = (/mc)

GR Black Hole Equation

_ 0 R, = Schwarzschild Radius
2GM/R = c G = GR GravitationalConst, M = BH Mass
= 2 5 q
8mG/k = ¢ GR Einstein Curvature Constant mass densiy form): K = 8TTG/C?
(c*" * scalar, 3-vector) Every Physical 4-Vector has a (c) factor to maintain

= 4-Vector equivalent dimensional units across the whole 4-Vector

SR 4-Vector

SR 4-Tensor
(2,0)-Tensor T+

(1,0)-Tensor V¥ = V = (V°,v)
SR 4-CoVector:OneForm [k (0,0)-Tensor S or S,
orentz Scala

(1,1)-Tensor T, or T,Y

Scalar Product

4-Vector SRQM Interpretation
of QM

! SRQM: The Speed-of-Light (c)
¢’ Invariant Relations (a 2)

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Electric:Magnetic
1/(golo ) = C°

g D
(e-b)?/Det[F*]
—

Energy:Mass
E =mc?

Invariant 4-Velocity
Magnitude U-U = ¢?

o/Mo = ho/Mo

= (R/A_M,)?

-0¢/V-a
in Lorenz Gauge

"V asel

\')
group phase

= A?w? (for photon
Waves

000060e

ProperTime SRQM

Differential

-S /(modt)

action,free

€D €D

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation

" SRQM 4-Vector Study:
AR 4-ThermalVector

John B. Wilson

Qf-llfr?;;rc;tz(-j\)//ectors R e I at I v I St I c T h e r m 0 d y n a m I C S http://scirS:lirI?.ac?rlgn/]g?aQoll\'/ﬁgcrﬂ
The 4-ThermalVector is used in Relativistic Thermodynamics. )

4-Gr d nt 0-R=4 &[R]=n"" b
My prime motivation for the form of this 4-Vector is A adie SpaceTime Minkowski H 4-Position
that the probability distributions calculated by =(d/c, V)R 2 . : R=(ct,r)
statistical mechanics ought to be covariant functions

since they are based on counting arguments. Rest Inverse
*, S TemperatureEnergy

J*A'-0"AF=F""
EM Faraday
4-Tensor

F(state) ~ e-(E/ksT) = e*~(BE), with this B = 1/ksT, (not v/c)
4-ThermalVector

A i his is the L lar P
covariant way to get this is the Lorentz Scalar Product 4-InverseTempMomentum

of the 4-Momentum P with the 4-ThermalVector ©.
F(state) ~ e?-(P-©) = e*-(E./ksT,)

This also gets Boltzmann’s constant (ks) out there with the Rest Energy:Mass

other Lorentz Scalars like (c) and (h) =(E/c,p)-(c/ksT,0) == mc@
4-EMVectorPotential
Rest@ A=(op/c,a)

see (Relativistic) Maxwell-Jittner distribution _(E/kBT_p 6)
AngFrequency

f[P] = No/(2¢(moC)? Kigs1y2[MoCOo])* (MoCOo/21T) 2 * g (P@)

f[P] = No/(2¢(moC)’ Kp[Moc®o])*(MacOo/21T) * &
f[P] = (©o)No/(411C(MoC)? Kiz[MocO,]) * & 4 Momentam

f[P]=cN /(4TrkBT0(moc) Kz[mecO,] )* e®® = = =
f[P] = No/(411ks Tomo’C K[z][r[n]oc ksTo] )* €®® P=(mc,p)=(E/c,p)=m-U

(0-9)A-9(0-A)=poJ
Maxwell EM Wave Eqn

. e
It is possible to find this distribution written in multiple ways because _ e v
many authors don’t show constants, which is quite annoying. (IjEIn;teml_ ‘@)’ 4-WaveVector 4-ChargeFlux
Show the damn constants people! Pih}iog i= K:(w/c,k)z(w/c,wn/vphase 4-CurrentDensity

Electric:Magnetic
1/(goMo ) = C°

(23 (?) #gﬁsnosro'lruv (1,0) TeanO‘:-\\;fEt?Ir ) SR 4-Scalar '?r? Care:‘lél n(1>t/ I:o_l_confuse (unfortunate symbol clash): Trace[T"] =N, T =T, =T

0)- & ermal B =1/ks W = \SH V= [(yO)2 _ eyl = (v0 )2

(1,1)-Tensor T% or T,* § SR 4-CoVector: OneForm (0,0)-Tensor S or S, Relatvisitic = v/c V-V =V, (V)" - v-v] = (V7o)
orentz Scala = Lorentz Scalar

These are totally separate uses of ()

(ks),(c),(n) deserve at least that much respect.

J=(pc,j)=p(c,u)
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SR - QM 4-Vector SRQM Interpretation

o SRQM 4-Vector Study:
WAL e 4-ThermalVector
e . Unruh-Hawking Radiation e

The 4-ThermalVector is used in Relativistic Thermodynamics. .
It can be used in a partial derivation of Unruh-Hawking Radiation (up to a numerical constant). 4'Ve|00|ty

U=y(c,u)
L U-U=(c)’ J
B./c
1/ks T, @

4-ThermalV r
The (u) here is part of the 4-ThermalVector: the 3-velocity of the thermal radiation. (not from Awcrr) 4-| .? aMeCtO t
Let the thermal radiation be photonic:EM in nature, so |u| = ¢, and in a direction opposing -inverse lempiviomentum
the acceleration of the “thermal detector”, which removes the minus sign. 0./c)U=(1/ksT,)U

Let a “Unruh-DeWitt thermal detector” be in the Momentarily-Comoving-Rest-Frame (MCRF)
of a constant spatial acceleration (a), in which |u|—0, y—1, y'—0.

4-Accelerationucrr = Amcrr = Avcre® = (O,a)MCRF

Take the Lorentz Scalar Product with the 4-ThermalVector
Ancre-© = (0,a)mere( , ) = (-a-u/ksT) = Lorentz Scalar Invariant

AwcrrOradiation = (aC/ksT) = Invariant Lorentz Scalar . /\ 0-0= (c/ksT,
Use Dimensional Analysis to find appropriate Lorentz Scalar Invariant with same units: =(0,a)MCRF'(C/kBT,U/kBT P-©
[Invariant Units] = [m/s?]-[m/s] / [kg:m?/s?] = [1/kg-s] ~ c?/h = [m/s]? / [kg-m?/s] =(0*c/ksT-a-u/ksT) =(E/c,p)-(c/ksT,0)
=(-a- =(E/ksT-p-0
Awcrr@ragaion =(ac/ksT) = Invariant ~ c?/h (-a-u/ksT) (_ A 7k $ )
=|nvar|ant(dim of [1/kg-s]) _(. o/ "B 0)
Temperature T ~ ha/ksc, {from EM radiation, only from the dir. of acceleration} ~c?/h =Invanant(dimensionless)
Just a number
Further methods give the constant of proportionality (1/21r): ]
See (Imaginary Time, Euclideanization, Wick Rotation, Matsubara Frequency) 4-Acceleration | -
See (Thermal QFT, Bogoliubov transformation) A=A"=v(cy v'ut+va nvarian
S Distribution Function
Tunun = ha/21ksc {due to constant Minkowski-hyperbolic acceleration} =dU/dt=d°R/dt N; = 1/[eMEilksT) £ 1]
Thawking = NG/2TTKsC {due to gravitational acceleration a=g} ) = 1/[eNPO) £ 1]
Tsenarzschiasn = NC/8TTGMKs {Temp at BH Event Horizon, g=GM/Rs2, Rs=2GM/c?} 4-Accelerationucrr (-) — Bose-Einstein
Tsr = -h(a-u)/21ksc® {correct version from 4-Vector derivation Awcrr*@ragiation = 2TTC/N} Amcre=Ancre"=(0,a)mcre +) — Fermi-Dira

SR 4-Tensor SR 4-Vector A-A=-(a)%*= -(a Trace[T"1=n.T™=T" =T
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) _ " e - L p[ ]v_”““o 2 02
(1,1)-Tensor T*, or T." | SR 4-CoVector:OneForm [(0,0)-Tensor S or S, EENCRCRUECE e CE A EE R IS LR T CRURG T V-V = Vi VY = [(v0)" - vev] = (Vo)

orentz Scala classical use of temperature. = Lorentz Scalar


mailto:SciRealm@aol.com

gﬁy;CSM 4 S RQ M 4-Ve Cto r St u d y : 4-Vector SRQM Interpre;?t(igohr/}
WAL e 4-ThermalVector
e . Unruh-Hawking Radiation e

Temperature T ~ ha/kgsc, {from EM radiation, only from the dir. of acceleration}

4-Velocity
Further methods give the constant of proportionality (1/21r): U=y(c,u)

See (Imaginary Time, Euclideanization, Wick Rotation, Matsubara Frequency) m
8./C
1/ksT,

See (Thermal QFT, Bogoliubov transformation)

Tunn = ha/21ksc {due to constant Minkowski-hyperbolic acceleration}

Thawking = NG/2TTKsC {due to gravitational acceleration a=g}

Tschwarzschiiagn = Nc®/8TTGMkg {Temp at BH Event Horizon, g=GM/Rs?, Rs=2GM/c?}

Tsr = -h(a-u)/21ksc? {correct version from 4-Vector derivation AwcreOragiation = 2TTC%/N}

is i - 4-ThermalV r
Alternate forms: The 21 factor is interesting 4 Inverse'?emFa)Mgg:Zntum
Q. . . = 2 There are cases when the dimensional units must match. =
Awcrrcadaton = 2TTC"/M see 4-Momentum related to 4-WaveVector: S,/C ge e
P P =hK — [J-s/m] = [J-s/rad][rad/m]
(1/KTo)Aucre'U = 217C*/h h = hi2m s [J-slrad] = [J-s}/[2T rad] . >
A = 2 = O,a MCRF" C/kBT,U/kBT :
(1/KTo)Amere-U = 21woC hew, And other where the 21 factor doesn’t seem to use [rad] units. ( =(0)*C/k gl'—a-u/k T) =(E/c,p)(c/ksT,0)
Ayer-U = 211002 see Circles & Spheres: h B T B ~(E/ksT- '9),
° T Joris L5
= =mr — [m?] = [mm][m =Invariant : =(Eo/Ks o
Awncre'U = 211(K-U)c? _ _ (dim of [1/kg-s]) .

MCRS V= (4/3)rd — [m3] = [(4/3)T][m]? ~C2/h =|nvarlant(dimensionless)
Awcrr = 211(K)c? Just a number
Awcrr = (ZWCZ)K = (ZWCZ/F‘)P A 4Alﬁ\cc(e|e’ra,tlon ) Invariant

=A"=y(Cy,yutya NP ]
(dP/dT)MCRF'eradiation = 2TTW, =dU/dT=d2R/dT2 Distribution Function

N: = 1/[eMNE/ksT) 1]

) = 1/[e"(PrO©) + 1
4-Accelerationucrr ) —>[Bo(se-Ei)nste]in

AMCRF=AMCRFH=(O,a)MCRF +) — Fermi-Dirac

4-Momentum
,p)=(E/c,p)=m.U

Fucre Oradiation = 2TTW, : {for m, = constant }

SR 4-Tensor SR 4-Vector A-A= - a 2= _ a Trace Tpv - Tpv = Tu = T
(2,0)-Tensor T+ (1,0)-Tensor V¥ =V = (V°,v) _ _ i - - . —\/u [ 1, - r1“"0 2 Y 02
(1,1)-Tensor T or T," | SR 4-CoVector:OneForm (KRNI ESHIEY Note that the temperature here is relativistically direction-specific, unlike in the V-V = Vi VY= [(V)7 - vev] = (Vo)

classical use of temperature. = Lorentz Scalar
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SR — QM
Physics

A Tensor Study
of Physical 4-Vectors

SRQM 4-Vector Study:
4-ThermalVector
Wick Rotations, Matsubara Freqs

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

The QM/QFT«+SM Correspondence, via the Wick Rotation

The operator which governs how a quantum system evolves in time, the time evolution
operator, and the density operator, a time-independent object which describes the
statistical state of a many-particle system in an equilibrium state (with temperature T)
can be related via arithmetic substitutions:

Quantum Statistical
Mechanics Mechanics
(QM) Wick Rotation Euclidean Time ~ Inv Temp (SM)

eAL-i(PrX)/n] N 7

=eA['iSaction/h] eA['HoTo/h]
:e/\[_iHotO/h] math well-behaved

&'[-(Pr-O)]
=e"[-BoHo]
=eA[-H0/kT0

Imaginary Time < Inv Temp
(it/he1/kT)

where 71, called Euclidean Time (Imaginary Time) is cyclic with period B, (0 <1< +3).

In Quantum Mechanics (or Quantum Field Theory), the Hamiltonian H acts as the
generator of the Lie group of time translations while in Statistical Mechanics the role of
the same Hamiltonian H is as the Boltzmann weight in an ensemble.

Time Evolution Operator
u(t) = ano_w [er({Est/R)]|n)(n|=er(iHt/N)

Partition Function (time-independent function of state)
Z=5 [eM(En/ ksT)]=Trace[ eM(iHt/h)]

n=0..

In the Matsubara Formalism, the basic idea (due to Felix Bloch) is that the
expectation values of operators in a canonical ensemble:

<A>= TR CRNAL] o (o]

may be written as expectation values in ordinary quantum field theory (QFT),
where the configuration is evolved by an
imaginary timet=-it(0<1<f).

One can therefore switch to a spacetime with Euclidean signature, where the
above trace (Tr) leads to the requirement that all bosonic and fermionic fields
be periodic and antiperiodic, respectively,

with respect to the Euclidean time direction with periodicity B = / (k,T).

This allows one to perform calculations with the same tools as in ordinary
quantum field theory, such as functional integrals and Feynman diagrams, but
with compact Euclidean time.

Note that the definition of normal ordering has to be altered.

In momentum space, this leads to the replacement of continuous frequencies
by discrete imaginary (Matsubara) frequencies:

Bosonic w, = (n)(21/B)

Fermionic w, = (n+1/2)(211/B)

and, through the de Broglie relation E = zw,

to a discretized EM thermal energy spectrum E_=hw_=n(2mk,T).

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V¥ = V = (v%,v) SR 4-Scalar
SR 4-CoVector:OneForm R (0,0)-Tensor S or S,

(0,1)-Tensor V,, = (Vo,-V) L orentz Scalag

(1,1)-Tensor T, or T,¥
(0,2)-Tensor T,,

Note that the temperature here is relativistically direction-specific, unlike in the
classical use of temperature.

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO)? - vev] = (VO)?
= Lorentz Scalar
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SR —- QM 4-Vector SRQM Interpretation

e SRQM 4-Vector Study:
WALIS She 4-ThermalVector
:\:s:;;z:tzs’eem Covariant Wick Rotation

The QM/QFT«<SM Correspondence

The operator which governs how a quantum system evolves in time, the time evolution operator, and the density operator, a time-independent object which
describes the statistical state of a many-particle system in an equilibrium state (with temperature T) can be related via arithmetic substitutions:

Quantum Statistical

Mechanics Mechanics

(Qm) Wick Rotation Euclidean Time ~ Inv Temp (SM)
e-i(Pr-R)/N para— /0 = B = kT eM-(Pr@)]

= -[[P,-U]dz = [Ldt

=eA[iSaction/h] eA['HoTo/h]
:e/\[_iHotO/h] math well-behaved

Imaginary Time < Inv Temp
(it/he1/kT)

=e\[-BoH,]
=eN[-Ho /KT, = -[[(H/c,p;)y(c,u)ldt P-O
= -[[y(H-p,-u]dt =(E/c,p)-(c/ksT,0)

=(E/ksT-p-6)

where 1, called Euclidean Time (Imaginary Time) is cyclic with period B, (0 <1< +3).

In Quantum Mechanics (or Quantum Field Theory), the Hamiltonian H acts as the generator of the Lie group of time translations while in Statistical Mechanics the

4-Position 4-lmaginaryPosition 4-ThermalVector
R=R"=(ct,r)=<Event> eI En Covariant 4- |nverseTemperatureMomentum
—(ct,x,y,2) Wick Rotation Rin=Rin"=i(ct,r) SVCICCELRINEN O =0 = ( ,0)=(c/ksT,u/ksT)=(8./c)U

alt. notation X=Xx" =(ict,ir)=(cT,ir) v Temp —(1/kBT)(c,u) (1/ks, T)U=(1/ksTo)U

SR 4-Tensor SR 4-Vector p Wo— TH =
(2,0)-Tensor T+ (1,0)-Tensor V¥ =V = (V°,v) SR 4-Scalar Tracpe[T 1= Mo ;rz ~ T
(1,1)-Tensor T or T," | SR 4-CoVector:OneForm (KRNI ESHIEY Note that the temperature here is relativistically direction-specific, unlike in the V:V = Vi,V =[(v')° - v- V] (v
' | orentz Scalar

classical use of temperature. = Lorentz Scalar

(0,2)-Tensor T,, (0,1)-Tensor V, = (Vo,-V)
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Sﬁy;cSM SRQM 4_Vector Study: 4-Vector SRQM Interpre;?gol\r/l’n
A‘ e Deep Symmetries:

—— Schrodinger Relations & SoRsamor
QfTIEr?;;rcztz(-j\)//ectors CyCIiC Imaginary Time <> InV Temp http://scirggliﬁécfrgs@i?%)ll\'/ﬁgm

4-Gradient

f}_WaveVector 9=0r=0/0R,=0"=(9/c,-V) =-J[(H/c,p;)-v(c,u)ldt
_ K=K*=(wic,k)= (‘*’O/C) —(8/c,-8,-8,,-0.) =-[[y(H-p,-uldr

=(9cat,~9 ox,-91 3y,~%l 57) =-[[Ho]dz
[1/m]

.’ | Einstein-de Broglie: P = hK — { : }
_-*" | Complex Plane-Wave: K = id — { : }
Schrédinger Relations: P = ihd — { : }
Wick Rotation: R = -iRim — { : }
CyclicTemp: Rim = hO— { : }
}

4-Position 4-lmaginaryPosition 4-ThermalVector

. Covariant
R=R"=(ct,r)=<Event> [ HEH I peee ee 4-Inverse TemperatureMomentum o .
—(ct,x,y,2) Wick Rotation Rim=Ru*=i(ct,r) ~invTemp  [CRCE(H 9) (c/ksT,u/ksT)=(8/C)U B0 = (e pHeer B)

alt. notation X=X" [EAELE =(ict,ir)=(cT,ir)

= (E/keT-p-8) = (Eo/kaT,)

SR 4-Tensor Trace[T"] = N T =TH =T

2,0)-Tensor T+ - - -
( r Note that the temperature here is relativistically direction-specific, unlike in the V-V =Vin, V' = [(VO)2 -vv] = (Voo)2

classical use of temperature. = Lorentz Scalar
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4-Vector SRQM Interpretation
of QM

Phyece.” SRQM 4-Vector Study:

‘ s Deep Symmetries:
=6 Schrodinger Relations & scReamor
Cyclic Imaginary Time < Inv Temp tpsarReam@zolcom

A Tensor Study
of Physical 4-Vectors

4-Velocity

| U=U"=y(c,u)
=dR/dt=cT

4-Position
R=R"=(ct,r)=<Event>

—(ct,x,y,2)
alt. notation X=X*"

Energy Factors
E ~ hwo, ~ moc? ~ kgTo

4- Momentum

. nverses H ProperTime
Derivative
{R",010R,}

m] - [1/m] = Dimensionless

paceTime Dimension Y
aR=09,R" = 4 e
P=P*"=(mc,p)=(mc,mu)=m,U

=(E/c,p)(E0/cz)U

= fl.
@ Inverses
{P",0"}

Minkowski
Metric
L Einstein '
4-Gradient 4-\WaveVector de Brog||e, kg-m/s]-{s/kg-m] = Dimensionless
0=0r=0/0R,=0"=(d/c,-V) K=K=(w/c,k)= (wo/cz)u P=hK | §
—(8/c,-0,,-3,,-0,) ol .'
X z plex L ' . . .
=(8/cot,-0 .0l 2y,-0l 37 S & ] : Boltzmann Distribution
=) ! : P-O© = (E/c,p)-(c/ksT,0)
Schrédinger QM Relation ; Inverses L = (E/ksT-p-0) = (Eo/ksTs)
= ihd ' {K*,Rin"} '
( p) = ih( V) " 1/m] - [m] = Dimensionles: . :
- . . Icr:‘r?z\a/girrgr:}tﬂime " Covariant Time ~ Inv Temp y
Wick Rotation [ — . .. Inv Temp N F N ')hfm ( ) 4-ThermalVector
4-ImaginaryPosition g R., = hO ’ ’ 4-InverseTemperatureMomentum
@ 0=0"=(8°0)=(c/ksT,u/ksT)=(8,/C)U
=(1/ksT)(c,u)=(1/kg, T)U=(1/ksT,)U

=N I =T, =T

Trace[T"]
VAV = VNV = [(V)° - vev] = (V)2
= Lorentz Scalar

R = -iRim
0 = Rin=Rin"'=i(ct,r)
=(ict,ir)=(cT,ir)

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (\°,v) SR 4-Scalar . e -
SR 4-CoVector: OneForm (0,0)-Tensor S or S, Note that the temperature here is relativistically direction-specific, unlike in the
orentz Scala classical use of temperature.

(1,1)-Tensor T, or T,Y
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4-Vector SRQM Interpretation

SciRealm.org
John B. Wilson
SciRealm@aol.com

AA | SRQM 4-Vector Study:
WALLR: she 4-EntropyFlux

of Physical 4-Vectors

Relativistic Thermodynamics

http://scirealm.org/SRQM.pdf

The 4-EntropyVector is used in Relativistic Thermodynamics.

Pure Entropy is a Lorentz Scalar in all frames A 4- Grad|ent
3/0 V) IR

Minkowski

4-Position

4-PureEntropyFlux
Sent_purezsentN

=n°Sentu

4-HeatEntropyFlux
Sent_heatz(s,s)=SentN+Q/To

Sent_heat=(s,S)=SemN+EoN/To Q
Sent_heatz(s,s)zno(sent+ Eo/To)U

Rest Inverse
Temperature

4-HeatEnergyFlux
Q=(p_c,q)=p_(c,u)=E.N
n.E.U=c*G

SR 4-Tensor
(2 0)-Tensor T+

Conservatlon
of Particle #

Rest Entropy
= Entropy

d"A'-0'AP=F"
EM Faraday

4-Tensor
@
EM
[IjH->
4-EMVectorPotential
A=(op/c,a)

Rest Number
Density

-

(0-0)A-0(0-A)=poJ
0 Rest @ Maxwell EM Wave Eqn

EM Charge

Density . -

4-ChargeFlux @

4-CurrentDensity

Electric: MagnetIC
=(PC.j)=p(C.u)=0N Ry

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

A? SRQM Interpretation:
e ** Transition to QM **

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Up to this point, we have mostly been exploring the SR aspects of 4-Vectors.
It is now time to show how RQM and QM fit into the works...
This is SRQM, [ SR — QM ]
RQM & QM are derivable from principles of SR

Let that sink in...
Quantum Mechanics is derivable from Special Relativity

GR — SR — RQM — QM — {CM & EM}

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,§)_Tgn:0”f$p§ or T,y COASIMIAIEY (TR ol | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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gﬁychMA S RQ M D iag ra m : 4-Vector SRQM Interpre;?tiQo,\;l\
24, Special Relativity — Quantum Mechanics __,
ﬁJsa;;z;tz%m RoadMap of SR—QM g

*START HERE*: 4-Position=Location of SR <Events>_in SpaceTime

*follow the arrows*

4-Gradient=Alteration of SR <Events>
SR SpaceTime Dimension=4

SR SpaceTime “Flat” 4D Metric / : ) 4-Position R* ..
R orcntzilransiorms V =n"" RN R=(ct,r)=<Event> ProperTime g
SR Action — 4-Momentum T Lorentz Derivative = cis>
SR Phase — 4-WaveVector M'&Z‘i;’,\’:k' R-R=(ct)2-r-r It?oipsgft-ilc-:lg: gswaves
. . . I
SR repertine Dethatve /] R e
8-8=(9,/c)-V-V 4-Gradient ¢" ProperTime 4-Velocity U*
= {(Moc/N)? = -(Wy/C)? 33=3@Ru « U-a=d/dr=yd/dt T U=1(c,)=dR/dt
(o ol = B = - . o * =
= (81/(:)2 ( : ) Derlvatlve -K.R=(Dphase,free -P-R=Saction,free \I;{gg;q Al"flhgailja: UIU:YZ(CZ-u.u)

SR d’Alembertian & '3[]=K @ Siinase < T =

Klein-Gordon Relativistic 4-WaveVect Hamilton-Jacobi Phase & Action

Quantum Wave Relation Ci\::pgi o Pr = -9[S] Lorentz Scalars Einstein

Schrodinger QWE is . Plane-Waves @ E = mc? = ymoc? = vEo

2. Rest Mass m.:Rest Energy E,

{Iv]<<c} limit of KG QWE | Kr = -3[<D]
“*[ SR — QM |** e @
T

4-\WWaveVector=Substantiation

of SR Wave <Events> 4-WaveVector K"

4-Momentum=Substantiation

oscillations proportional to K=(w/c,k)=(w/c,wn/Vpnas) 4-Momentum P* of SR Particle <Events>
mass:energy & 3-momentum =(1/cF,i/x)=(wo/c?)U=P/h SRR Ll P=(mc,p)=(E/c,p)=m, mass:energy & 3-momentum
KK ( ; )2 Kk Di;ac:rP]II?nck Constant h=h/21r P.p (E/ )2
K=(w/c)*-k- = @‘ = C)-pp
= (moc/h)* = (wo/c)? = (1/cF,)? @ = (m.c)’ = (E./c)?
(1/h )

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar . Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, X|St|n J RRUIeS \VAVES Vpnuvvv = [(V0)2 _ V'V] = (V00)2
orentz Scala ( QM Principles ) = Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

: SRQM Basic ldea (a1
e SR -, Relativistic Wave Egn

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The basic idea is to show that Special Relativity plus a few empirical facts lead to Relativistic Wave
Equations, and thus RQM, without using any assumptions or axioms from Quantum Mechanics.

Start only with the concepts of SR, no concepts from QM:
(1) SR provides the ideas of Invariant Intervals and ( ¢ ) as a Physical Constant, as well as:
Poincaré Invariance, Minkowski 4D SpaceTime, ProperTime, ProperLength, Physical SR 4-Vectors.

Note empirical facts which can relate the SR 4-Vectors from the following:
(2a) Elementary matter particles each have RestMass, ( m, ), a physical constant which can be
measured by experiment: eg. in collisions, cyclotrons, Compton Scattering, etc.

(2b) There is a physical constant, ( h ), which can be measured by classical experiment — eg. the
Photoelectric Effect, the inverse Photoelectric Effect, LED's=Injection Electroluminescence, Duane-
Hunt Law in Bremsstralung, the Watt/Kibble-Balance, etc. All known particles obey this constant.

(2c) The use of complex numbers ( i ) and differential operators { ¢; and } in wave-type
equations comes from pure mathematics: not necessary to assume any QM Axioms

These few things are enough to derive the RQM Klein-Gordon equation, the most basic of

the relativistic wave equations. Taking the low-velocity limit { |v|<<c }(a standard SR technique)
leads to the Schrédinger Equation, the basic QM equation.
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

5 SRQM Basic ldea (ar 2)
e Klein-Gordon RWE implies QM _ &

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

If one has a Relativistic Wave Equation, such as the Klein-Gordon equation, then
one has RQM, and thence QM via the low-velocity limit { |[v|<<c }.

The physical and mathematical properties of QM, usually regarded as axiomatic,
are inherent in the Klein-Gordon RWE itself.

QM Principles emerge not from { QM Axioms + SR — RQM },
but from { SR + Empirical Facts — RQM }.

The result is a paradigm shift from the idea of { SR and QM as separate theories }
to { QM derived from SR } — leading to a new interpretation of QM:
The SRQM or [SR— QM)] Interpretation.

GR — (low-mass limit = {curvature ~ 0} limit) — SR
SR — (+ a few empirical facts giving Lorentz Invariant Scalars) — RQM
RQM — (low-velocity limit { |[v|<<c }) —» QM

The results of this analysis will be facilitated by the use of SR 4-Vectors
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SR - QM 4-Vector SRQM Interpretation

SRQM 4-Vector Study:

Physics

“=  Basic 4-Vectors on the path to QM _ =

A Tensor Study SciRealm@aol.com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
SR 4-Vector Dimens. Definition Unites
Units (SI) Component Notation

4-Position [m] R=R"=(")=(r°r)=<Event>  Time, Space

= (ct,r) — (ct,x,y,z) (when,where) = SR location of <Event>
4-Velocity [m/s] U=U"=(u")=@’u)= Temporal velocity, Spatial velocity

= vy(c,u) nothing real faster than c
4-Momentum  [kg m/s] P=P'=(p") = (p°p) = Mass:Energy, Momentum

= (E/c,p) = (mc,p) used in 4-Momenta Conservation

2 Pinal = Z Pinia

4-WaveVector [{rad}/m] K=K"=(k")= (k%K) = Angular Frequency, WaveNumber

= (w/c,k) = (w/c,wn/v ) used in Relativistic Doppler Shift

phase

= (1/C:F,ﬁ/)t) = 2T|'(1/CT,ﬁ/)\) wobs=wemit/ ['Y(1 - B COS[G])], k=(k)/C for photons

4-Gradient [1/m] 0=20"=(0")=(20) = Temporal Partial, Spatial Partial

= (adc,-V) — (adc,-0x,-0y,-0-) used in SR Continuity Eqns., ProperTime
— (d/dct,-0lox,-dldy,-0loz) eg. -A = 0 means A is conserved

All of these are standard SR 4-Vectors, which can be found and used in a totally

relativistic context, with no mention or need of QM.
| want to emphasize that these objects are ALL relativistic in origin.
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SR - QM 4-Vector SRQM Interpretation

) SR + A few empirical facts: °
SRQM Overview _ e

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector Empirical Fact What it means in SR...
4-Position R = (ct,r); alt. X = (ct,x) R = <Event>; alt. X Location of 4D Spacetime <Event>
4-Velocity U = y(c,u) U =dR/dz Motion of 4D Spacetime <Event>

4-Momentum P = (E/c,p) = (mc,p) P =m,U <Events> described as Particles
4-WaveVector K = (w/c,k) K=P/h <Events> described as Waves
4-Gradient @ = (6/c,-V) = -iK Alteration of 4D Spacetime <Event>

The Axioms of SR, which is actually a GR limiting-case, lead us to the use of Minkowski SpaceTime
and Physical 4-Vectors, which are elements of Minkowski Space (4D SpaceTime).

Empirical Observation leads us to the transformation relations between the components of these
SR 4-Vectors, and to the chain of relations between the 4-Vectors themselves. These relations all
turn out to be Lorentz Invariant Constants, whose values are measured empirically.

They are manifestly invariant relations, true in all reference frames...

The combination of these SR objects and their relations is enough to derive RQM.
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

: SRQM 4-Vector Study:
SR Lorentz Scalar Invariants

] SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector Lorentz Scalar Invariant What it means in SR...
4-Position R-R = (ct)’- rr = (ct,)? = (ct)> SR Invariant Interval

4-Velocity U-U = y*(c*- u-u) = ¢? <Event> Motion Invariant Magnitude (c)
4-Momentum P-P = (E/c)’ - p'p = (EJ/C)? Einstein Invariant Mass:Energy Relation
4-WaveVector  K-K = (w/c)* - k-k = (w./c) Wave/Dispersion Invariance Relation
4-Gradient 0-0 = (a/c)’ - V-V = (d/c) The d'Alembert Invariant Operator

All 4-Vectors have invariant magnitudes, found by taking the scalar product of the 4-Vector with
itself. Quite often a simple expression can be found by examining the case when the spatial part is
zero. This is usually found when the 3-velocity is zero. The temporal part is then specified by its
“rest” value.

For example: P-P = (E/c)*p-p = (E./c)? = (M,C)°
E = [ (E,)? + p-p c?], from above relation
E=vE , using {y = 1\[1-B?] = V[1+y*B?]} and {B=v/c}

meaning the relativistic energy E is equal to the relative gamma factor y * the rest energy E_
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SR — QM 4-Vector SRQM Interpretation

Vi SRQM Chart:
£, Special Relativity — Quantum Mechanics ., .
s SR—QM Interpretation Simplified ...coonesen

SRQM: The [SR—QM] Interpretation of Quantum Mechanics

Special Relativity (SR) Axioms: Invariant Interval + LightSpeed (c) as Universal Physical Constant lead to SR,
although technically SR is itself the Minkowski-SpaceTime low-curvature:“flat” limiting-case of GR.

{c,7,m,,h,i} = {c:SpeedOfLight, t:ProperTime, m,:RestMass, h:Dirac/PlanckReducedConstant(h=h/21r), i:imaginaryNumber\[-1]}:
are all Empirically Measured SR Lorentz Invariant Physical Constants and/or Mathematical Constants

Standard SR 4-Vectors: Related by these SR Lorentz Invariants:

4-Position R = (ct,r) = (R'R) = (CT)

4-\elocity U = y(c,u) = (U-9)R=("/4)R=dR/dt (U-U) = (c)?

4-Momentum P = (E/c,p) = myU (P-P) = (moC)®

4-WaveVector K= (w/c,k) = P/h (K-K) = (moc/h)? KG Equation: vl<<c
4-Gradient d=(d/c,-V) =-iK (9-9) = (-imoc/h)* = -(m,c/h)* = QM Relation — RQM — QM

SR + Empirically Measured Physical Constants lead to RQM via the Klein-Gordon Quantum Eqn, and thence to QM
via the low-velocity limit { |[v| << ¢}, giving the Schrodinger Egn. This fundamental KG Relation also leads to the other

Quantum Wave EG UationS: RQM (massless, no rest-frame) RQM (with non-zero mass) QM(Iimit-case from RQM)

{lv|]=c:m,=0} {0<=|v|]<c:m,>0} {0<=|v|]<<c:m,>0}
spin=0 boson field = 4-Scalar: Free Scalar Wave (Higgs) Klein-Gordon Schrodinger (regular QM)
spin=1/2 fermion field = 4-Spinor: Weyl Dirac (w/ EM charge) Pauli (QM w/ EM charge)
spin=1 boson field = 4-Vector: Maxwell (EM photonic) Proca

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar ) :
R ] R ANUAY (Essi Sl | SO A treatise of SR—QM by John B. Wilson
u orentz Scala

,1)-Tensor V, = (vo,-v
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

5 SRQM Diagram:
N RoadMap of SR (4-Vectors)

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

4-Position

R=(ct,r)
=<Event> ®----- >

A 4-Velocity
4-Gradient
a=(6t/c,-V)

U=y(c,u)

M- - > o>
4-WaveVector 4-Momentum
K=(w/c,k) P=(mc,p)=(E/c,p)

SR 4-Tensor SR 4-Vector T, . W= TH —
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) 0, 0‘)9'$ 4-ScaSIar Sy VIVT;a\c/:&ET ]v . ?(;C;I')z _ V-_rvij - (-I\—,o %
X " v ensor S or by o
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm it = Lorentz ol
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SR - QM 4-Vector SRQM Interpretation

A‘ SRQM Diagram:
O—‘ RoadMap of SR (Connections)

{
4-Position
V[R“] =/\¥, R=(ct,r)
d"[R"]=n" Lorentz =<Event> P >
Minkowski Transfor
4-Velocity
U=y(c,u)

U-0=d/dt=yd/dt
Derivative

Hamilton-
Jacobi
Sactlon free P Pr = -9[S]
PIane—Waves ]_
Ky = -0[®] actlon
M > o>
4-\WaveVector 4-Momentum
K=(w/c,k) P=(mc,p)=(E/c,p)

SR 4-Tensor SR 4-Vector T, . W= TH —
(2,0)-Tensor T+ (1,0)-Tensor V¥ =V = (V°,v) SR 4-Scalar V-V-I—;a\c/:“e[T ]" = ?(lg;’l—)2 - v-rvij = (-I\—/° )
(1,1)-Tensor T* or T, § SR 4-CoVector:OneForm (0,0)-Tensor S or S, Moy °
K g orentz Scala = Lorentz Scalar
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

5 SRQM Diagram:
N RoadMap of SR (Free Particle) .o

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

*START HERE*: <Events> have 4-Position=Location in SR SpaceTime
(

4-Gradient=Alteration of SR <Events>
SR SpaceTime Dimension=4

SR SpaceTime 4D Metric ‘ 4-Position

SR Lorentz Transforms 0 [Ru‘]=/\u’ R=(ct,r)

SR Action — 4-Momentum HTRVI=nHY ! Y B ’

SR Phase — 4-WaveVector |(\9/|[r|$|«]) nsk' Lorentz =<Event> Do ------ >

SR Proper Time ' W : ProperTime 4-Veloci <Events> have 4-Velocity=Motion
SR & QM Waves Derivative elocity in SR SpaceTime as both

VET(AE particles & waves

U-0=d/dt=yd/dt
Derivative

Hamilton- @
Jacobi Elnsteln

Sactlon free P Pr=-0[S] Wave Vel00|ty E = mc® = ym.c®= yE,
PIane—Waves ]_ ] .
Kr = -9[®] actlon Voroup Vonase~
M- > o>
4-\WaveVector 4-Momentum

K=(w/c,k) P=(mc,p)=(E/c,p)
SR Wave <Events> have SR Particle <Events> have
4-WaveVector=Substantiation 4-Momentum=Substantiation
oscillations proportional to mass:energy & 3-momentum

mass:energy & 3-momentum

SR 4-Tensor SR 4-Vector V] — v — —
(2,0)-Tensor T*  §(1,0)-Tensor V* =V = (\°,v) SR 4-Scalar V_VT;a\c/;pe [T ]V; ?&;r)i -_v-rvuiJ _ (-I\—,o ?
(1,1)-Tensor T% or T,* § SR 4-CoVector: OneForm (0,0)-Tensor S or S, N °
orentz Scala = Lorentz Scalar
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4-Vector SRQM Interpretation

s \ SRQM Diagram:
ALY RoadMap of SR (Free Particle)

- — John B. Wilson
A Tensor Study h M SciRealm@aol.com
of Physical 4-Vectors W I a g n I u e s http://scirealm.org/SRQM.pdf

*START HERE*: <Events> have 4-Position=Location in SR SpaceTime

4-Gradient=Alteration of SR <Events>

SR SpaceTime Dimension=4 | o R-R = (ct)*-rr

SR SpaceTime 4D Metric A - . 4-Position = (cT)? .

SR Lorentz Transforms A[RY]=AY, R=(ct,r) U-U = y?(c*-u-u)

SR Action — 4-Momentum "[R]=n"" Lorentz —<E ) 4 = (c)?

SR Phase — 4-WaveVector Minkowski =<CVEN[> K 70/0U[..] PSS >

SR Proper Time ProperTime > Ml <Events> have 4-Velocity=Motion

SR & QM Waves : Derivative SR EIMN ) SR SpaceTime as both
VET(AE particles & waves

4-Gradient U-9=d/dt=yd/dt
9=(9/c,-V) Derivative

00 = (a/c)*-V-V

Hamilton- @
Jacobi Einstein

_ 2 phase,free
= (d./c) -3[<D . -a[Saction,free P Pr=-9[S] Wave Velocity E = mc? = ymoc?= yE,
Plane-Waves - = v * =
d’Alembertian Ky = -0[®] a[SactiOn] PT group ~ phase
Free Particle MA-- > o >
Wave Equati
Ol 4-WaveVector 4-Momentum
K=(w/c,k) P=(mc,p)=(E/c,p)

@ P:-P = (E/C)z-pp

SR Wave <Events> have K-K = (w/c)*-k-k

4-WaveVector=Substantiation SR Particle <Events> have

oscillations proportional to = (Wo/C)>? 4-Momentum=Substantiation = (m.c)* = (E./c)*
mass:energy & 3-momentum mass:energy & 3-momentum

SR 4-Tensor SR 4-Vector - - —
(2,0)-Tensor T*  §(1,0)-Tensor V* =V = (\°,v) SR 4-Scalar V_VT;a\c/;pe [Tpv]v; ?(V;I')‘:’_—VTV“; _ (-I\—,o ?
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, Nuv °
orentz Scala = Lorentz Scalar
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SR —- QM
Physics

@

A Tensor Study
of Physical 4-Vectors

RoadMap of SR (EM Potential)

4-Gradient=Alteration of SR <Event:s

SR SpaceTime Dimension=4
SR SpaceTime 4D Metric
SR Lorentz Transforms

SR Action — 4-Momentum
SR Phase — 4-WaveVector
SR Proper Time

SR & QM Waves

-0 = (a/c)-V-V
= (8z/C)?

d’Alembertian
Particle

Wave Equation
in EM Potential

4-WaveVector=Substantiation

of SR Wave <Events>
oscillations proportional to

mass:energy & 3-momentum

SR 4-Tensor

SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
, , , orentz Scala

= (K, ~(qwo/Eo)A) (K -(qwo/Ec)A) SR Particle <Events> have

4-Vector SRQM Interpretation
of QM

SRQM Diagram:

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

*START HERE*: <Events> have 4-Position=Location in SR SpaceTime
) R-R = (ct)*rr
4-Position = (cT)?
R=(ct,r)
=<Event>

EM Faraday
PA-9 AV=F
= (c)’ 4-Tensor

BV[R”‘] =/\u!v u-u= YZ(CZ-u-u)

d"[R"]=n" Lorentz
Minkowski

ProperTime M  <Events>'have 4-V§alocity=Motion
Derivative 4-Velocity in SR SpaceTime as both
U=y(c,u) FER R

D e

U-0=d/dt=yd/dt

Derivative
EM y
4-EMVectorPotential
caiee Hamilton- @ @ - A=(¢p/c,a)
-3[(D ] -3[8 P Jacobi ’ EInSt26In
ohase PRSI P = -9[S] Wave Velocity E = mc” S em €
[MEERUEIES -a[S X ]=PT Vgroup* phasezc2 Charge l"I
Kr = -3[®] action g ry |.| -
MA-- - o> i

4-Momentum
P=(mc,p)=(E/c,p)

4-WaveVector

4-PotentialMomentum
Q=(V/c,q)=q(9/c,a)

@ 5 4-TotMom Conservation a Minimal Coupling
P-P = (E/c)*-p-p P, = (P+Q) = (P+qA) P=(PqA) = (P,-Q)

= (P-0A)(P.,-qA) 4-TotalMomentum
= (Wo/C)? 4-Momentum=Substantiation = (mc)? = (E./c)?
mass:energy & 3-momentum

K=(w/c,k)

K-K = (w/c)-k-k

P.=(E Jc.p )=((E+qg)/c,p+qa)

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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gﬁy;chMA SRQM Diagram: 4-Vector SRQM Interpre;?t(izol\r/l’n
. Special Relativity — Quantum Mechanics
o ROadMap of SR—QM (w/ EM Potential),,,, sreremen

http://scirealm.org/SRQM.pdf

4-Gradient=Alteration of SR <Events> *START HERE™: 4-Position=Location of SR <Events>_in SpaceTime

SR SpaceTime Dimension=4 ploviesrons @y RR = (ct)>rr
SR SpaceTime “Flat” 4D Metric
SR Lorentz Transforms

SR Action — 4-Momentum

SR Phase — 4-WaveVector
SR Proper Time Derivative
SR & QM Invariant Waves

SR — RQM Klein-Gordon _ : 1 _ _
Relativistic Quantum 4-Cradient ¢ U-9=d/dt=yd/dt

T S -R=0 SRy Matter Wave :
Particle in EM Potential - Derivative R=] J ‘R=S,_, Vgroup*vphase= c* @ : ||H'I"'>

: . iti = T EM Faraday
BV[R“']=/\”’V - ] u-u —_’Y (02 -u-u) S AV-0"AF=FH

d"[R]=n" Lorentz R ) =H(ey 4-Tensor

Minkowski

4-Ve|ocity=l§lotion of SR
<Events>liniSpaceTime as
U=y(c,u)=dR/d Ja R R

4-Velocity U"

d’Alembertian Wave Equation Rest Angular EM
89 = (BJcy-V-V Frequengy wo 4-EMVectorPotential A*
= (dr+(ig/h)A)-(d++(ig/h)A) Lorentz Scalars A=(¢p/c,a)=(p./c?)U
= -(Wo/C)? = -(Mmoc/h)? e p - @
- 2 == 4-Wave\Vector W |5l Hamilton- Einstein
(0+/c) ‘(-vl)’ Gomp ) ‘=P Jacobi E = mc? = ymoc*= vE, Elt\w/lar eO e s
Limit: { |v|<<c Plane-Waves % Y Pr=-9[S] ¢ i } -
(Ider) ~ [ GO + (Moc?) + (INVr+qa)/(2my) ] Kr = -al@], K = i\ /- - > o> ol
: _ . 2 _
\(,:/Fi‘tiﬂg)otér:/ﬁ; ('thv;gi)(ﬁf?;)] 4-WaveVector K 4-Momentum P* 4-PotentialMomentum Q"
UL THA A SV - ./ )= (c./ ) U=P/ NSRS P=(mc. )= (E/c,p)=m,U Q=(V/c,q)=q(9/c,2)=gA
*[ SR — QM |** PRI (+)

. 1/h 4-TotMomentum Conservation Minimal Coupli
4-WaveVector=Substantiation KK = (w/c)*-k-k (v ) P-P = (E/c)*-p-p P.=(P+Q)=(P+qA) ' P= (g]lfg:) =o(uPpTan%
of S:l? }[/_Vave <Evert1_ts> " u (KT'(q/h)Az)'(KT'(q/ h2)A) 4-Momentum=Substantiation = (PT-qA)-(PT-qA) 4-TotalMomentum pTu
oscillations proportional to = (Moc/h)? = (wo/c of SR Particle <Events> = 2 = 2
mass:energy & 3-momentum ( o lee mass:energy & 3-momentum (moc) P_=(E /c,p,)=((E+q@)/c,ptga)=P+Q

SR 4-Tensor SR 4-Vector Trace[T"] = T =T, =T

V-V = Vi VY = [(V)P - vev] = (V)P
= Lorentz Scalar

Existing SR Rules
Quantum Principles

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
, , , orentz Scala
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

) SRQM Study:

"~  The Empirical 4-Vector Facts &t

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector Empirical Fact Discoverer Physics

" _ Newton+ [t&r] Time & Space <time> & <location>
4-Fosition R = <Event> Einstein [ R=(ct,r) ] SpaceTime as 4D=(1+3)D
: _ Newton [ v=r=dr/d{] Calculus of motion
4-Velocity U = dR/dr Einstein [ U=y(c,u)=dR/dt ] Gamma & Proper Time
_ Newton [ p=mv ] Classical Mechanics
4-Momentum P =m,U Einstein [ P=(E/c,p)=m,U] SR Mechanics
Planck [h] Photon Thermal Distribution
_ Einstein [ E=hv=hw ] Photoelectric Effect (h=h/21)
4-WaveVector | K =P/ de Broglie [ p=hk ] Matter Waves
? [ P=(E/c,p)=hK=nh(w/c,k) ] as 4-Vector Math
_ o Schrodinger [ w=id, k=-iV ] (SR) Wave Mechanics
4-Gradient =K [ P=(E/c,p)=ihd=in(3/c,-V) ] (QM) 4-Vecctor

(1) The SR 4-Vectors and their components are related to each other via constants

(2) We have not taken any 4-vector relation as axiomatic, the constants come from experiment.
(3) c, T, m,, h come from physical experiments, (-i) comes from the general mathematics of waves
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

SRQM Study:
4-Vector Relations Explained

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector Empirical What it means in SRQM... Lorentz
Fact Invariant

4-Position R = (ct,r) R = <Event> SpaceTime as Unified Concept ¢ = LightSpeed
4-Velocity U = y(c,u) U = dR/dt Velocity is ProperTime Derivative T =t, = ProperTime
4-Momentum P = (E/c,p) P =m,U Mass:Energy-Momentum Equivalence m, = RestMass

4-WaveVector K = (w/c,k) K= P/h Wave-Particle Duality h = UniversalAction

4-Gradient @ = (9/c,-V) d=-iK Unitary Evolution, Operator Formalism i = ComplexSpace

Three old-paradigm QM Axioms:

Particle-Wave Duality [(P)=h(K)], Unitary Evolution [0=(-i)K], Operator Formalism [(9)=-iK] are actually just empirically-found constant
relations between known SR 4-Vectors.

Note that these constants are in fact all Lorentz Scalar Invariants.

Minkowski Space and 4-Vectors also lead to idea of Lorentz Invariance. A Lorentz Invariant is a quantity that always has the same value,
independent of the motion of inertial observers.

Lorentz Invariants can typically be derived using the scalar product relation.

U-U=c? U-9=d/dt, P-U=m.? etc.

A very important Lorentz invariant is the Proper Time 1, which is defined as the time displacement between two points on a worldline that is
at rest wrt. an observer. It is used in the relations between 4-Position R, 4-Velocity U = dR/dt, and 4-Acceleration A = dU/dt.
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

. SRQM: The SR Path to RQM
Follow the Invariants...

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector Lorentz Invariant What it means in SRQM...

4-Position R-R = (ct)* - rr = (ct)’ SR Invariant Interval

4-\elocity U-U = v*(c*- u-u) = ¢* Events move into future at magnitude c
4-Momentum P-P = (m,c) Einstein Mass:Energy Relation

4-WaveVector K-K = (m.c/h)* = (w./c) Matter-Wave Dispersion Relation
4-Gradient 0-9 = (-im,c/h)? = ~( The Klein-Gordon Equation — RQM!

U = dR/drt

Remember, everything after 4-Velocity was just a constant times the last 4-vector,
and the Invariant Magnitude of the 4-Velocity is itself a constant

P =m,U, K=P/h,d=-iK, soe.g. P-P = m,U:m,U = m,°U-U = (m,c)?

The last equation is the Klein-Gordon RQM Equation, which we have just derived without
invoking any QM axioms, only SR plus a few empirical facts
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SR —- QM

e @ SRQM: Some Basic 4-Vectors
M- 4-Momentum, 4-WaveVector, |
ATensor Study 4-POSition, 4-VeIOCity, 4-Gradient, Wave-PartiCIe J;CAR;a\l/\rl?lforg

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

P-P = (m.c)’= (Ed/C

4-Momentum Treating motion like a particle @
- i P=(mc,p)=(E/c,p) Moving particles have a 4-Velocity

[P-dR =-S " Rest Mass:Energy P=-0[S 00 icc 4-Momentum is the negative 4-Gradient of the SR Action (S)
action,free Elnsteln . ------ i _ i SpaceTime
~ E=yE,=ym.c*=mc @

®

4-Position
R=(ct,r)

Hamilton-Jacobi
= -a[Saction free] A o o'R=4
0o action,free i :’. Dimension

4-Gradient B G[R]=n""—Diag[1,-1,-1,-1]
a=(3t/C,-V)—»(at/c,—ax,-ay,-82) Minkowski Metric

Einstein

de Broglie
ProperTime

) _ 2 .\ —
N\ Wave wmm@ P piangd = (9/0)-V'V =(d./c =d/dT=yd/dt

3.
K-dR = -0 A | R Vtgxup thase K= -3[¢phase'plane] Derivative
phase,plane estAngFrequenc i
y 4-WaveVector WaveVector Gradient

d’Alembertian

AN | K=(w/c,k)=(w/c,whlv Treating motion like a wave W _____ >
phase q .
K=-9[® ] Moving waves have a 4-Velocity
bhase plane 4-WaveVector is the negative 4-Gradient of the SR Phase (®)
See Hamilton-Jacobi Formulation of Mechanics See SR Wave Definition
for info on the Lorentz Scalar Invariant SR Action. for info on the Lorentz Scalar Invariant SR WavePhase.
{P = (E/c,p) =-9[S] = (-d/cat[S], )} { K= (w/c,k) =-0[®] = (-d/cat[D], )}
{temporal component} E = -0/dt[S] = -7 [S] ] | {temporal component} w = -d/ot[®] = —at[CD]
{ component} { component}
**Note** This is the Action (Sacion) for a free particle. **Note** This is the Phase (®) for a single free plane-wave.
Generally Action is for the 4-TotalMomentum P+ of a system. Generally WavePhase is for the 4-TotalWaveVector K; of a system.

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T*  §(1,0)-Tensor V¥ = V = (v°,v) Existing SR Rules vaIa\j‘?rETi;]:r[](u\;g;v =vT\:iJ N g/" )?
1,1)-Tensor T or T, } SR 4-CoVector:OneF inci T S o
( )’ ensor T, or T, | oVector:OneForm Quantum Principles = Lorentz Scalar
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gﬁy;cSM A S RQ M : 4-Vector SRQM Interpre;?gol\r/l’n
Ai - Wave-Particle
Diffraction/Interference Types oo e

SciRealm@aol.com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
The 4-Vector Wave-Particle relation is inherent in all particle types: Einstein-de Broglie P = (E/c,p) = hK = h(w/c,k).
P-P = (m,c)*= (EJ/C
All waves can superpose, interfere, diffract: Water waves, gravitational waves, photonic waves of all frequencies, etc. 4-Momentum
In all cases: experiments using single particles build the diffraction/interference pattern over the course many iterations. P=(mc,p)=(E/c,p)

P=_a[Saction free]

Photon/light Diffraction: Photonic particles diffracted by matter particles. ‘
Photons of any frequency encounter a translucent “solid=matter” object, grating, or edge.
Most often encountered are diffraction gratings and the famous double-slit experiment

Einstein
de Broglie
Matter Diffraction: Matter particles diffracted by matter particles. P=nK
Electrons, neutrons, atoms, small molecules, buckyballs (fullerenes), macromolecules, etc.
have been shown to diffract through crystals.

Crystals may be solid single pieces or in powder form.

, ) ) . . _ _ _ 4-WaveVector
Kapitsa-Dirac Diffraction: Matter particles diffracted by photonic standing waves.

Electrons, atoms, super-sonic atom beams have been diffracted from resonant standing waves of light.

K=(u)/c,k)=(uu/c,our“1/vphase

K=-9[® ]

phase,plane

Photonic-Photonic Diffraction?: Delbruck scattering & Light-by-light scatterin
Light-by-light scattering/two-photon physics/gamma-gamma physics.
Normally, photons do not interact, but at high enough relative energy, virtual particles can form which allow interaction.

SR 4-Scalar TraCS[T'”]V = nquT”zv =T = To ]
(0,0)-Tensor S or S, V-V =V VY = [(V)° - vev] = (Vo)
orentz Scala = Lorentz Scalar

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector
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SR - QM 4-Vector SRQM Interpretation

Physics A SRQM : of QM

LA Hold on, aren't you getting the “h”

SciRealm.org
John B. Wilson

u
e - from a QM Axiom? Sceam@aolcom

http://scirealm.org/SRQM.pdf

SR 4-Vector SR Empirical Fact What it means...
4-WaveVector K = (w/c,k) = (w/c,wﬁ/vpha ) = (W./c*)U Wave-Particle Duality

se

h is actually an empirically measurable quantity, just like e or c. It can be measured classically from the photoelectric effect, the inverse photoelectric effect,
from LED's (injection electroluminescence), from the Duane-Hunt Law in Bremsstrahlung, Electron Diffraction in crystals, the Watt/Kibble-Balance, etc.

For the LED experiment, one uses several different LED's, each with its own characteristic wavelength.

One then makes a chart of wavelength (A) vs threshold voltage (V) needed to make each individual LED emit.

One finds that: {A = h*c/(eV)}, where e=ElectronCharge and c=LightSpeed. h is found by measuring the slope.

Consider this as a blackbox where no assumption about QM is made. However, we know the SR relations {E = eV}, and {Af = c}.
The data force one to conclude that {E = hf = hw)}.

Applying our 4-Vector knowledge, we recognize this as the temporal components of an SR 4-Vector relation. (E/c,...) = h(w/c,...)
Due to manifest tensor invariance, this means that 4-Momentum P = (E/c,p) = hK = h(w/c,k) = h*4-WaveVector K.

The spatial component (due to De Broglie) follows naturally from the temporal component (due to Einstein) via to the nature of 4-Vector (tensor) mathematics.

This is also derivable from pure SR 4-Vector (Tensor) arguments: P = m,U = (E,/c?)U and K = (w./c?)U
Since P and K are both Lorentz Scalar proportional to U, then by the rules of tensor mathematics, P must also be Lorentz Scalar proportional to K

i.e. Tensors obey certain mathematical structures: 2-Velocit
Transitivity{if a~b and b~c, then a~c} & Euclideaness: {if a~c and b~c, then a~b} U=y(c u)y \
This invariant proportional constant is empirically measured to be (h), Eo/c? U-U = (c)? W4/
for each known particle type, whether massive (m,>0) or massless (m,=0): / Mo
P = moU = (Eo/c?)U = (Eo/cA)(wo/c?)K = (Eo/wo)K = (YEo/ywo)K = (E/w)K = (R)K PU=E KU = w

4-Momentum = m,c? ° 4-WaveVector
also from standard SR Lorentz 4-Vector Scalar Products: P=(mc,p)=(E/c,p) _ K=(w/c,k)
(P-U)/(K:U) = Eo/w, — |P|/|K| = Eo/w, = (D) =m,U=(E./c*)U @ P-K = mow, =(w./c?)U
(P-K)/(KK) = mowo/(wofcf — [PYIK] = Eo/w, = () \ Ew
(P-P)/(K-P) = (moC)?/(Mowo) — |PJ/|K| = Eo/ws = () =B v =
(PRY(KR) = (S, V(O )= [PUIK| = Edos = (R) PII=gE

action,free phase,plane E/w
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SR - QM 4-Vector SRQM Interpretation

Physiz4 SRQM: of QM
LA Hold on, aren't you getting the “K”
e from a QM AXiom? http://scirgglis%grznrlls@iaQ\éYh;I%Ocira

of Physical 4-Vectors

SR 4-Vector SR Empirical Fact What it means...
4-WaveVector K = (w/ck) = (w/c,wilv )= (Wo/c®)U  Wave-Particle Duality

K is a standard SR 4-Vector, used in generating the SR formulae:

Relativistic Doppler Effect:
Wobs = Wemit / ['Y(1 - B COS[G])]; |k| = k = U)/C for photons

Relativistic Aberration Effect:
cos[O_ ] = (cos[O_ ] + [B])/ (1 + |B|cos[O__.])

The 4-WaveVector K can be derived in terms of periodic motion, where families of
surfaces move through space as time increases, or alternately, as families of
hypersurfaces in SpaceTime, formed by all events passed by the wave surface. The
4-WaveVector is everywhere in the direction of propagation of the wave surfaces.

=-0[® ]
phase,planewave
From this structure, one obtains relativistic/wave optics without ever mentioning QM.
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SR - QM 4-Vector SRQM Interpretation

Physiz4 SRQM: of QM
LA Hold on, aren't you getting the “-i” |
from a QM Axiom? oS

of Physical 4-Vectors

SciRealm.org

SR 4-Vector SR Empirical Fact What it means...

4-Gradient 0 = (d/c,-V) = -iK Unitary Evolution of States
Operator Formalism

[0 = -iK] gives the sub-equations [d; = -iw] and [V = ik], and is certainly the main equation that
relates QM and SR by allowing Operator Formalism. But, this is a basic equation regarding the
general mathematics of plane-waves; not just quantum-waves, but anything that can be
mathematically described by plane-waves and superpositions of plane-waves...
This includes purely SR waves, an example of which would be EM plane-waves (i.e. photons)...
Invariant

W(t,r) = aeMi(k-r-wt)]: Standard mathematical plane-wave equation Vw:ﬁzﬁ%"n&

3-9=(3,/c)*-V-
aw(t,r)] = ofaeMi(k-r-wt)] ] = (-iw)[aeMi(k-r-wt)] ] = (-iw)y(t,r), or [6; = -iw]
VIw(t,r)] = V]ae?i(k-r-wt)] | = (ik)[ae?i(k-r-wt)] ] = (ik)w(t,r), or [V = iK] 4-WaveVector

K=(w/c=2Trv/c,k)=(w/c,wﬁ/vphase)
=(1/cF,n/A)=21(1/cT,A/A\)=(w./c?)

In the more economical SR notation:
JW(R)] = 9[ae(-IK-R)] = (-iIK)[ae*(-iIK-R)] = (-iIK)y(R), or in 4-Vector shorthand [0 = -iK]

This one is more of a mathematical empirical fact, but regardless, it is not axiomatic.
It can describe purely SR waves, again without any mention of QM.
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SR - QM 4-Vector SRQM Interpretation

Physiz4 SRQM: of QM
s Hold on, aren’t you getting the “0”
A Tensor Study from a QM AXiom? SciRégmg.a\cl)\ll.lLsoonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

SR 4-Vector SR Empirical Fact What it means...
4-Gradient d = (d/c,-V) =-iIK 4D Gradient Operator

[0 = (d/c,-V)] is the SR 4-Vector Gradient Operator. It occurs in a purely relativistic context
without ever mentioning QM.

o-X = o¥n X' = (0d/c,-V)(ct,x) = (a/c[ct] - (-V-x)) = (@(t] + V-x) (1)+(3) =4
The 4-Divergence of the 4-Position gives the dimensionality of SpaceTime.

a[X] = &[X] = (d/c,-V)l(ct,x)] = (&/clct],-VIx]) = Diag[1,-15] = n™
The 4-Gradient acting on the 4-Position gives the Minkowski Metric Tensor

d-J = o'n, J = (d/c,-V)(pc.j) = (@/clpcl- (-V7)) = (@lp] + Vj) = 0

The 4-Divergence of the 4-CurrentDensity is equal to 0 for a conserved current. It can be
rewritten as (&{p] = - V-j), which means that the time change of ChargeDensity is balanced
by the space change or divergence of CurrentDensity. It is a Continuity Equation, giving
local conservation of ChargeDensity. It is related to Noether's Theorem.
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SR 4-Vector SR Empirical Fact What it means...
4-(Position)Gradient dr = 9 = (d/c,-V) =-iIK 4D Gradient Operator

Klein-Gordon Relativistic Quantum Wave Equation
9-9[W¥] = -(moc/h) [W]= -(wo/c)[W]

Relativistic Euler-Lagrange Equations
dr[L] = (d/d1)dy[L]: {particle format}
Ol L] = (9r) Fagon[L]: {density format}

[0 = (d/c,-V)] is the SR 4-Vector (Position)Gradient Operator.

It occurs in a purely relativistic context without ever mentioning QM.

There is a long history of using the gradient operator on classical physics functions, in this
case the Lagrangian. And, in fact, it is another area where the same mathematics is used in
both classical and quantum contexts.
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AA SRQM Diagram:
LA RoadMap of SR—-QM
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The QM Schrédinger Relation
P =iho

0-R=4

ProperTime J"A'-0"A*=F""
This is derived from the v ) .
combination of: d"[R"]=n* SpaceTl_me

L
4;D=()((S:i,[ti:,))n U-d[..] LEENE EM Faraday
Minkowski Dimensio d/dtl[.. 4-Tensor
The Einstein-de Broglie Relation 4-Velocity
g U-d=d/dt U=’Y(C,U)

4-Gradient Proper Time =

Complex Plane-Waves A P

K=io 6=(d/c,-V) Derivative R=®_ .. @ "H” -
) : R=S %

P = (Efc,p) = ihd = iR(d/c, @ 4-EMVectorPotential

< Wave Velocit @ anCE)

_ ave velocity
-a[(D . a[Saction,free gmup* phase= / E=mc2 EM @

These are the standard QM . Complex ‘a[SacﬁOHFPT Charge |l
Schradinger Relations. -| Elang-WaveS W - » i |' -

=1

: : ; J0=-iK = - i
It is this Lorentz Scalar Invariant A-WaveVector - 4-Momentum P_= (P+Q) 4 Pgtentlall\fomentum
relation (ih) which connects the K=(w/c,k) SelE P=(mc,p)=(E/c,p) IeSELL) Q=(V/c,q)=q(o/c,a)
4-Momentum to the 4-Gradient, ’ P = hK Minimal Coupling
making it into a QM operator. K = P/h P=(P,.-qA) e
1/
Note that these 4-Vectors are (z iR E) (v)
already connected in multiple 4-TotalMomentum
ways in standard SR. Schrodi Relati — —
’ Poing P =(E Jc,p,)=((E+q0)/c,p+qa)

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar

Existing SR Rules
Quantum Principles

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S,
, , = (Vo, orentz Scala
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“—+ Review of SR 4-Vector Mathematics s«
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A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
4-Gradient @ = (d/c,-\) 9-9 = (a/c) - V-V = -(wo/c)?
4-Position X = (ct,x) X-X = ((ct)? - x-x) = (ct,)* = (ct)*: Invariant Interval Measure
4-Velocity U = y(c,u) U-U = y?(c? - u'u) = (c)?

4-Momentum P = (E/c,p) = (Eo/c?)U P-P = (E/c)? - p-p = (EJ/c)?
4-WaveVector K = (w/c,k) = (wo/c>)U KK = (w/c)* - k'k = (w./c)?

o-X = (d/c,-V)(ct,x) = (8/c[ct]-(-Vx)) = 1-(-3) = 4: Dimensionality of SpaceTime

U-0 = y(c,u)(d/c,-V) = y(drtu-V) = y(d/dt) = d/dx: Derivative wrt. ProperTime is Lorentz Scalar
d[X] = (d/c,-V)(ct,x) = (8/c[ct],-V[x]) = Diag[1,-1] = n*:  The Minkowski Metric

o[K] = (d/c,-V)(w/c,k) = (8/c[w/c],-VIK]) = [[0]]

K-X = ( )-(ct, ) = (wt - kx) = @: Phase of SR Wave

JK-X] = a[K] X+K -0[X] = K = -9[q]: Neg 4-Gradient of Phase gives 4-WaveVector
(0-9)[K-X] = ((8/c)* - V-V)(wt - kx) =0

(0-9)[K-X] = 0-(9[K-X]) = 9-K = O: Wave Continuity Equation, No sources or sinks
let f = ae”b(K-X): Standard mathematical plane-waves if { b = -i }
then d[f] = (-iIK)ae?-i(K-X) = (-iIK)f: (9 = -iK): Unitary Evolution, Operator Formalism

and 9-9[f] = (-))*(K-K)f = -(w./c)f:

(0-9) = (8/c)?* - V-V = -(w./c)*: The Klein-Gordon Equation — RQM

Note that no QM Axioms are assumed: This is all just pure SR 4-vector (tensor) manipulation
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AA SRQM:
~“—+¢ Review of SR 4-Vector Mathematics s«

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Klein-Gordon Equation: 8:9 = (d/c)* - V-V = -(m.c/h)* = -(w./c)* = -(1/Ac)

Let Xr = ( %), then 9[X+] = (d/c,- vV )( ) = Diag[1, ' -] =9[X] = n~
so d[X+] = 9[X] and 9J[K] = [[0]]

let f = ae™-i(K-Xy), the time translated version
(0-0)[f]

a-([f])

9-(d[e™-i(K-Xr)])

o0-(e™-i(K-Xr)d[-i(K-Xr1)])

-io-(fo[K-X1])

-ig[flo[K-X+])+¥(2-9)[K-Xq])

(-i)*f(O[K-X+])* + O

(-i)*f(A[K]-Xr + K-9[X1])*

(-i)*f(0+K-a[X])*

(<i)*f(K)*

-(K-K)f

-(wo/c)*f

SR 4-Tensor SR 4-Vector

2,0)-Te o 1,0)-Te V=V SR 4-Scalar : .
(1,§)_Tgn:0”f$g or T,y (1 Dy Tensor " = OneF(Z,,,‘Q (USSISEEEY | SRQM: A treatise of SR—QM by John B. Wilson

orentz Scala
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SR - QM 4-Vector SRQM Interpretation

Ph)z* SRQM: of QM
4, What does the Klein-Gordon Equation give us? __ .
Aarsuy A lot of RQM! G

Relativistic Quantum Wave Equation: -8 = (8/c)? - V-V = -(m.c/h)? = (im.c/h)? = -(w./C)?

The Klein-Gordon Eqn is itself the Relativistic Quantum Equation for spin=0 particles (4-Scalars)
Factoring the KG Eqgn leads to the RQM Dirac Equation for spin=1/2 particles (4-Spinors)
Applying the KG Eqn to a 4-Vector field leads to the RQM Proca Equation for spin=1 particles (4-Vectors)

Taking the low-velocity-limit of the KG leads to the standard QM non-relativistic Schrodinger Eqgn, for spin=0
Taking the low-velocity-limit of the Dirac leads to the standard QM non-relativistic Pauli Egn, for spin=1/2

Setting RestMass {m, — 0} leads to the RQM Free Wave Eqn., Weyl Eqn., and Free Maxwell ( Standard EM) Eqn.

In all of these cases, the equations can be modified to work with various potentials by using more
SR 4-Vectors, and more empirically found relations between them, e.g. the Minimal Coupling Relations:
4-TotalMomentum P_= P + gA, where P is the particle 4-Momentum, (q) is a charge, and A is a 4-VectorPotential,

typically the 4-EMVectorPotential.

Also note that generating QM from RQM (via a low-energy limit) is much more natural than attempting to “relativize or
generalize” a given NRQM equation. Facts assumed from a non-relativistic equation may or may not be applicable to
a relativistic one, whereas the relativistic facts are still true in the low-velocity limiting-cases. This leads to the idea
that QM is an approximation only of a more general RQM, just as SR is an approximation only of GR.

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,1()_Tgn:§f%: i (SRR (TSEmMr sy | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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Physics of QM
! SRQM:
g [
@ - - - SciRealm.org
elativistic Quantum Wave Eqns. . &
A Tensor Study u SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
Spin-(Statistics) Relativistic Light-like Relativistic Matter-like Non-Relativistic Limit (Jv|<<c) Field
Bose-Einstein=n Mass =0 Mass >0 Mass >0 Representation

Fermi-Dirac=n/2

0-(Boson) Free Wave Klein-Gordon Schrodinger Scalar
N-G Bosons Higgs Bosons, maybe Axions Common NRQM Systems (0-Tensor)
Y = YIKXY]
(e-o)¥ =0 (8- + (moc/h)? Y)W = [9,+imc/h]["-im,c/M]W =0 (ihe+[M?VZ2mo-V)W = 0 = Y]
with minimal coupling with minimal coupling
((ihd; -q@)* -(Moc?)? - *(-iNV -ga))W¥ = 0 (ihdy — q@ -[(p-ga)?i2m,)¥ =0

?Axions? are KG with EM invariant src term
(8- + (Mao)? )W = -ke-b = -kcSqrt[Det[F"]]

L = (-h*/m,)0"¥*9, W-m,c>P*W

1/2-(Fermion) Weyl Dirac Pauli Spinor
Idealized Matter Neutinos Matter Leptons/Quarks Common NRQM Systems w Spin W = WK,X"
= W[o]
(o-0)W=0 (iy-0 - mec/R)W =0 (ihd = [(o-p)?]12m)W¥ = 0
factored to (y-0 + imec/h)¥W =0 with minimal coupling
Right & Left Spinors (ihd: - g — [(o(p-qa))’l/2m,)W¥ = 0
(0-0)Wr=0, (0-0)¥W.=0 with minimal coupling

_ (iy-(@+igA) - mec/MW = 0
L = iWira*0Wr, L = i 0"5,W, o -
L = ihcWPy"3,¥- m,c*PW

1-(Boson) Maxwell Proca 4-Vector
Photons/Gluons Force Bosons (1-Tensor)
A = A" = A'IK XM
(0-90)A =0 free (0-9 + (moc/hy*)A=0 = A'[P]
where 0-A =0

(0-9d)A = uoJ w current src
where 8-A =0 P(@'A-"AM)+(moc/h) A =0

(8-9)A = u.ePvV'W QED
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Wi SRQM:

~—s¢ Factoring the KG Equation - Dirac Eqn e

John B. Wilson
A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Klein-Gordon Equation: 8@ = (d/c)? - V-V = -(m.c/h)?

Since the 4-vectors are related by constants, we can go back to the 4-Momentum description/representation:
(@dc)*- V-V = -(mec/h)?

(E/c)*- prp = (Moc)?

E% c?prp - (M,c?)? =0

Factoring: [E-cap-B(M,c)][E+cap+B(m,c)]=0

E & p are quantum operators,

a & B are matrices which must obey o = -a, aa = -aa, a’=p*=1

The left hand term can be set to 0 by itself, giving...

[E-cap-B(m.c?) ] =0, which is the momentum-representation form of the Dirac equation

Remember: P* = (p°,p) = (E/c,p) and o = (a°,a) where a° = I
[E-cap-B(mc’)]=[ca’’-cap-B(mc’)]=[caP,-B(mc’)]=0
[o"Py - B(mec) | = [ih a"0, - B(moc) ] =0

a"d, = - B(im.c/h)

Transforming from Pauli Spinor (2 component) to Dirac Spinor (4 component) form:
Dirac Equation: (y"d,)[w] = -(im.c/h)y

Thus, the Dirac Eqn is guaranteed by construction to be one solution of the KG Eqn

The KG Equation is at the heart of all the various relativistic wave equations, which differ based on mass and spin values,

but all of them respect E*- c?p-p - (m.c?)? =0
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AA SRQM Study: o
: Lots of Relativistic Quantum Wave Equations
A Tensor Study A Iot Of RQM! SciRégmgé\cl)\ll.iLSoonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Relativistic Quantum Wave Equation: 9-9 = (d/c)? - V-V = -(m.c/h)? = (imoc/h)? = -(wo/c)?
9-9 = -(Myc/h)?

The Klein-Gordon Eqn is itself the Relativistic Quantum Equation for spin=0 particles {Higgs} (4-Scalars)
Factoring the KG Eqn (“square root method”) leads to the RQM Dirac Equation for spin=1/2 particles (4-Spinors)
Applying the KG Egn to a SR 4-Vector field leads to the RQM Proca Equation for spin=1 particles (4-Vectors)

Setting RestMass {m, — 0} leads to the:

RQM Free Wave (4-Scalar massless)

RQM Weyl (4-Spinor massless)

Free Maxwell Eqns (4-Vector massless) = Standard EM

So, the same Relativistic Quantum Wave Equation is simply applied to different SR Tensorial Quantum Fields
See Mathematical _formulation_of the Standard Model at Wikipedia:

4-Scalar (massive) Higgs Field ¢ [0-0 = -(m.c/h)’]@ Free Field Eqn—Klein-Gordon Eqgn 2-9[@] = -(M.c/h)’@
4-Vector (massive) Weak Field Z*,W* [8-9 = -(m.c/h)*]Z" Free Field Eqn—Proca Eqgn 9-9[Z"]= -(m.c/h)’Z"
4-Vector (massless m,=0) Photon Field A" [0-0 = O]A*" Free Field Eqn—EM Wave Eqgn d-d[A¥]= 0"

4-Spinor (massive) Fermion Field w [y-0 = -im,c/h]¥Y Free Field Eqn—Dirac Eqn y-9[W]= -(im.c/h)¥

*The Fermion Field is a special case, the Dirac Gamma Matrices y" and 4-Spinor field ¥ work together to preserve Lorentz Invariance.

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,§)_Tgn:0”f$p§ or T,y COASIMIAIEY (TR ol | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Relativistic Quantum Wave Equation: 9-@ = (8/c)? - V-V = -(m,c/h)? = (im.c/h)? = -(w./c)?
90 = -(mc/h)?

(6-9)AY = 0v: The Free Classical Maxwell EM Equation {no source, no spin effects}
(0-0)AY = p_JV: The Classical Maxwell EM Equation {with 4-Current J source, no spin effects}
(0-9)A' = q(y v @): The QED Maxwell EM Spin-1 Equation {with QED source, including spin effects}

So, the same Relativistic Quantum Wave Equation is simply applied to different SR Tensorial Quantum Fields
See Mathematical_formulation_of the Standard Model at Wikipedia:

4-Scalar (massive) Higgs Field @ [0-0 = -(m.c/h)?]p Free Field Eqn—Klein-Gordon Eqgn 2-9[¢] = -(m.c/h)?p
4-Vector (massive) Weak Field Z*,W*  [9-d = -(m.c/h)?]Z" Free Field Eqn—Proca Eqn 9-9[Z"]= -(m.c/h)?Z"
4-Vector (massless m,=0) Photon Field A" [0-@ = O]A* Free Field Eqn—EM Wave Eqgn d-d[A"]= 0¥

4-Spinor (massive) Fermion Field y [y-@ = -im,c/h|W Free Field Eqn—Dirac Eqn y-o[W]= -(im.c/h)W

*The Fermion Field is a special case, the Dirac Gamma Matrices y* and 4-Spinor field W work together to preserve Lorentz Invariance.
We can also do the same physics using Lagrangian Densities.

Proca Lagrangian Density L = -(1/2)(8,B*,-0,B*,)(6"B"-0"B*)+(m.c/h)’B*,B" : with B = (¢/c,a)[(ct,r)] is a generalized complex 4-(Vector)Potential
KG Lagrangian Density L = -n*(3,y*-0\)-(moc/M)*w*y : with w = w[R] = w[(ct,r)]

Dirac Lagrangian Density L = g(y,P" - m.c/h)y : with y = a spinor y[(ct,r)]

QED Lagrangian Density L = y(ihy,D* - m.c)y-(1/4)F . F* : with D" = ¢ + igA* + iqB* and A*=EM field of the e-, B* = external source EM field

SR 4-Tensor

SR 4-Vector

SR 4-Scalar ) .
OBIEE® | SRQM: A treatise of SR—QM by John B. Wilson

orentz Scala

(2,0)-Tensor T (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T", or T, il SR 4-CoVector:OneForm

0,2)-Tensor T, 0,1)-Tensor V, = (Vo,-V
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In relativistic quantum mechanics and quantum field theory, the Bargmann—Wigner equations describe free particles of arbitrary spin j, an
integer for bosons (j = 1, 2, 3 ...) or half-integer for fermions (j = %, %, % ...). The solutions to the equations are wavefunctions,
mathematically in the form of multi-component spinor fields.

Bargmann—-Wigner equations: (-y*P, + mc)m,r Wat. or.azj = 0

In relativistic quantum mechanics and quantum field theory, the Joos—Weinberg equation is a relativistic wave equations applicable to free
particles of arbitrary spin j, an integer for bosons (j = 1, 2, 3 ...) or half-integer for fermions (j = %, %, 72 ...). The solutions to the equations
are wavefunctions, mathematically in the form of multi-component spinor fields. The spin quantum number is usually denoted by s in
quantum mechanics, however in this context j is more typical in the literature.

Joos—Weinberg equation: [y""*%-*3 P, Py, ... Py + (mc)A] W =0

The primary difference appears to be the expansion in either the wavefunctions for (BW) or the Dirac Gamma’s for (JW)

For both of these: A state or quantum field in such a representation would satisfy no field equation except the Klein-Gordon equation.
Yet another form is the Duffin-Kemmer-Petiau Equation vs Dirac Equation

DKP Eqgn {spin 0 or 1}: (ihf%. - m,c)¥ = 0, with B as the DKP matrices
Dirac Egn (spin %2}: (ihy°d4 - mec)W = 0, with y* as the Dirac Gamma matrices

SR 4-Tensor

SR 4-Vector

2,0)-Tensor T+ 1,0)-Té W=V = (V SR 4-Scalar ) :
(1 1( )-T«insor T, or T, (SR Zt-ggf}zrctor:onep(fm‘ﬁ) CORCEYERE® | SRQM: A treatise of SR—QM by John B. Wilson
0,2)-Tensor T,, 0,1)-Tensor V, = (Vo,-v orentz Scala
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: SRQM:
@ SciRealm.org
A few more SR 4-Vectors S i

of Physical 4-Vectors http://scirealm.org/SRQM.pdf
SR 4-Vector Definition Unites
4-Position R = (ct,r); alt. X = (ct,x) Time, Space
4-Velocity U =vy(c,u) Gamma, Velocity

4-Momentum P = (E/c,p) = (mc,p) Energy:Mass, Momentum

4-WaveVector K= (w/c,k) = (w/c,wﬁ/vphase) Frequency, WaveNumber

4-Gradient d = (d/c,-V) Temporal Partial, Space Partial
4-VectorPotential A = (¢/c,a) Scalar Potential, Vector Potential
4-TotalMomentum P, = (E/ctqg/c,ptga) Energy-Momentum inc. EM fields
4-TotalWaveVector K., = (w/ct(a/h)e/ck+(g/n)a) Freq-WaveNum inc. EM fields

4-CurrentDensity J=(cp,j)=qJ Charge Density, Current Density

prob

4-ProbabiltyCurrentDensity J = (cp ) QM Probability (Density, Current Density)

i)
can have complex values prob prob™“prob

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm | (0.0)-Tensor S or S,
0,2)-Tensor T, 0,1)-Tensor V, = (Vo,-V orentz Scala
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A

@

of Physical 4-Vectors

SR 4-Vector
4-Position
4-\elocity
4-Momentum
4-WaveVector
4-Gradient

4-VectorPotential
4-TotalMomentum
4-TotalWaveVector
4-CurrentDensity

4-Probability
CurrentDensity

4-Vector SRQM Interpretation
of QM

SRQM:
More SR 4-Vectors Explained _ i

Empirical Fact
R = (ct,r)

U =dR/dt

P = moU = (Eo/c?)U
K = P/h = (wo/c?)U
d = -iK

A = (p/c,a) = (¢./c*)U
Ptot =P+qA

K_ =K+ (/A
J=pU=0qJ
JJ =0

= (Cpprob’j

prob

)

prob prob

od =0

prob

http://scirealm.org/SRQM.pdf

What it means...
SpaceTime as Single United Concept

Velocity is Proper Time Derivative
Mass-Energy-Momentum Equivalence
Wave-Particle Duality

Unitary Evolution of States
Operator Formalism, Complex Waves

Potential Fields...
Energy-Momentum inc. Potential Fields
Freg-WaveNum inc. Potential Fields

ChargeDensity-CurrentDensity Equivalence
CurrentDensity is conserved

QM Probability from SR
Probability Worldlines are conserved
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Af Minimal Coupling = Potential Interaction

~“—¢ Klein-Gordon Eqn — Schrodinger Eqn s«
ATensor Study SciRealm@aol.com

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Pr=P+Q=P+gA

K=io
P = hK
P =iho
P=(E/cp) =Pr-gA =
d = (d/c,-V)=or+ (ig/h)A = (

83 = (3/c)? - V2 = -(muc/h)? :
P-P = (E/c)? - p* = (m,C)*:

E? = (m,c?)? +c’p?:
E ~ [ (m,c?) + p*/2m, ] :

(E+-q@)’ = (MoC?)* + c*(pr-qa)* :
(Er-q@) ~ [ (moc?) + (pr-ga)’/2m, | :

(ihdr-q@)* = (M.c?)* + c*(-ihVr-qa)?:

(ihdr-q@) ~ [ (Mc?) + (-ihVr-ga)?/2m, | :

(ihdr) ~ [ g +(Moc?) + (ihVr+qa)?/2m, ] :

(iNdy) ~ [ V + (inVr+qa)2/2m, ] :
(iRde) ~ [V - (WVr)2/2m, | :

(iNdr)|W> ~ [V - (WVr)22m, ]|¥> :

Minimal Coupling: Total = Dynamic + Charge_Coupled to 4-(EM)VectorPotential
Complex Plane-Waves

Einstein-de Broglie QM Relations

Schrédinger Relations

) = hK = ihd
) =-iK = (-ilh)P

The Klein-Gordon RQM Wave Equation (relativistic QM)
Einstein Mass:Energy:Momentum Equivalence

Relativistic
Low velocity limit { |v] << ¢ } from (1+x)" ~ [1 + nx + O(x?)] for |x|<<1

Relativistic with Minimal Coupling
Low velocity with Minimal Coupling

The better statement is that the Schrédinger Eqn is the
limiting low-velocity case of the more general KG Egn,
not that the KG Eqn is the relativistic generalization of
the Schrédinger Eqn

Relativistic with Minimal Coupling
Low velocity with Minimal Coupling

Low velocity with Minimal Coupling

V = q@ +(mc?)
Typically the 3-vector_potential a ~ 0 in many situations

The Schrodinger NRQM Wave Equation (non-relativistic QM)
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Klein-Gordon Equation: 8-@ = (d/c)* - V-V = (-im.c/h)? = -(m.c/h)* = -(w,/c)*
Once we have derived a RWE, what does it imply?

The KG Eqgn. was derived from the physics of SR plus a few empirical facts. It is a
2" order, linear, wave PDE that pertains to physical objects of reality from SR.

Just being a linear wave PDE implies all the mathematical techniques that have
been discovered to solve such equations generally: Hilbert Space, Superpositions,
<Bra|,|Ket> notation, wavevectors, wavefunctions, etc. These things are from
mathematics in general, not only and specifically from an Axiom of QM.

Therefore, if one has a physical RWE, it implies the mathematics of waves, the
formalism of the mathematics, and thus the mathematical Principles and
Formalism of QM. Again, QM Axioms are not required — they emerge from the
physics and math...

SR 4-Tensor

SR 4-Vector
2,0)-Tensor T* 1,0)-Te Vi=V SR 4-Scalar i -
(1, 1() TgnsorT orT,” (SRZl gzslzrctor OneF(zrr\:l) SRQM: A treatise of SR—>QM by John B. Wilson
2)- . 1)- - orentz Scala
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4-Vector SRQM Interpretation

A‘ SRQM:
£4, Once one has a Relativistic Wave Eqn... ...,

- - — __John B. Wilson
. Examine Photon Polarization ....orengsen
From the Wikipedia page on [Photon Polarization]

Photon polarization is the quantum mechanical description of the classical polarized sinusoidal plane electromagnetic
wave. An individual photon can be described as having right or left circular polarization, or a superposition of the two.
Equivalently, a photon can be described as having horizontal or vertical linear polarization, or a superposition of the
two.

The description of photon polarization contains many of the physical concepts and much of the mathematical machinery
of more involved quantum descriptions and forms a fundamental basis for an understanding of more complicated
quantum phenomena. Much of the mathematical machinery of quantum mechanics, such as state vectors, probability
amplitudes, unitary operators, and Hermitian operators, emerge naturally from the classical Maxwell's equations in the
description. The quantum polarization state vector for the photon, for instance, is identical with the Jones vector, usually
used to describe the polarization of a classical wave. Unitary operators emerge from the classical requirement of the
conservation of energy of a classical wave propagating through lossless media that alter the polarization state of the
wave. Hermitian operators then follow for infinitesimal transformations of a classical polarization state.

Many of the implications of the mathematical machinery are easily verified experimentally. In fact, many of the
experiments can be performed with two pairs (or one broken pair) of polaroid sunglasses.

The connection with quantum mechanics is made through the identification of a minimum packet size, called a photon,
for energy in the electromagnetic field. The identification is based on the theories of Planck and the interpretation of
those theories by Einstein. The correspondence principle then allows the identification of momentum and angular
momentum (called spin), as well as energy, with the photon.

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,§)_Tgn:0”f$p§ or T,y COASIMIAIEY (TR ol | SRQM: A treatise of SR—QM by John B. Wilson
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gﬁy;chM A S RQ M : 4-Vector SRQM Interpre;?téol\;
Ai Principle of Superposition:

John B. Wilson

Alensorstudy From the mathematics of waves .., srenemsen

Klein-Gordon Equation: 9:9 = (d/c)* - V-V = (-im.c/h)? = -(m,c/h)? = -(wo/c)

The Extended Superposition Principle for Linear Equations

Suppose that the non-homogeneous equation, where L is linear, is solved by some particular u,
Suppose that the associated homogeneous problem is solved by a sequence of u..

L(u,)=C; L(u)=0, L(uy)=0, L(uz)=0 ...

Then u, plus any linear combination of the u, satisfies the original non-homogeneous equation:
L(u, + 2 a, u,) = C,

where a, is a sequence of (possibly complex) constants and the sum is arbitrary.

Note that there is no mention of partial differentiation. Indeed, it's true for any linear equation,
algebraic or integro-partial differential-whatever.

QM superposition is not axiomatic, it emerges from the mathematics of the Linear PDE
The Klein-Gordon Equation is a 2™-order LINEAR Equation.
This is the origin of superposition in QM.

SR 4-Tensor SR 4-Vector TG
2,0)-Tensor T+ 1,0)-Té W=V = (V -Scalar ; -
e COASIMIAIEY (TR ol | SRQM: A treatise of SR—QM by John B. Wilson

(1,1)-Tensor T", or T,

0,1)-Tensor V, = (Vo,-V orentz Scala
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4-Vector SRQM Interpretation

gﬁjé SRQM: of QM
LA Klein-Gordon obeys

John B. Wilson

] ] ] ] .
A Tonor S s Principle of Superposition o Gesteon

Klein-Gordon Equation: 2-0 = (8/c)* - V-V = (-im.c/h)? = -(mec/h)* = -(w,/C)*

K-K = (w/c)? - k-k = (w./c)*: The particular solution (w rest mass)
KoK, = (wn/c)? - ka'kn = 0 : The homogenous solution for a (virtual photon?) microstate n
Note that K, K, = 0 is a null 4-vector (photonic)

Let W, = Ae?-i(K-X), then 8-9[¥,] = (-)2(K-K)W, = -(w./c)*W¥,
which is the Klein-Gordon Equation, the particular solution...

Let W, = Ase?-i(Kq'X), then 9:9[W,] = (-)*(Kn'Kn)Wn = (0)W,
which is the Klein-Gordon Equation homogeneous solution for a microstate n

We may take W =W, + 2, ¥,

Hence, the Principle of Superposition is not required as an QM Axiom, it follows from SR and our empirical facts which
lead to the Klein-Gordon Equation. The Klein-Gordon equation is a linear wave PDE, which has overall solutions
which can be the complex linear sums of individual solutions — i.e. it obeys the Principle of Superposition.

This is not an axiom — it is a general mathematical property of linear PDE's.

This property continues over as well to the limiting case { |v|<<c } of the Schrédinger Equation.

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar - :
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4-Vector SRQM Interpretation

gﬁjé SRQM: of QM
LA QM Hilbert Space:

John B. Wilson

Alensorsudy From the mathematics of waves ....cnesz=n

Klein-Gordon Equation: 9:9 = (d/c)* - V-V = (-im.c/h)? = -(m,c/h)? = -(wo/c)?

Hilbert Space (HS) representation:

if |[¥Y> € HS, then c|¥> € HS, where c is complex number

if |¥Y+> and |W>> € HS, then |W>+|W,> € HS

if |L|J> = C1|LP1>+C2|LP2>, then <(D|L|J> = C1<CD|L|J1>+C2<CDILP2> and <L|J| = C1*<L|J1|+C2*<LP2|
<P|P> = <Y |D>

<Y|¥>>=0

if <W|W> =0, then |¥>=0

etc.

Hilbert spaces arise naturally and frequently in mathematics, physics, and engineering, typically as infinite-
dimensional function spaces. They are indispensable tools in the theories of partial differential equations, Fourier
analysis, signal processing, heat transfer, ergodic theory, and Quantum Mechanics.

The QM Hilbert Space emerges from the fact that the KG Equation is a linear wave PDE — Hilbert spaces as
solutions to PDE's are a purely mathematical phenomenon — no QM Axiom is required.

Likewise, this introduces the <bral,|ket> notation, wavevectors, wavefunctions, etc.

Note:

One can use Hilbert Space descriptions of Classical Mechanics using the Koopman-von Neumann formulation.
One can not use Hilbert Space descriptions of Quantum Mechanics by using the Phase Space formulation of QM.
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SR - QM 4-Vector SRQM Interpretation

T e SRQM Study:

“# .6 Canonical Commutation Relation:

sy Viewed from standard QM
Standard QM Canonical Commutation Relation: . 1 = j

The Standard QM Canonical Commutation Relation is simply an
axiom in standard QM.
It is just given, with no explanation. You just had to accept it.

| always found that unsatisfactory.

There are at least 4 parts to it:

Where does the commutation ([ , ]) come from?

Where does the imaginary constant (i) come from?

Where does the Dirac:reduced-Planck constant (h) come from?
Where does the Kronecker Delta (§) come from?

See the next page for SR enlightenment...

The SR Metric is the source of “quantization”.

SR 4-Tensor

SR 4-Vector

SR 4-Scalar

OBIEE® | SRQM: A treatise of SR—QM by John B. Wilson
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gﬁy;CSQM S RQ M D iag ram : 4-Vector SRQM Interpre;?t(igohr/}
“# <o Canonical QM Commutation Relation _
e Derived from standard SR

o= — 0 X=0, X"=4 , LOI’GF'I’[Z ’ [au’XV]=au[xv]=nuv
: SpaceuTime a[X"]=0X" [oX'=N\", [8.X]=8[X]=n""
4-Displacement g

AX=(cAt,Ax) [Dimension Transform —Diag[1,-1,-1,-1]=Diag[1,-8"]

Let (f) be an arbitrary SR function
X[f] = Xf, af[f] = o[f]
X, function or not, has no effect on (f)

0=d| ] is definitely an SR function:operator gt dix A 4 Gradiont Non_ze:\gi%l?%v;ﬁtg%;ic%laﬁon
X[a[f]] = Xaf] az(arte;c,l_evn) = via natural SR 4-Gradient
d[Xf] = o[X]f + X|[f] ’

3[Xf] - Xa[f] = A[X]f ®  poperTime -[K-X con.

a[X[ﬂ] - X[a[ﬂ] = a[X]f ) ) Derivative Proper Time " Plane-waves

Recognize this as a commutation relation U-9=d/dt=yd/dt - K=io

[ 0 , X ]f = a[X]f Derivative

[0,X]=0[X] Manifestly Invariant 4-WaveVector i[9, X]=[i0,X]=[K,X]=in"

= 0"[X] K=(wick) Non-Zero Commutation Relation
= )(ct,x)] . via SR 4-WaveVector
’ ’ Wave Velocity
= ( 3 )[( ) )] ngup* phase=02 : _
= Diag{1, } = Diag[1,-5"] U=y(c,u) Eo/w, Einetgl Eo/wo
= n" = Minkowski Metric ®------ > gl

[0",X"] =n" Tensor form:true for all observers : —
[P*,X"] = ihn* Also true from empirical constants (i),(h) 4-Momentum [ihd, X]=["K,X]=[P X]=ihn

[p*,x] = -ind" [p°x°] = [Elc,ct] = [E,t] = ih P=(r=nc_:é[[)%=(E/]C,p) Non-Zero Commutation Relation

S eitar ] . T via SR 4-Momentum
_ osition:Momentum — ime:Energy . — .
[X',p] = iN&"™ o Commutation Relation [HE] = =INCT) onlcammuiEio {P = hK} and {K = id} are empirical SR relations

action

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V* = V = (V°,v)

1,1)-Tensor T", or T, il SR 4-CoVector:OneForm
0,2)-Tensor T, 0,1)-Tensor V, = (Vo,-V

SR 4-Vector

Trace[T"] = N T =TH =T

(0.0 Tonsor S or S EIETTrrr VAV = VL = (V)2 - vev] = (o
,U)-lensor S or oo . . = v = o = -
orentz Scala Quantum Principles = Lorentz Scalar

(
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SR - QM 4-Vector SRQM Interpretation

o SRQM Study:
“#+s0 Canonical Commutation Relation: . .
A Tersor LY s Viewed from SRQM s caim@astcon

Standard QM Canonical Commutation Relation: [X,p*] = ih

As we have seen, this relation is generated from simple SR math.
[0, X]=[0"X"]=0[X] = d"[X"] = (d/c,-V)[(ct,x)] = (d/c, )(ct, )] = Diag{1, } = Diag[1,-0"] = n* = Minkowski Metric

[0",X"] = n™
[P*,X"] = ihn" : This is the more general 4D version, with the Standard QM version being just the

One of the great misconceptions on modern physics is that since QM is about “tiny” things, that ALL things should be built up from it.
That paradigm of course works well for many things:

Compounds are built-up from smaller molecules.

Molecules are built-up from smaller elements.

Elements are built-up from smaller atoms.

Atoms are built-up from smaller protons, neutrons, and electrons.

Protons and neutrons are built-up from smaller quarks.

And all experiments to-date show that electrons and quarks appear to be point-like, with wave-type properties giving extent.

So, one can mistakenly think that “SpaceTime” must be made up of smaller “quantum” stuff as well.

However, that is not what the math says. The “quantization” paradigm doesn’t apply to SpaceTime itself, just to <events>.

All of the “quantum”-sized things above, electrons and quarks, are material things, <events>, which move around “within” SpaceTime.
Their “quantization” comes about from the properties of the math and metric of SR.

The math does *NOT™* say that SpaceTime itself is “quantized”. It says that SR Minkowski SpaceTime is the source of “quantization”.

SR 4-Vector

SR 4-Tensor

2,0)-Tensor T+ 1,0)-Té W=V = (V SR 4-Scalar ) :
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SR —- QM

Wi SRQM Study:
_— 4-Position and 4-Gradient

of Physical 4-Vectors

GEE'D)

Invariant Calculus
4-Displacement dR-9 = (cdt,dr)-(d,/c,-V)
AR=(cAt,Ar) dRMn,(¢") = dR¥(9,) = dR¥(d/0R¥) = (dto,+ dr-V)
=dt(a/ot)+dx(d/ox)+dy(d/dy)+dz(d/dz)
Total Derivative Chain Rule

SR:
Lorentz
Transform

Minkowski bt bkl
Metric AR] = ORTIGRT =N paceTime SRQM:

OR=8.R" =4 Tensor Zero
NNy =1ty =8 Dimerwsion Exterior Product
NN’y = Nap 3R = #R-O'R
: Det[A])? = 1 = WY = O
= Diag[1,-¢' — TA-
{in Cartegign fo?m}:’l Ny = (A 1)"”
"Particle Physics” Convention Ao\ =4
{Nu} = 14"}
Trin"]1 =4

9[R] = &R’ =

—Diag[1,-1,-1,-1]

Rotations
Boosts
CPT

SR 4-Tensor
(2 0)-Tensor T+

il

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

nvariant d’Alembertian
Wave Equation
0:9=(0, /c)z-V-V=(6r [c)?
-Gradient
9=a"=(0/c,-V)
=(at/c,-ax,-ay,-az)
=d/0R

SRQM:
Non-Zero
Commutation
[0,R] = [¢",R"]
=0"R"-R"o"
= r]“v

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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SR —- QM

4-Vector SRQM Interpretation

Physics N S RQM : of QM

o—e

A Tensor Study
of Physical 4-Vectors

Heisenberg Uncertainty { 0%.0% } >= (1/2)|<[A,B]>| }
arises from the non-commuting nature of certain operators.

The commutator is [A,B] = AB-BA, where A & B are functional “measurement” operators.
The Operator Formalism arose naturally from our SR — QM path: [ d = -iK ].

The Generalized Uncertainty Relation: ofo,” = (AF) * (AG) >= (1/2)|( i[F,G] )|

The uncertainty relation is a very general mathematical property, which applies to both
classical or quantum systems. From Wikipedia: Photon Polarization: "This is a purely
mathematical result. No reference to a physical quantity or principle is required.”

The Cauchy—Schwarz inequality asserts that (for all vectors f and g of an inner product
space, with either real or complex numbers):

ofoy =[(f|f)(glgN>=[(flg)P

But first, let's back up a bit; Using standard complex number math, we have:
z=a+ib

z*=a-ib

Re(z) =a = (z + z*)/(2)

Im(z) = b = (z - z*)/(2i)

z'z =z’ = a® + b’ = [Re(2)f’ + [Im(2)]* = [(z + z*)/(2)F + [(z - z*)/(2i)F

or

z* = [z + Z*)/2)F + [(z - *)/(2])]

Now, generically, based on the rules of a complex inner product space we can arbitrarily
assign:
z=(flg) z=(gl|f)

Which allows us to write:
[KFIg)P =[((flg)+ (gl )P +[(flg)-{glf)EF

*Note* This is not a QM axiom - This is just pure math. At this stage we already see the
hints of commutation and anti-commutation.
It is true generally, whether applying to a physical or purely mathematical situation.

Heisenberg Uncertainty Principle:
Viewed from SRQM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

We can also note that:
[f)=F|¥)and|g)=G|¥)

Thus,
ICFIgP=[((WIF* Gl W)+ (WIG*F|W))(2F +[((WI|F* G| W)- (W |G*F|W))(2)]

For Hermetian Operators...
F*=+F G*=+G

For Anti-Hermetian (Skew-Hermetian) Operators...
F*=-F, G*=-G

Assuming that F and G are either both Hermetian, or both anti-Hermetian...
[CFIg )PP =[((WI@)FGIW ) + (W |()GF| W))2)F + [(( W |@)FC| W) - (W |(£)GF| ¥ ))/(2i)]*
ICFIg)P = [@)((WIFGIW ) + (W IGF| W))(2)F + [(£)(( ¥ [FG| W> - (W |GF| W ))/(2i))*

We can write this in commutator and anti-commutator notation...
|CF1 @)l = [(£)(( W {R.GY W)H)R)F + [(2)(( W I[F.G]l W))/(2)F

Due to the squares, the (z)'s go away, and we can also multiply the commutator by an ( i?)
|CF 1)l = [(CW {R.GY W))2F + [(( W [IIFG]| W ))2]
ICF 1 g)F = [(C{F,G}))2) + [(CilF,G] )2

The Cauchy—Schwarz inequality again...
ofog =[(fIf)(glg)l >= |(f]g)I” = [(({FG}))/2]* + [((ilF,G] ))/2]*

Taking the root:
ofoy® >= (1/2)|(i[F,G] )|

Which is what we had for the generalized Uncertainty Relation.
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SR - QM 4-Vector SRQM Interpretation

Ph24 SRQM: .
A} Heisenberg Uncertainty Principle:

John B. Wilson

Qf-ll-gr?;;rc;tz(-j\sllectors S I m u Ita n e O u s Vs S e q u e n t I a I http://scirgglinlj.eglgn;é@l/?a(gll\-/ﬁgm‘

Heisenberg Uncertainty { 0%x0% >= (1/2)|<[A,B]>| } arises from the non-commuting nature of certain operators.
[0",X"] = 9[X] = n* = Minkowski Metric
[P¥,X"] = [ihe",X"] = ih[e",X"] = iAN™

Consider the following:

Operator A acts on System |W> at SR Event A: A|WY> —|¥'>
Operator B acts on System |¥'> at SR Event B: B|Y'> —|¥">
or BA|W> = B|W¥'> = |[Y">

If measurement Events A & B are space-like separated, then there are observers who can see {A before B, A
simultaneous with B, A after B}, which of course does not match the quantum description of how Operators act on
Kets

If Events A & B are time-like separated, then all observers will always see A before B. This does match how the
operators act on Kets, and also matches how |W> would be evolving along its worldline, starting out as |¥>,
getting hit with operator A at Event A to become |¥'>, then getting hit with operator B at Event B to become |¥">.

The Uncertainty Relation here does NOT refer to simultaneous (space-like separated) measurements, it refers to
sequential (time-like separated) measurements. This removes the need for ideas about the particles not having
simultaneous properties. There are simply no “simultaneous measurements” of non-zero commuting properties
on an individual system, a single worldline — they are sequential, and the first measurement places the system in
such a state that the outcome of the second measurement will be altered wrt. if the order of the operations had
been reversed.

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-T VE=V = (VY SR 4-Scalar ; :
(1,‘?)-T<;nsor T or T, (SR Zl-nglzrctor:Oneézrr\:n) (0,0)-Tensor S or S, SRQM: A treatise of SR—QM by John B. Wilson
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SR - QM 4-Vector SRQM Interpretation
Physics A S RQ M . of QM
u

Ai Pauli Exclusion Principle:
@ SciRealm.org

s REQUIres SR for the detailed explanation  .caneie

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The Pauli Exclusion Principle is a result of the empirical fact that nature uses identical (indistinguishable) particles, and this
combined with the Spin-Statistics theorem from SR, leads to an exclusion principle for fermions (anti-symmetric, Fermi-
Dirac statistics) and an aggregation principle for bosons (symmetric, Bose-Einstein statistics). The Spin-Statistics Theorem
is related as well to the CPT Theorem.

For large numbers and/or mixed states these both tend to the Maxwell-Boltzmann statistics. In the {kT>>(e-u)} limit, Bose-
Einstein reduces to Rayleigh-Jeans. The commutation relations here are based on space-like separation particle
exchanges. Exchange operator P, P2 = +1, Since two exchanges bring one back to the original state. P thus has two
eigenvalues ( =1 ) and two eigenvectors { |[Symm> , |[AntiSymm> }

P|Symm> = +|Symm>

P|AntiSymm> = -|AntiSymm>

Spin-Symmetry Particle Type Quantum Statistics Classical { kT>>(g-p) }

spin:(0,1,...,N) Indistinguishable, Bose-Einstein: Rayleigh-Jeans: frome*~ (1 +x +...)
bosons Commutation relation ni=gi/[e&*-1] ni=gi/ [ (&-u)/KT]
symmetric [a,b] = ab-ba = -[b,a] = constant aggregation principle

(ab =ba) if commutes

| Limit as e&WkT >>1 |

Multi-particle Mixed Distinguishable, or high temp, or Maxwell-Boltzmann: Maxwell-Boltzmann:
low density n=g/[es" +0 ] ni=gi/[e& ]

1 Limit as e&WkT >>1 ¢
spin:(1/2,3/2,...,N/2) Indistinguishable, Fermi-Dirac:
fermions Anti-commutation relation n=gi/[e&Wk +1]

anti-symmetric {a,b} = ab+ba = +{b,a} = constant exclusion principle
(ab = - ba) if anti-commutes
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SR - QM 4-Vector SRQM Interpretation

AA SRQM:
24, 4-Vectors & Minkowski Space Review

SciRealm.org

John B. Wilson
T Sl o Complex 4-Vectors N
Complex 4-vectors are simply 4-Vectors where the components may be complex-valued
A=A =(a%a) = (@’ ) — (a, )
B = B" = (b°b) = (b°, ) — (0} )

Examples of 4-Vectors with complex components are the 4-Polarization and the 4-
ProbabilityCurrentDensity

Minkowski Metric g"' — n"' = n, — Diag[1, ] = Diag[1,-1.],
which is the {curvature~0 limit = low-mass limit} of the GR metric g"".

Applying the Metric to raise or lower an index also applies a complex-conjugation *

Scalar Product = Lorentz Invariant — Same value for all inertial observers
AB=n A'B'=A'B'=AB*= (@”*b® — a*-b) using the Einstein summation convention

This reverts to the usual rules for real components
However, it does imply that A-B = B-A

SR 4-Tensor SR 4-Vector

2,0)-T Thv 1,0)-T VE=V = (VY SR 4-Scalar . .
(1,1()_Tgn:§f%: i (SRR (TSEmMr sy | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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gﬁy;chM A S RQ M : 4-Vector SRQM Interpre;?gol\r/l’n
i CPT Theorem

@ — P h C t- L t I m SciRealm.org
John B. Wilson
Aonsor Study dse Lonnection, Lorentz invariance SoiRaomn B ison
of Physical 4-Vectors http://scirealm.org/SRQM.pdf
The Phase is a Lorentz Scalar Invariant — all observers must agree on its value. J'R=4 a[R]zan_)Diag[»] -1 -1 _1] 4-Gradient
K-X = (w/c,k)(ct,x) = (wt — k-x) = -®: Phase of SR Wave — . =P 2 _
(wle.ky(ctx) = ¢ ) Minkowski Metric 0=(9/c,-V)
We take the point of view of an observer operating on a particle at 4-Position X,
which has an initial 4-WaveVector K. The 4-Position X of the particle, _Di
the operation's event, will not change: we are applying the various 4 Dlsplacement
operations only to the particle's 4-Momentum K. AR_(CAt AI‘) .
4-Acceleration
Note that for matter particles K = (w./c)T, A=v(cy v'ut+va
where T is the Unit-Temporal 4-Vector T = y(1,B), 4-Position Y( L H )
which defines the particle's worldline at each point. - ProperTime :
The gamma factor ( y ) will be unaffected in the following operations, R (Ct’r) Derr)ivative ProperT_lme
since it uses the square of B: y=1/Sqrt(1-8-B). Y o Derivative
For photonic particles, K = (w/c)N,
where N is the “Unit”-Null 4-Vector N = (1,n) and n is a unit-spatial 3-vector. _ . . o e
All operations listed below work similarly on the Null 4-Vector. 4 U%ltTe1mporaI Limit as § —1 4 NUﬂ|1t Null
= 3 = n
Do a Time Reversal Operation: T ’ @ :
The_ paiti_cle's tenlporal direction is reversed & complex-conjugated: It is only the combination of all three ops: {C,P,T}, or @
Tr=-T"=v(-1) pairs of singles: {CC},{PP},{TT}
that | the Unit-T | 4-Vector, and thus th
Do a Parity Operation (Space Reflection): P Pr?asza\llr?var?antm R S A @
Only the spatial directions are reversed: ) ) 4_UnitSpatia|
Te =y(1,-B) §=(ﬁB n')
3 1
Do a Charge Conjugation Operation: C ] . . )
Charge Conjugation actually changes all internal quantum #'s: Matter-like Light-like/Photonic
charge, lepton #, etc. T=v(1,8) N =(1,n)
Feynman showed this is the equivalent of T-T = y(1,8)*v(1,B) = v’(1% - B-B) = +1: It's a temporal 4-vector ~ N-N = (1,n)*:(1,n) = (1 - n-n) = (1-1) = 0: It's a null 4-vector
a world-line reversal & complex-conjugation: . ) . . , .
Tc = y(-1,-B)* TeTe = v(-1,-B)v(-1,-B)* = v*((-1)* - (-B)(-B)) =vy*(1*-BB) =1  Nc:Nc = (-1,-n):(-1,-n)* = ((-1)* - (-n):(-n)) = (1*- n-n) = (1-1) = 0
TeTe = y(1,B)1(1,-B) = (12 - (-B)-(-B)) = y*(1° - B-B) = 1 Ne-Ne = (1,-n)*(1,-,n) = (12 - (-n)+(-n)) = (1> - n-n) = (1-1) = 0
Pairwise combinations: TrTr = y(-1,8)v(-1,8)" = v’((-1)° - (B)-(B)) = v*(1* - B:B) = 1 NrNr = (-1,n)-(-1,n)* = ((-1* - (n)(n)) = (1* - n-n) = (1-1) = 0
Tre = Ter = Tc = y(-1,-B)* They all remain temporal 4-vectors They all remain null 4-vectors
Trc = Ter=Te = y(1,-B)
Tec = Tee = Tr = y(-1,8)*, a CP event is mathematically the same as a T event Teer =T =y(1,B) Ncer = N = (1,n)
Terr =T =v(1,8) Tec =T =v(1,8) Tee =T =y(1,8) T =T=v(1,8) ToprTepr=T-T =1 Ncer'Neer= N'N =0

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar

(1,0)-Tensor V¥ = V = (V°,v)
SR 4-CoVector: OneForm (0,0)-Tensor Sor S,
orentz Scala

(1,1)-Tensor T*, or T,
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No mixing

Lorentz
Identity
Transform

/\IJ v_)r]uV = (4)

Det[P
= -1

Identical 4-Vector
A=A"=n" A'=(a”,a’)
=(a’,a)=A

Lorentz
Identity
Transform
/\p’v_)np’v

Parity-Inversion
Transform
i\ v_’Pp v

10
0 -5

Parity-Inverted 4-Vector
A=A"=P" A'=(a”,a’)
=(ao7'a)

u‘v]

Lorentz
Parity-Inversion

Transform
i\ v_)P” v

Classical SR Time-Reversal neglects spin and charge.

SRQM includes these effects.
Then one gets (CC),(PP),(TT), & (CPT) transforms
all leading back to the Identity (1).

4-Vector

Original 4-Vector
A=A"=(a’a)

SRQM: CPT Theorem
(Charge) vs (Parity) vs (Time)

4-Vector SRQM Interpretation
of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

Time-Reversed 4-Vector
A=A"=T" A'=(a”,a’)
=(_aO,a)~k

After (PP) or (TT) or (CC)

.

After (CPT)

Original
4-\ector

B=B'=(b’,b)

(CPT)
=(CTP)
=(PCT)
=(PTC)
=(TCP)
=(TPC)

Charge-Conjugated 4-Vector
A=A"=C" A'=(a”,a’)
=(_aO,_a)*

Lorentz
Charge-Conjugation

Transform
N v_’C” v

Identity and Space-Parity are Unitary
Time-Reversal and Charge-Conjugation are Anti-Unitary.

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T, il SR 4-CoVector:OneForm
(0,2)-Tensor Ty, (0,1)-Tensor V, = (Vo,-V)

SR 4-Scalar
(0,0)-Tensor S or S,
| orentz Scalar,

Trace[T"] = N T =TH =T
VAV = VN,V = [V - vev] = (V)2
= Lorentz Scalar
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e SRQM Transforms: Venn Diagram
Poincaré = Lorentz + Translations

o—¢

A Tensor Study
of Physical 4-Vectors

Poincaré Transformation Group aka. Inhomogeneous Lorentz Transformation
Lie group of all affine isometries of SR:Minkowski
General Linear,Affine Transform X* = A¥, XY + AX" with Det[A",] = +1

(6+4=10)
Lorentz Transform Translation Transform
4-Tensor {mixed type-(1,1)} 4-Vector
Discrete Continuous Discrete Continuous
Time-reversal
SpatialFlipCombos
t— -t
time parity T |
anti-unita . empora
Vo i o2 Retation
unitary
Parity-Inversion 4-Zero At
Identity I Xy | xiz|y:z
r—-r no motion Spatial
space parity ')
unitary no mixing
unitary Boost Ax | Ay | Az
harge-Conjugation
tx |ty |tz
» CPT Symmetry
R _h) -R%.q _t) q {Charge}
charge parity {Partiy} Isotropy Homogeneity
anti-unitary {Time}  ({same all directions} {same all points}

D (preserve quadratic form n)

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

4-AngularMomentum M* = X* A P¥ = X*PY - X'P¥
= Generator of Lorentz Transformations (6)
= { N\ R, + N, -BY,

4-LinearMomentum P*
= Generator of Translation Transformations (4)
= { AXY—(cAL,0) + AXY—(0,Ax)

Det[A",] = +1 for Proper Lorentz Transforms
Det[A",] = -1 for Improper Lorentz Transforms

Lorentz Matrices can be generated by a matrix M

with Tr[M]=0 which gives: —foo oo

(A=erM=cr(+04-0K)) QUMMM

(A= "M)T=erM"}

WY SR VEY SR:Lorentz Transform

" a,[R"] = OR"/ORY = N\,
=+9-J -6 F = (ATH AV NG =t = §H

Blg) = &(TK) AGELE b A STt

o N\ =
R[] = e/(+6-J) o\'s = Mo
A=erM=eh(+8d-TK

Rotations J; = -€miM™/2, Boosts K = M
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) Hermitian Generators

@

- NOether's Theorem - Continuity &%

_ SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The Hermitian Generators that lead to translations and rotations via unitary operators in QM...

These all ultimately come from the Poincaré Invariance — Lorentz Invariance that is at the heart of SR and Minkowski
Space.

Infintesimal Unitary Transformation
U(G) =1+ieG

Finite Unitary Transformation
U.(G) = e?(iaG)

letG =P/h=K
let a=Ax

Oa(P/R)W(X) = eMNiAX-P/R)W(X) = er-Ax-8)¥(X) = W(X - Ax)

Time component: ﬂéct(P/h)LP(ct) = eMIAtE/R)W(ct) = eM(-At 0)W(ct) = W(ct - cAt) = cP(t - At)
Space component: Ua(p/h)W(x) = e (iAx-p/h)¥(x) = eMAx-V)¥(x) = W(x + Ax)

By Noether's Theorem, this leads to 8-K = 0
We had already calculated

(0-9)[K-X] = ((8/c)’ - V-V)(wt - k'x) =0
(0-9)[K-X] = 0-(9[K-X]) = o-K =0

Poincaré Invariance also gives the Casimir invariants of mass and spin, and ultimately leads to the spin-statistics theorem
of RQM.
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gﬁy;chM A S RQ M : 4-Vector SRQM Interpre;?t(izo'\r/l’n
Ai QM Correspondence Principle:

@

u = John B. Wilson
.. ANalogous to the GR and SR limits ..o

Basically, the old school QM Correspondence Principle says that QM should give the same results as classical physics in
the realm of large quantum systems, i.e. where macroscopic behavior overwhelms quantum effects. Perhaps a better way
to state it is when the change of system by a single quantum has a negligible effect on the overall state.

SciRealm.org

There is a way to derive this limit, by using Hamilton-Jacobi Theory:
(ihdg)|W> ~ [V - (hV7)/2m, ]|W> : The Schrodinger NRQM Equation for a point particle (non-relativistic QM)

Examine solutions of form W = W.e?(id)= W,e”(iS/h), where S is the QM Action
W] = (i/h)WA[S] and o,[W¥] = (i/n)Wo,[S] and VW] = (iM)WYV?[S] - (W/M?)(V[S])*

(iR)(iM)Wa[S] = VW - (A?/2m,)((i/n)¥V?[S] - (W/R*)(V[S]))
(i)(i)Wa[S] = VW - ((ih/2m,)¥V?[S] - (W/2m,)(VI[S])’)
A{S] = -V + (ih/2m.)V?[S] - (1/2m,)(V[S])?

a[S] + [V+(1/2m,)(V[S])? ] = (ih/2m,)V?[S] : Quantum Single Particle Hamilton-Jacobi

a[S] + [V+(1/2m,)(V[S])* ] = 0 : Classical Single Particle Hamilton-Jacobi
Thus, the classical limiting case is:

VI[@] << (V[D])*

hV?[S] << (V[S])*

AV-p << (p-p) V-k << (k'k)

(PA)V:p << (p-p)

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-Té W=V = (V SR 4-Scalar ; :
(1,1( )-Tgnsor T*, or T, SEOTPIAREY] (TNEME Y | SRQM: A treatise of SR—QM by John B. Wilson

0,1)-Tensor V, = (Vo,-V orentz Scala
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a[S] + [V+(1/2m,)(V[S])? ] = (ih/2m,)V?[S] : Quantum Single Particle Hamilton-Jacobi

a[S] + [V+(1/2m.)(V[S])?] = 0 : Classical Single Particle Hamilton-Jacobi
Thus, the quantum—-classical limiting-case is: {all equivalent representations}
T:]VZ[Saction] << (V[Sacnon])2 VZ[CDPhase] << (V[Q)Phase])z

hv-V[Saction] (V[Sactlon]) V-V[q) ] << (V[q)Phase )2

nV-p << (p-p) Vk << (k'k)

PYVp << (pp)

with

P= (E/C’p) = -a[Saction] = -(atlc’-v)[saction] = (-atlc’v)[sacﬁon]
K= (wick)=-2[d,_1=-(@/c V), 1= (-3/cV)®, ]

It is analogous to GR — SR in limit of low curvature (low mass), or SR — CM in limit of low velocity { |v|<<c }.
It still applies, but is now understood as the same type of limiting-case as these others.

*Note* The commonly seen form of (c—<,h—0) as limits are incorrect!

¢ and h are universal constants — they never change.

If c—<, then photons (light-waves) would have infinite energy { E = pc }. This is not true classically.

If h—0, then photons (light-waves) would have zero energy { E = hw }. This is not true classically.
Always better to write the SR Classical limit as { |[v|<<c }, the QM Classical limit as { V’[® ] << (V[®

2
phase phase]) }
Again, it is more natural to find a limiting-case of a more general system than to try to unite two separate theories which may or may not
ultimately be compatible. From logic, there is always the possibility to have a paradox result from combination of arbitrary axioms, whereas

deductions from a single true axiom will always give true results.

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T, § SR 4-CoVector: OneForm

SR 4-Vector

(o,o?-';e‘:fssoﬁaslagr 5y | SRQM: A treatise of SR—QM by John B. Wilson

orentz Scala
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Conservation of Probability : Probability Current : Charge Current
Consider the following purely mathematical argument
(based on Green's Vector Identity):

o-(falg]-0alf]g)="fao-alg] - 0-dlf] g
with (f) and (g) as SR Lorentz Scalar functions

Proof:

o-(falg]-alflg)
“(folgl)-o-(alfl9)

0
(f a-a[g] + a[f]-a[g]) - (alf]-alg] + &-a[f] g)
fa-ag] - o-alfl g

We can also multiply this by a Lorentz Invariant Scalar Constant s
s (fo-a[g] - -alf] g) = s a-(f alg] - 2[f] g ) = a-s(f a[g] - a[f] g )

Ok, so we have the math that we need...

SR 4-Tensor
(2,0)-Tensor T+

SR 4-Vector
(1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm | (0.0)-Tensor S or S,
. orentz Scala

4-Vector SRQM Interpretation

* SRQM: 4-Vector Quantum Probability
. Conservation of ProbabilityDensit

Now, on to the physics... Start with the Klein-Gordon Eqn.
9-9 = (-imec/h)? = -(moc/h)?
9-9 + (m,c/h)> =0

Let it act on SR Lorentz Invariant function g
0-9[g] + (msc/M)’[g] = O [g]

Then pre-multiply by f

[fle-a[g] + [f] (m.c/h)?[g] = [f] O [g]

[fle-alg] + (mec/n)’[fllg] = 0

Now, subtract the two equations

{[f] 8-a[g] + (moc/n)?[fl[g] = O} - { &-2[f]lg] + (m.c/n)’[f][g] = O}
[f] 8-a[g] + (mec/nY’[f][g] - &-2[f][g ]- (Mec/N)’[fl[g] = O

[f] 0-2[g] - 2-2[f][g] = O

And as we noted from the mathematical Green’s Vector identity at the start...
[f] 2-alg] - o-alfl[g] = o-(f 9] - o[f] g ) = O

Therefore,
so-(faolg]-aflg)=0
o-s(falg]-a[flg)=0

Thus, there is a conserved current 4-Vector, Jorob = S( f 0[g] - 9[f] g ), for which 9-Jpron = 0,
and which also solves the Klein-Gordon equation.

Do similarly with SR Lorentz Invariant function f
0-9[f] + (mec/N)’[f] = O [f]

Then post-multiply by g

0-9[fl[g] + (m.c/M)“[fllg] = O [fllg]

0-alfllg] + (mec/h)?[flig] = 0

Let's choose as before (@ = -iK) with a plane wave function f = ae’-i(K-X) = y,
and choose g = f* = ae®i(K-X) = y* as its complex conjugate.

At this point, | am going to choose s = (ih/2m,), which is Lorentz Scalar Invariant, in order to make
the probability have dimensionless units and be normalized to unity in the rest case.

SRQM: A treatise of SR—QM by John B. Wilson

of QM

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf
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4-ProbabilityCurrentDensity, a.k.a. 4-ProbabilityFlux
Joon = (€0 1) = (IM2me)(w*olw]-o[w*]w) = (p,, 0V = (P

prob

with 4-Divergence of Probability { 3-meb

The reason for s = (ih/2m,) becomes more clear by examining our diagram:
Start at the 4-Gradient and follow the arrows toward the 4-ProbabilityFlux M- >
You immediately see where the (ih/m,) factor comes from.
The ppob_o is then a function of the y’s divided by 2.

prob0 probo prob

4-\WWaveVector
K=(w/c,k
K-K=(w./c)?

o-(falg]l-o[flg)="fa-9[q] - 2-9[f] g: Green’s Vector Identity K-K=(m.c/h)’

9-9 + (m,c/h)? = 0: KG RQM Eqgn

Wave Velocit

. Einstein
46\_/eloc'ty ngup*VphastZ de Broglie
@ _Y(C’u) ( R ) P =hK
Rest Number $ E=mc? @ - >
Density 0

Prrove = X*‘V) 4-Momentum
=yl 2 P=(mc,p)=(E/c,p)
vl Born @ EM

Probability Rule

LP-P=(m.c)*=(E./c

- - -p-
4-NumberFlux

ot -

N=(nc,n)=n(c,u)
4-ProbCurrentDensity
4-ProbabilityFlux
o SRR
=(ih/2mo)(w*olwl-olyp*Iw)

4-ChargeFlux
4-CurrentDensity

J=(pc,j)=p(c,u)

L JJ=(0.0)

o

prob_(
Complex
T

0-N=0 : 3'Jprob=

Conservation of

N-N=(n.c)?
Jprob'Jprob:(ppmbgC 8

0-J=0

Conservation of

4-Vector Quantum Probability
4-ProbabilityFlux, Klein-Gordon RQM Eqn

W(C,1) = (¥p, p0)(C, 1) = (P

prob

= 0 } by construction via Green’s Vector Identity and the Klein-Gordon RQM Eqn.

4-Vector SRQM Interpretation
of QM

SciRealm.org
John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

0-0=(9, cy*-V-V
d’Alembertian

)(©0)

9-9= -(moc/h)?
Klein-Gordon

4-Gradient
a=(at/c,-V

Examine the temporal component, the Relativistic Probability Density
P = (N/2mMaC?)(w* AW]-0("] W)

Assume wave solution in following general form:

{w=Af[K e(-iwt) }

{y*=A"f[K]" e(+iwt) }

then

{ 2lw] = (-iw)Af [k] e(-iwt) = (-iw)y }

{ 2lw™] = (+iw)A™ f [K]* e(+iwt) = (+iw)y* }

then

B, o = (I/2Mc?)(w* 8[y] - Aw*] )

o = (R2MC?) (i)™ - (+iw)yy)

= (ih/2mc?)((-2iw)y*w)

= (nw/moc?)(w*w)

= (Fywo/moc®)(Ww*y)

By = NWW) = ()P, 10)

Finally, multiply by charge (q) to get standard SR EM
4-CurrentDensity = 4-ChargeFlux = J = (cp,j) = qJ

Plane-waves
K=io

=q(cp

)

prob prob’j prob

Particle # : Probabilt
SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T*, or T,

SR 4-Vector

(1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
SR 4-CoVector:OneForm [k (0,0)-Tensor S or S,
, , orentz Scala

Existing SR Rules
Quantum Principles

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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4 -ProbabilityCurrentDensity, a.k.a. 4-ProbabilityFlux
oo = (600 ) = (iN2mo)(wralyl-alw*lw) = (p, o)V = (P
with 4-Divergence of Probability { ¢-J

If we include minimal coupling:
o = (0, 1) = (iV2me)(wrolwl-aly ) +
Start at A on the chart
Follow past (q) factor to get to Q =
Minimal Coupling allows passage back to P with no factors
Follow back past (1/m,) to getto U
Follow past Born Rule (y*y)
Now have the additional factor: [ERGISEIY

+ (g/mo) (W w)A U=v(c,u)

Rest Number,
pprobo - X*w’)
=[(xlw)l?

o)¥(G,1) = (¥R, o)1) = (P )(C, 1)

prob prob prob prob

prob

(q/mo)(w*W)A m_ _»

4-\WaveVector

K=(0J/C,

@ Wave VeI00|ty
=c2 Einstein
‘ﬂb de Broglie
(h )P p =nk

group phase

@

L0:/0’)

°- >

4-Momentum
P=(mc,p)=(E/c,p)

Density

— Born ey ‘
- - _»Probability Rule @
4-NumberFlux o - "H‘H' »

N=(nc,n)=n(c,u)
4-ProbCurrentDensity
4-ProbabilityFlux (g}
prob—( )=y 2U)
=(ih/2mo )(w*o[wl-olwlw)+ (a/mo)(W*w)A

Complex
| N:-N=(n.c)?
'N=0 a'Jprob= Jprob'JPmb:(pproboC 2

Conservation of

4-ChargeFlux
4-CurrentDensity

J=(pc,j=p(c,u

EM Charge

4-EMVectorPotential
A=(p/c,a o

=(@o/c)?
d-A=0
Conservation of EM Field

a-J=0
Conservation of
Charge
L

= | orenz Gauge

. 4-Vector Quantum Probability
24, 4-ProbabilityFlux, Klein-Gordon RQM Egn
with Minimal Coupling

= 0 } by construction via Green’s Vector Identity and the Klein-Gordon RQM Eqn.

4-Vector SRQM Interpretation
of QM

SciRealm.org
John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

8-9=(3,/cy-V-V

d’Alembertian
9-9= -(moc/h)?
Klein-Gordon

4-Gradient
a=(at/c,-V

An alternate way would be to take A to U via the direct route:
+ (Cpro) (W W)A
which would lead to a term like

Py — (NWW) + (V)(@e/Pro)(W W) = (V[T + Po/Prol(W*W)
with potential due to particle (¢,) typically much less than the
potential due to the whole field (¢r)
(@o) << (¢r0)

Plane-waves
K=io

Minimal Coupling
P+Q
(+ P=(E/c.p,)

4-MomentumField

Particle # : Probabilt

SR 4-Tensor
(2,0)-Tensor T+
(1,1)-Tensor T*, or T,

SR 4-Vector

(1,0)-Tensor V¥ = V = (V°,v)
SR 4-CoVector: OneForm

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala

Existing SR Rules
Quantum Principles

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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4- Probab|I|tyCurrentDenS|ty =l (@ (- jpmb) = (ih/2m,)(W*a[w]-o[w*]w) + (g/m,)(w*w)A

Examine the temporal component:
P = (IN/2MC?)(W* B[W1-0{W*] W) + (A/Mo) (W w)(@/c?)
P = MWW) + (1)(QP/MoC?)(W ) = (7)[1 + aPo/Eol(W*W)

prob

Typically, the particle EM potential energy (q@.) is much less than the particle rest energy (E.), else it could generate new particles.
So, take (q@. << E,), which gives the EM factor (q@./E,) ~ 0

Now, taking the low-velocity limit (y — 1), p Porop = =y[1 +~0l(w*y), p_. — (Y*y) = ( o) for [v|<<c

prob

The Standard Born Probability Interpretation, (y*y) = (pprob), only applies in the low-potential-energy & low-velocity limit

This is why the {non-positive-definite} probabilities and {|probabilities| > 1} in the RQM Klein-Gordon equation gave physicists fits,
and is the reason why one must regard the probabilities as charge conservation instead.

The original definition from SR is Continuity of Worldlines, a-meb = 0, for which all is good and well in the RQM version.
The definition says there are no external sources or sinks of probability = conservation of probability.

The Born idea that (pprob) — Sum[(p*y)] = 1 is just the Low-Velocity QM limit.
Only the non-EM rest version (ppmbo) = Sum[(yp*yw)] = 1 is true.
It is not a fundamental axiom, it is an emergent property which is valid only in the NRQM limit

We now multiply by charge (q) to instead get a
4-"Charge”CurrentDensity J = (cp, j) = qumb = q(cppmb, jprob), which is the standard SR EM 4-CurrentDensity

SR 4-Tensor

SR 4-Vector

(o,o?-';e‘:fssoﬁaslagr 5y | SRQM: A treatise of SR—QM by John B. Wilson

orentz Scala

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T, § SR 4-CoVector: OneForm
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SR — QM 4-Vector SRQM Interpretation

S SRQM 4-Vector Study:
L4, The QM Compton Effect
oot e Compton Scattering wpisciosm o SRen o

Electron e initial  Photon vy initial Compton Scattering Derivation : Compton Effect

Y] V]—=pHV 4'Grad|ent
FRP=n Y
4-Momentum of e’ R SV a ad P:P = (m.c) generally — O for photons (m,=0) Minkowski Metric 3—(3t/C,'V)
K =(w /c,k ) A A 1
pi pi pi

el = h?K K, = (hw w, /c*)(1- A -f,) = (Fw, w, /c?)(1-cos[e])

U

Peiz(meic’ pei)=(Eei/C’pei)

- = . = n)- — - A - — 2 — [ g .
@)' Pphot P ...~ E]K.P = (hu')/c)(-1,n) (Elc,p) = (hw/c)(E/c. n. p) = (hwE,/c?) (hwmo? a-R=4 | 4-Position dL/lda[..]
P +P =P ot T P :4-MomentumConservation in Photon-Mass Interaction R=(ct,r) T[..

phot mass pho mass

4-Momentum of y P +P -P' =P' _rearrange ,
NP =(m .0 )=E Jop )=k IS il Wave Vel 4-Velocity
(Pphot + Pmass - P phot) . (P mass) :Square tO get Scalars group phase_ U_
4-TotalMomentum of e Initial (Pphot-Pphot + 2Pphot-Pmass : 2Pphot.Plphot o Pmass-Pmass E 2Pmass.P'phot * P'phot.P'phot) = (P'mass)2 @ _Y(C,U)
P.=(E./c,p,)=(H/c,p,) , (0+2P_ -P -2P P’ + (moc)z - 2P N-1 T (moc)2
=Pei+Pi . phot = mass ] phot_ phot \ mass phot m- . > Energy:Mass
e v" Pphot-Pmass - Pmass-P ph;t B Pph;t. phot E = mc2
Electron:Photon (hwmo) - (hw'm,) = (h*ww'/c?)(1 - cos[a]) K
Interaction * (w-w")(ww') = (h/moc2)(1 - cos[a]) 4-WaveVector
(

_ 1/w' - 1/w) = (A/m.c?)(1 - cos[e]) K=(w/c,k)=(1/cF,n/x) p. P=(mic)
4-TotalMomentum of e+y {w,=0} & {K-U=0}  {Kis null} \GR(=ZUE o -

P“=(ET/_cF,’p1);(H/c,pT) , AX = (N - &) = (/moc)(1 - cos[a]) = A (1 - cos[a])
et pf The Compton Effect:Compton Scattering Einstein 4-Momentum
de Broglle P=(mc,p)=(E/c,p)

4-Momentum of y with P chK
P,=(m,C.P,)=(E /c.p ) =(MK_ BN . = A /21 = (h/m.c) = Reduced Compton Wavelength B im.=0}  {P-US0) SHIENEEE

A= (h/m.c) = Compton Wavelength (not a rest-wavelength, but the wavelength of a photon
S0E = w./E, = [N ) P velength ( W g, O 2 Conservation of <D

with the energy equivalent to a massive particle of rest-mass m.) 4-TotalMomentum
p i‘Mome”tL_”?EOf &7 4'V¥a‘:(execg°|: ‘;fV Calculates the wavelength shift of a photon scattering from an electron (ignoring spin) 4-TotalMomentum
o+ (M,C:P,)=(E,/CP,) e Proves that light does not have a “wave-only” description, photon 4-Momentum required P_=(E./c,p.)=(H/c,p.)
Electron e’ final Photon vy final E/w = yEolyw, = Eo/wo = h Kphmn = (w/c)(1,n) = null {wA = vA = c} for photons T AT T T

SR 4-Tensor

T, W= TH =
(2,0)-Tensor T+ Trace[T"] =n, " =T =T

EXlStln S RleS V-V = Vpr]pv v — [(V0)2 - V'V] = (V00)2
huantum Principles = Lorentz Scalar

(1,1)-Tensor T*, or T,

SR 4-Vector
(1,0)-Tensor V* =V = (\°,v) . SR 4-Scalar
SR 4-CoVector: OneForm (0,0)-Tensor S or S,
s , orentz Scala
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SR —- QM

e R SRQM 4-V9Ct0r Study: 4-Vector SRQM Interpre;?t(ilol\r/l’n
Ai The QM Aharonov-Bohm Effect

(O — SciRealm.org

QM Potential Aq)pot = -(g/h )f pathA-dX sorionE Wison

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

AB Potential
Aharonov-Bohm Effect

Aharonov-Bohm ' -dX=(¢dt-a-dx paceTime rve— 4 Gradient
: . Quantum EM Potential e 9-X=4 d'[X']=n iy V
The EM 4-VectorPotential gives the Aharonov-Bohm Effect. . Dimensio B Minkowski Metric S c,-V)

4-Displacement

® =-(ahA-X=-K -X = ProperTime
pot (q ) pot Ad))((:(?:%iﬁ:) Derivative l;daE }
) TL..
; A A 4-Position
or takl_ng the differential... - Velomty |
dd =-(g/h)A-dX < .
pot Vgroup phase 4'Ve|OC|ty
U=y(c,u)
over a path... @ Rest Scala
AD =] doP E%s;lﬁr;%y Potential
pot path pot
A(Dpot = -(q/h)fpathA'dX 4-Wave\Vector Rest IH{4- »
AD_ = -(aM) [(@/c)(cdt) - a-dx] K=(wic.k)=(wie.wiv,,,, Eneray:Mass VectorPotential £
© _ & ) =mc A= o/c,a
A, = (oM, (@dt - a-dx) K X=(wt-k X) @ EM
=Kayn X+Kpor X )
Note that both the Electric and Magnetic effects :Kf’)y(J,(;/ﬁ;’A.x Q--->
come out by using the 4-Vector notation. =(wt-k-x)+(q/h)(pt-a-x) ‘( 1 /Fh) 4-Momentum 4-PotentialMomentum
;Kdyn-X+Kq,;ot-X ~— P=(mc,p)=(E/c,p) Q=(U/c,q)=qA
= - namict ~Phpotentia Einstein ini
Electric AB effect: A® q/h)f (pdt) T o [+ ?;"é?l;?fﬂg
Magnetic AB effect: A<D =+ (q/h)fpam(a dx) | P =hK P+Q

4-WaveVectorincField 4-MomentumincField

Proves that the 4-VectorPotential A is more fundamental than K=(w/ek)=K+{a/Mn)A (1/h) P.=(E/c,p,)=P+Q=P+gA
e and b fields, which are just components of the Faraday EM Tensor e -

SR 4-Scalar Existing SR Rules
& Ozjrziqiosrcig So Quantum Principles

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar
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SRHQM

4-Vector SRQM Interpretation

SRQM 4-Vector Study:
Ai The QM Josephson Junction Effect = SuperCurrent

A Tensor Study
of Physical 4-Vectors

Josephson Effect

Aharonov-Bohm
Quantum EM Potential

The EM 4-VectorPotential gives the Aharonov-Bohm Effect.
Phase dbpot = -(g/h)A-X = -Kpot-X

Rearrange the equation a bit:
—(h/q)Ad)pOt = A-AX

A-DX = -(R/Q)AD_
dide[A-AX] = didt[-(N/q)AD_] = d/dd[A]-AX + A-d/dc[AX] = d/dr[A]-AX + A-U

Assume that ( d/dt[A]-AX ~ 0)
[A-U] = d/dt[—(h/q)Adem]

[U-A] =(U-9)[-(R/q)AD_ ]

[A] =-(R/q)(@)AD ]

A= -(h/q)a[ACDPOJ

(p/c,a) = -(h/q)(&/c,-V)[AdDPOJ

Which explains Josephson Effect criteria :
AX ~ 0: small gap

d/dt[A] ~ O: “critical current” & no voltage
d/dt[A]-AX ~ orthogonal: ??

A = (h/q)K; K = (w/c,k) = (g/h)A = (g/h)(p/c,a)

Take the temporal part:

EM ScalarPotential ¢ = -(W/q)()[AP_I; w = (a/h)

If the charge (q) is a Cooper-electron-pair: { g = -2e }

Voltage V(t) = @(t) = (h/Ze)(a/at)[ACDpot]; AngFreq w = -2eV/h
This is the superconducting phase evolution equation of the Josephson Effect

(h/2e) is defined to be the Magnetic Flux Quantum @,

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
. , , orentz Scala

EM 4-VectorPotential A = -(h/q)a[ACD o

SciRealm.org

John B. Wilson
SciRealm@aol.com
http://scirealm.org/SRQM.pdf

4-Gradient
a=(6t/c,—V)

AB Potential
A-dX=(¢pdt-a-dx

X =n"
B Minkowski Metric
4-Displacement

i ProperTime L
AX=(cAt,Ax) - U-ol[..]
dX=(cdt,dx Derivative e ]
X=(ct,x Wave Velocity |
*, — =2
Vgroup phase_ 4'Ve|OCity
U=y(c,u)
Rest Ang Rest Scala
Frequency Potential

4-WaveVector Rest
K=(w/c,k)=(w/c,whlv Energy:Mass

IH1{-

4-VectorPotential |8

E = mc?
EM
A
=Koy X+Kpor X 8. > Charge@ o |}-»
=K-X+(g/R)A-X 1]
=(wt-k-x)+(q/h)(pt-a-x) % 4-Momentum
=Kayn"X+Kpor X — P=(mc,p)=(E/c,p) Q=(Ulc,q)=qA
= 'q)dynamic+ 'q)potential Einstein Minimal
= -@s phase de Broglie ° Coupling
I P =hK P+Q

4-\WaveVectorIncField

4-M tumincField
K =(w/c, k )=K+a/MA omentumincFie

i,

P=(E/c,p,=P+Q=P+qA

1/h

Trace[T"] =N TV =TH =T
V-V = Vi, VY = [(VO)? - vev] = (V0)?
= Lorentz Scalar

Existing SR Rules
Quantum Principles
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gﬁy;chMA SRQM Symmetries: 4-Vector SRQM Interpre;?gol\r/l’n
A: Hamilton-Jacobi vs Relativistic Action
o—e Josephson vs Aharonov-Bohm SciReaimorg

John B. Wilson
A Tensor Study

of Physical 4-Vectors Differential (4-Vector) vs Intearal (4-Scalar) wiconas o
g

Differential Formats : 4-Vectors : HJ Notice the Symmetry: Integral Formats : 4-Scalars : Action

SR Hamilton-Jacobi Equation SR Action Equation

P: = P+qA =P+Q = 'é[ASaction] = —a[hAq)phase]

> AS.cion = 'IpathPT -dX = 'Ipath(P+qA)'dX = '.[path(P+Q)'dX
= 'a[h(Achhase,dyn"' Aq)phase,potential)] =

hAchhase = h(Aq)phase,dyn + A(-‘Dphase,potential

Dynamic Part

4-Momentum e ar) Action(res par ___—©

P = 'a[ASact,dynamic] ASact,dynamic = hAq)phase,dynamic
-a[hA(Dphase_dynamic] = -,[path(P)'dX 1-TotMomentum Conservation

(7)) P, = (P+Q) = (P+qA)
Minimal Coupling

4-WaveVector SR Phaseree part) P =(P,-qA) = (P.-Q)

K = 'a[ASact,dync]/h Aq)phase,dyn = Asact,dyn/h

Potential Part -O[ADphase dynamic] = -Jpan(K)-dX Potential Part

4-PotentialMomentum Action potential part)
Q = qA = 'a[ASact,potentiaI] < @ ASact,pot = I;]Achhase,potential =
'a[hAq)phase,potential] _Ipath(qA).dX = _Ipath(Q).dX

Dynamic Part

4-TotMomentum Conservation
P, = (P+Q) = (P+qA)

Minimal Coupling ‘@'

P=(P-gA) = (P.-Q)

Technically, the standard Josephson Junction uses just
the temporal part { A = (¢/c,a) } & Cooper-pair-electrons

{q=-2e}
: . giving V(t) = @ = (h/2e)d/ot[AD,q].
Josephson Junction Relation There should be a spatial part as well.

= -(h/q)9[ADpstential] Aharonov-Bohm Relation
- '(1/q)a[ASact pot] @ Aq)potential = '(q/h)jpathA'dX

= -(1/R)panQ-dX
SR 4-Tensor SR 4-Vector .
(2 0)-Tensor T (1 0)-Tensor A (V°,v) SR 4-Scalar Existing SR Rules
©, Ozjrziqiosrcig So Quantum Principles

=ASact,pot/];.I
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SR — QM 4-Vector SRQM Interpretation

A \ SRQM Symmetries:
WAIE 22 Schrodinger Relations

John B. Wilson

st GycClic Imaginary Time < Inv Temp weSamssis

=[[P,-dR

actlon

4-Gradient __'[[PT Uldz

f}_WaveVector 9=0r=0/0R,=0"=(9/c,-V) =-J[(H/c,p;)-v(c,u)ldt
K=K*=(w/c,k)= (‘*’O/C) —(8/c,-9,-0,,-0,) =-[[y(H-p,-uldr
=(9/cat,%/ax,-0lay,%l 0z) =-J[Ho]dr
[1/m]

" | Einstein-de Broglie: P = hK — { : }
. Complex Plane-Wave: K =i0 — { : }

Schrédinger Relations: P = ihd — { : }

Wick Rotation: R = -iRim — { : }
CyclicTemp: Rim = hO— { : }

4-Position 4-lmaginaryPosition Covariant 4-ThermalVector
R=R"=(ct,r)=<Event> ENEJELELT I peee ee 4-Inverse TemperatureMomentum
—(ct,x,y,2) Wick Rotation Rim=Rin"=i(ct,r) ~ Inv Temp O ©"=(6°0)= (c/kBT u/kBT) (6./c)U
alt. notation X=X" [EAELE =(ict,ir)=(cT,ir) =

Boltzmann Distribution
P-O = (E/c,p)-(c/ksT,0)

= (E/keT-p-8) = (Eo/kaT,)

SR 4-Tensor Trace[T"] = N T =TH =T

2,0)-Tensor T+
( r Note that the temperature here is relativistically direction-specific, unlike in the V-V =Vin, V' = [(VO)2 -vv] = (Voo)2

classical use of temperature. = Lorentz Scalar
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SR — QM 4-Vector SRQM Interpretation

7 A SRQM Symmetries:
o= Wave-Particle St

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

P-P = (m.c)’= (Ed/C

4-Momentum Treating motion like a particle @
- i P=(mc,p)=(E/c,p) Moving particles have a 4-Velocity

[P-dR =-S " Rest Mass:Energy P=-0[S 00 icc 4-Momentum is the negative 4-Gradient of the SR Action (S)
action,free Elnsteln . ------ i _ i SpaceTime
~ E=yE,=ym.c*=mc @

®

4-Position
R=(ct,r)

Hamilton-Jacobi
= -a[Saction free] A o o'R=4
0o action,free i :’. Dimension

4-Gradient . d[R]=n"—Diag[1,-1,-1,-1]
a=(3t/C,-V)—»(at/c,—ax,-ay,-82) 4 Minkowski Metric

Einstein
de Broglie

\ Wave Velocm@ L ¢phaseyp|an ! = (at /C)2 'Vv = (a Ic

-
U-0=d/dT=yd/dt
K-dR = - ol R Vtgxup thase K= -3[¢phase'plane] Derivative
phase,plane estAngFrequenc i
grreq o 4-WaveVector WaveVector Gradient

d’Alembertian

ProperTime

AN | K=(w/c,k)=(w/c,whlv Treating motion like a wave W _____ >
phase q .
K=-9[® ] Moving waves have a 4-Velocity
bhase plane 4-WaveVector is the negative 4-Gradient of the SR Phase (®)
See Hamilton-Jacobi Formulation of Mechanics See SR Wave Definition
for info on the Lorentz Scalar Invariant SR Action. for info on the Lorentz Scalar Invariant SR WavePhase.
{P = (E/c,p) =-9[S] = (-d/cat[S], )} { K= (w/c,k) =-0[®] = (-d/cat[D], )}
{temporal component} E = -0/dt[S] = -7 [S] ] | {temporal component} w = -d/ot[®] = —at[CD]
{ component} { component}
**Note** This is the Action (Sacion) for a free particle. **Note** This is the Phase (®) for a single free plane-wave.
Generally Action is for the 4-TotalMomentum P+ of a system. Generally WavePhase is for the 4-TotalWaveVector K; of a system.

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T*  §(1,0)-Tensor V¥ = V = (v°,v) Existing SR Rules vaIa\j‘?rETi;]:r[](u\;g;v =vT\:iJ N g/" )?
1,1)-Tensor T or T, } SR 4-CoVector:OneF inci T S o
( )’ ensor T, or T, | oVector:OneForm Quantum Principles = Lorentz Scalar
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gﬁy;CSMA SRQM Symmetries: 4-Vector SRQM Interpre;?t(izol\r/l’n
Ai Relativistic Euler-Lagrange Equation |
s THe Easy Derivation (U=(d/dt)R)—(0r=(d/d1)dy) ..cmere

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Relativistic Dynamics Eqn (4-Vector)

Note Similarity: U = (d/doR
‘S—V_elogll_ity iSfT%per_tT_ime ° Classical limit, spatial component (3-vector) @------- >
erivative of 4-Position - _ Natural
U = (d/d0)R [m/s] = [1/s][m] 4-Position ENMN U = (d/dbr .
R=(ct,r) d/dtr..1 4-Vector
aRelazigl//izti)caEu{(1a;-L]agr[a1r;g]e[E/qn] : i N (1,0)-Tensor
= T m] = [1/s]*[s/m .
. N ou[U]=n"*—Diag[1,-1,-1,-1
; i st i SpaceTime . ]M?nk:wskiglE/letric ! U-dr = d/dt = yd/dt
The c_ilffererjual forn_1 just inverses Dimensio Proper Time Interestinalv. this i NS
the dimensional units, so the U-9=d/dT=vd/dlt I s aly, sl
placement of the R and U switch. R_Deriva;'i:\;}y 2'/’(;‘T'a_r 'Z‘/’g{se relations.
That is it: so simple! aR[R]hjlank—)DiigH ’_t1.’_1 1] dt = }}Ildt
Much, much easier than how o-/A-» INKOWSKI Ivietric A
| was taught in Grad School. - ! _
B4-Ve|ocityGradient - 4-Po§|t|onGrad|ent:4-Gradlent Indexcraisctis
To complete the process and 9 =aU:a/aUB=(aUt/C’_V”) . 0x ' =0r=0/0Rs=0=(9/ c,-V) Form
o e Equati%ns NIV —>(0/9vC,-0/3yus,-0/dyU,,-0/dyU,) —(d/dct,-0/0x,-0/0y,-0/9z) 41'VGC$OF
one just applies the base form Relativistic Euler-Lagrange Eqn (1,0)-Tensor
to a Lagrangian. rluﬁ dr = (d/d1)dy rlaB
: Saica i d/0R = (d/dt)d/oU Poica

; aise inde aise inde
-Ela-rg;gsaig:leLagrangian dILJ/oR = (d/d7)d[L]/oU - _
a relativistic Lagrangian VelocityGradient One-Form EERIEIN M oLV Relelsglololal=la}: POSHGI?QCCI?;?]?ISTGOFnoer:']:orm
a Lorentz scalar Lagrangian 0. «=0loUe=(dy/c, = ' -
e o R oo R

SR 4-Tensor SR 4-Vector - v — —
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (\°,v) SR 4-Scalar V_VTIa\(;f [THVV]\, B ?(“\:;r)i __VT‘:i‘ _ 2\-/0 Y
(1,1)-Tensor T* or T,* | SR 4-CoVector:OneForm K(0.0)-Tensor S or S, = ViV = 0
= orentz Scala = Lorentz Scalar

0,2)-Tensor T,, 0,1)-Tensor V, = (Vo,-v
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SR —- QM 4-Vector SRQM Interpretation

A SRQM Symmetries: S
. Lorentz Transform Connection Map — Trace Identification

o= CPT, Big-Bang, (Matter-AntiMatter), Arrow(s)-of-Time Jon 8. Wison

A Tenso_r Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

All Lorentz Transforms have Tensor Invariants: Determinant = +1 and InnerProc

However, one can use the Tensor Invariant Trace to Identify CPT Symmetry & Ant Norénall\/:atter
00sis

Tr[ NM-Rotate ] = { } Tr[NM-Identity] Tr[NM-Boost] ={ :
NormalMatter :

Identity

NormalMatter

Discrete NormalMatter (NM) Lorentz Transform Type \ o A

Minkowski-ldentity : R I %
7 NormalMatter ™.

Flip-t=TimeReversal, Flip-x, Flip-y, Flip-z !  Rotations

Flip-xy=Rotate-xy(1r), Flip-xz=Rotate-xz(1r), Flip-yz=Rotate-yz(1)

Flip-xyz=Paritylnverse

Flip-txyz=ComboPT

SR:Lorentz Transform Two interesting properties of (1,1)-Tensors, of which the Lorentz Transform is an example:

P [Ru'] = ORY/ORY = \¥ Trace = Sum (Z) of EigenValues : Determinant = Product (II) of EigenValues
0 v N A AE 1 v 0 < As 4D Tensors, each Lorentz Transform has 4 EigenValues (EV’s).
N, = (/\ )v AN nv= o'y 3 Create an Anti-Transform which has all EigenValue Tensor Invariants negated.

r]pv/\“ N\ = £ 3[-(EV’s)] = -Z[EV’s]: The Anti-Transform has negative Trace of the Transform.
M[-(EV’s)] = (-1)*TI[EV’s] = IT[EV’s]: The Anti-Transform has equal Determinant.

={-c0_ +0oo} =Lorentz Transform Type The Trace Invariant identifies a “Dual” Negative-Side for all Lorentz Transforms.
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SR —- QM
Physics

o—e

A Tensor Study
of Physical 4-Vectors

The h Connection

S RQ M 4 -Ve cto r Stu d y : 4-Vector SRQM Interpre;?t(igoﬁ
Einstein-de Broglie
The (h) Connection

| X =0 4-Gradient
: Minkowski Metric 9=(d/c,-V)
: ; : : 4-Displacement : I
P = hK: Basic Einstein-de Broglie AX=(cAt,Ax) ProperTime g gapp
P+Q=P +Q dX=(cdt,dx )
yn X=(ct,x Wave Velocity
+Q = + % =
P+Q = h(K - K?ot) Vooun Vonase™ C 4-Velocity
Sum over n particles: Py = Zn(P+Q),KT = Zn(Kdyn+Kpot) @ U=y(c,u) Hamiltons
Pr = hK;y Rest Ang R '
P+ X = hK¢X Frequency Potential
(Pr-X)= h(Kr-X) 4-WaveVector - IH44- >4
'Saction = _hq)phase K=(w/c,k)=(w/c,wh/ Ve Energy:Mass 4-VectorPotential |\~
- E= mc@ A=(¢/c,a)
action phase
S
B = L Charge |- =
a[SaC“O“] ha[q)p“ase] =K-X+(q/(h))A-X @ - T -
PT = hKT

=(wt-kx)+(a/(R))(ot-a-x) X (TGN 4-PotentialMomentum
{SR Hamilton-Jacobi} = h{QM Complex Plane-Waves} =Kayn X+Kpor X P=(mc,p)=(E/c,p) Q=(U/c,q)=qA

The SR Hamilton-Jacobi Equation, 4-WaveVectorincField 4-MomentumIncField
and the QM idea of Complex Plane-Waves, K=(w/ck,)=K+(q/(h))A ‘% P=(E/c,p.)=P+Q=P+qA Complex
are related by a simple constant (h) relation. ()

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)

(1,1)-Tensor T*, or T, il SR 4-CoVector:OneForm

= '¢dynamic+ 'q)potential Einstein . M|n|mal
= -®; phase de Broglie ° Coupling
, P =hK P+Q

Plane-Waves
K; = -9[®]

Trace[T"] = N T =TH =T

EXlStln S RleS V-V = Vpr]pv v — [(V0)2 - V'V] = (V0°)2
huantum Principles = Lorentz Scalar

SR 4-Scalar
(0,0)-Tensor S or S,
orentz Scala
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SR —- QM
Physics

o—e

A Tensor Study
of Physical 4-Vectors

Dimensionless Physical Objects

There are a number of dimensionless physical objects in SR
that can be constructed from Physical 4-Vectors.
Most are 4-Scalars, but there are few 4-Vector and 4-Tensors.

9-X=4: SpaceTime Dimension
d"[X]=n": The SR Minkowski Metric

T-T= 1: Lorentz Scalar Magnitude? of the 4-UnitTemporal
T-S= 0: Lorentz Scalar of 4-UnitTemporal with 4-UnitSpatial
S-S= -1: Lorentz Scalar Magnitude? of the 4-UnitSpatial

K-X=(wt-k-x) = -® : Phase of an SR Wave

phase_dyn

used in SRQM wave functions y=a*e"-(K-X)

(P-©) = (Eo/ksT,): 4-Momentum with 4-InvThermalMomentum
used in statistical mechanics particle distributions
F(state) ~ e*-(P-©) = e”-(Eo/ksT,)

= (1/411e,)(€%/hc) = (u./41r)(ce?/h): Fine Structure Constant
constructed from Lorentz 4-Scalars, which are themselves
constructed from 4-Vectors via the Lorentz Scalar Product.
ex. h=(P-X)/(K-X); g=(Q-X)/(A-X) —e for electron; c=(T-U)
Mo={(2-9)[A]-X}/(J-X) when (2-A)=0

{y*}: Dirac Gamma Matrix (“4-Vector”) {4 component}
{o*}: Pauli Spin Matrix (“4-Vector”) {2 component}
Components are matrices of numbers, not just numbers

SR 4-Tensor SR 4-Vector

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
. , , orentz Scala

HMX=n" 4-Gradient @:0)
i ] A-9(0-A)=oJ
4-Displacement - . A Minkowski Metric d| 8= (8/0 -V) Mool EM W Eqn

AX=(cAt,Ax)

dX=(cdt,dx U-o [..] ProperTime EM
4-UnitTemporal d/dt[..] 4REOENTE Constants
=(ct, T=y(1,8) |

K=(w/c,k)=(w/c,wilv

4-Vector SRQM Interpretation
of QM

SRQM 4-Vector Study:
Dimensionless Physical Objects

SciRealm@aol.com
http://scirealm.org/SRQM.pdf

- Rest Charge 9 -p
@ - @ 4-Velocity [l 4- Chargelux
U=y(c,u) @ 4- CurrentDensﬂy

4-UnitSpatial
S=yp:(f1-B,1)

Rest Scalar
Potential
4-ThermalVector
4-WaveVector Rest Ang IH{4- » / 4-Igv_erengiem/;;MTom/in$um
phase Frequency 4-\ectorPotential | sESSCISIPRE
Rest @ =(¢p/c,a) ' Rest Inverse
= ‘M ‘. TemperatureEnergy
nereY S EM le B=1/kaT in this case, not v/c
@ @ ---» Charge |} - Unfortunate notational clash
1/h
(v) 4-Momentum 4-Potent|aIMomentum
Einstein P=(mc,p)=(E/c,p) Q=(U/c,q)=gA
de Broglie Minimal
PRI ° Coupling
o]

4-MomentumlIncField

Trace[T"] = N T =TH =T
V-V = Vi, VY = [(VO) - vev] = (V)
= Lorentz Scalar

Existing SR Rules
Quantum Principles
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

/t SRQM: QM Axioms Unnecessary
- QM Principles emerge from SR _ =

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

QM is derivable from SR plus a few empirical facts — the “QM Axioms” aren't necessary
These properties are either empirically measured or are emergent from SR properties...

3 “QM Axioms” are really just empirical constant relations between purely SR 4-Vectors:
Particle-Wave Duality [(P) = h(K)]
Unitary Evolution [0 = (-)K]
Operator Formalism [(9) = -iK]

2 “QM Axioms” are just the result of the Klein-Gordon Equation being a linear wave PDE:
Hilbert Space Representation (<bra|,|ket>, wavefunctions, etc.) & The Principle of Superposition

3 “QM Axioms” are a property of the Minkowski Metric and the empirical fact of Operator Formalism
The Canonical Commutation Relation
The Heisenberg Uncertainty Principle (time-like-separated measurement exchange)
The Pauli Exclusion Principle (space-like-separated particle exchange)

1 “QM Axiom” only holds in the NRQM case
The Born QM Probability Interpretation — Not applicable to RQM, use Conservation of Worldlines instead

1 “QM Axiom” is really just another level of limiting cases, just like SR — CM in limit of low velocity
The QM Correspondence Principle ( QM — CM in limit of {V?[¢] << (V[$])?} )

SR 4-Tensor SR 4-Vector TG
2,0)-Tensor T+ 1,0)-Te V=V calar . .
(1,1()-TgnsorT~V or T, 'SR 4-CoVectors OneF(Zm\Q SRQM: A treatise of SR—QM by John B. Wilson
. . 1)- - orentz Scala
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

! SRQM Interpretation:

(@ — = SciRealm.org
A Tensor Study Re I atl o n al Q M & E P R SciRégrrg(gé\é\I/.lLsoonq

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The SRQM interpretation fits fairly well with Carlo Rovelli's Relational QM interpretation:

Relational QM treats the state of a quantum system as being observer-dependent, that is, the QM State is the relation
between the observer and the system. This is inspired by the key idea behind Special Relativity, that the details of an
observation depend on the reference frame of the observer.

All systems are quantum systems: no artificial Copenhagen dichotomy between classical/macroscopic/conscious objects
and quantum objects.

The QM States reflect the observers' information about a quantum system.
Wave function “collapse” is informational — not physical. A particle always knows it's complete properties. An observer has
at best only partial information about the particle’s properties.

No Spooky Action at a Distance. When a measurement is done locally on an entangled system, it is only the partial
information about the distant entangled state that “changes/becomes-available-instantaneously”. There is no superluminal
signal. Measuring/physically-changing the local particle does not physically change the distant particle.

ex. Place two identical-except-for-color marbles into a box, close lid, and shake. Without looking, pick one marble at
random and place it into another box. Send that box very far away. After receiving signal of the far box arrival at a distant
point, open the near box and look at the marble. You now instantaneously know the far marble’s color as well. The
information did not come by signal. You already had the possibilities (partial knowledge). Looking at the near marble color
simply reduced the partial knowledge of both marble’s color to complete knowledge of both marbles’ color. No signal was
required, superluminal or otherwise.

ex. The quantum version of the same experiment uses the spin of entangled particles. When measured on the same axis,
one will always be spin-up, the other will be spin-down. It is conceptually analogous. Entanglement is only about
correlations of system that interacted in the past and are determined by conservation laws.
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SR - QM 4-Vector SRQM Interpretation

AA SRQM Interpretation:
~—s |Interpretation of EPR-Bell Experiment s

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Einstein and Bohr can both be “right” about EPR:
Per Einstein: The QM State measured is not a “complete” description, just one observer's point-of-view.
Per Bohr: The QM State measured is a “complete” description, it's all that a single observer can get.

The point is that many observers can all see the “same” system, but see different facets of it. But a single
measurement is the maximal information that a single observer can get without re-interacting with the system,
which of course changes the system in general. Remember, the Heisenberg Uncertainty comes from non-zero
commutation properties which *require separate measurement arrangements*. The properties of a particle are
always there. Properties define particles. We as observers simply have only partial information about them.

Relativistic QM, being derived from SR, should be local — The low-velocity limit to QM may give unexpected
anomalous results if taken out of context, or out of the applicable validity range, such as with velocity addition
V12 = V4+V,, Where the correct formula should be the relativistic velocity composition via = (V4+Vz)/[1+VV2/c?]

These ideas lead to the conclusion that the wavefunction is just one observer’s state of information about a
physical system, not the state of the physical system itself. The “collapse” of the wavefunction is simply the
change in an observer’s information about a system brought about by a measurement or, in the case of EPR, an
inference about the physical state.

EPR doesn’t break Heisenberg because measurements are made on different particles. The happy fact is that
those particles interacted and became correlated in the causal past. The EPR-Bell experiments prove that it is
possible to maintain those correlations over long distances. It does *not* prove superluminal (FTL) signaling

SR 4-Tensor SR 4-Vector TG
2,0)-Tensor T+ 1,0)-Ta W=V calar . .
(1,1()-TgnsorT~V or T, 'SR 4-CoVectors OneF(Zm\Q SRQM: A treatise of SR—QM by John B. Wilson
L . - orentz Scala
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

A SRQM Interpretation:

o—e

- Range-of-Validity Facts & Fallacies . &

_ SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

We should not be surprised by the “quantum” probabilities being correct instead of “classical” in the EPR and Bell Inequalities experiments.
Classical thinking (in both CM and QM) has a number of fallacies when it is mistakenly applied outside of its range-of-validity.

Examples

*Classical Physics as the limit of h—0 {
his a Lorentz Scalar Invariant and Fundamental Physical Constant. It never becomes 0. {Fact}

*The classical commutator being zero [p*x] = 0 { }:
[PH,X'] =ihn™; [p*, <] = -iho" ; [p°,x"] = [E/c,ct] = [E,{] = ih(1); Again, it never becomes 0 {Fact}

*Using Maxwell-Boltzmann (distinguishable) statistics for counting probabilities of (indistinguishable) quantum states { }:
Must use Fermi-Dirac statistics for Fermions:Spin=(n+1/2); Bose-Einstein statistics for Bosons:Spin=(n) {Fact}

*Using sums of classical probabilities on quantum states { }:
Must use sums of quantum probability-amplitudes {Fact}

*Ignoring phase cross-terms and interference effects in calculations { ¥
Quantum systems and entanglement require phase cross-terms {Fact}

*Assuming that one can simultaneously “measure” non-commuting properties at a single spacetime event { I

Particle properties always exist. However, non-commuting ones require separate measurement arrangements to get information about the properties.
The required measurement arrangements on a single particle/worldline are at best sequential events, where the temporal order plays a role; {Fact}
However, EPR allows one to “infer (not measure)” the other property of a particle by the separate measurement of an entangled partner. {Fact}

This does not break Heisenberg Uncertainty, which is about the order of operations (measurement events) on a single worldline. {Fact}

In the entangled case, both/all of the entangled partners share common past-causal entanglement events, typically due to a conservation law. {Fact}
Information is not transmitted at FTL. The particles simply carried their normal respective “correlated” properties (no hidden variables) with them. {Fact}

*Assuming that QM is a generalization of CM, or that classical probabilities apply to QM { b
CM is a limiting-case of QM for when changes in a system by a few quanta have a negligible effect on the whole/overall system. {Fact}
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

! SRQM Interpretation:

o—e

Quantum Information

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

We should not be surprised by the “quantum” probabilities being correct instead of “classical” in the EPR and Bell Inequalities experiments.
Classical thinking (in both CM and QM) has a number of fallacies when it is mistakenly applied outside of its range-of-validity.

{from Wikipedia}

No-Communication Theorem/No-Signaling:

A no-go theorem from quantum information theory which states that, during measurement of an entangled quantum state, it is not possible for one observer, by making
a measurement of a subsystem of the total state, to communicate information to another observer. The theorem shows that quantum correlations do not lead to what
could be referred to as "spooky communication at a distance". SRQM: There is no FTL signaling/communication.

No-Teleportation Theorem:

The no-teleportation theorem stems from the Heisenberg uncertainty principle and the EPR paradox: although a qubit |g> can be imagined to be a specific direction on
the Bloch sphere, that direction cannot be measured precisely, for the general case |p>. The no-teleportation theorem is implied by the no-cloning theorem.

SRQM: Ket states are informational, not physical.

No-Cloning Theorem:
In physics, the no-cloning theorem states that it is impossible to create an identical copy of an arbitrary unknown quantum state. This no-go theorem of quantum

mechanics proves the impossibility of a simple perfect non-disturbing measurement scheme. The no-cloning theorem is normally stated and proven for pure states;
the no-broadcast theorem generalizes this result to mixed states. SRQM: Measurements are arrangements of particles that interact with a subject particle.

No-Broadcast Theorem:

Since quantum states cannot be copied in general, they cannot be broadcast. Here, the word "broadcast" is used in the sense of conveying the state to two or more
recipients. For multiple recipients to each receive the state, there must be, in some sense, a way of duplicating the state. The no-broadcast theorem generalizes the
no-cloning theorem for mixed states. The no-cloning theorem says that it is impossible to create two copies of an unknown state given a single copy of the state.
SRQM: Conservation of worldlines.

No-Deleting Theorem:

In physics, the no-deleting theorem of quantum information theory is a no-go theorem which states that, in general, given two copies of some arbitrary quantum state, it
is impossible to delete one of the copies. It is a time-reversed dual to the no-cloning theorem, which states that arbitrary states cannot be copied.

SRQM: Conservation of worldlines.

No-Hiding Theorem:

the no-hiding theorem is the ultimate proof of the conservation of quantum information. The importance of the no-hiding theorem is that it proves the conservation of
wave function in quantum theory.

SRQM: Conservation of worldlines. RQM wavefunctions are Lorentz 4-Scalars (spin=0), 4-Spinors (spin=1/2), 4-Vectors (spin=1), all of which are Lorentz Invariant.
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SR - QM 4-Vector SRQM Interpretation

t SRQM Interpretation:
— Quantum Information e

We should not be surprised by the “quantum” probabilities being correct instead of “classical” probabilities in the EPR/Bell-Inequalities experiments.

Classical thinking (in both CM and QM) has a number of fallacies when it is mistakenly applied outside of its range-of-validity.

{from Wikipedia}

Quantum information (qubits) differs strongly from classical information, epitomized by the bit, in many striking and unfamiliar ways. Among these are the following:

A unit of quantum information is the qubit. Unlike classical digital states (which are discrete), a qubit is continuous-valued, describable by a direction on the Bloch
sphere. Despite being continuously valued in this way, a qubit is the smallest possible unit of quantum information, as despite the qubit state being continuously-
valued, it is impossible to measure the value precisely.

A qubit cannot be (wholly) converted into classical bits; that is, it cannot be "read". This is the no-teleportation theorem.

Despite the awkwardly-named no-teleportation theorem, qubits can be moved from one physical particle to another, by means of quantum teleportation. That is, qubits
can be transported, independently of the underlying physical particle. SRQM: Ket states are informational, not physical.

An arbitrary qubit can neither be copied, nor destroyed. This is the content of the no-cloning theorem and the no-deleting theorem. SRQM: Conservation of worldlines.

Although a single qubit can be transported from place to place (e.g. via quantum teleportation), it cannot be delivered to multiple recipients; this is the no-broadcast
theorem, and is essentially implied by the no-cloning theorem. SRQM: Conservation of worldlines.

Qubits can be changed, by applying linear transformations or quantum gates to them, to alter their state. While classical gates correspond to the familiar operations of
Boolean logic, quantum gates are physical unitary operators that in the case of qubits correspond to rotations of the Bloch sphere.

Due to the volatility of quantum systems and the impossibility of copying states, the storing of quantum information is much more difficult than storing classical
information. Nevertheless, with the use of quantum error correction quantum information can still be reliably stored in principle. The existence of quantum error
correcting codes has also led to the possibility of fault tolerant quantum computation.

Classical bits can be encoded into and subsequently retrieved from configurations of qubits, through the use of quantum gates. By itself, a single qubit can convey no
more than one bit of accessible classical information about its preparation. This is Holevo's theorem. However, in superdense coding a sender, by acting on one of two
entangled qubits, can convey two bits of accessible information about their joint state to a receiver.

Quantum information can be moved about, in a quantum channel, analogous to the concept of a classical communications channel. Quantum messages have a finite
size, measured in qubits; quantum channels have a finite channel capacity, measured in qubits per second.
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SR - QM 4-Vector SRQM Interpretation

/! Minkowski still applies in local GR
-  QMIis alocal phenomenon .t

The QM Schrodinger Equation is not fundamental. It is just the low-energy limiting-case of the RQM
Klein-Gordon Equation. All of the standard QM Axioms are shown to be empirically measured constants
or emergent properties of SR. It is a bad approach to start with NRQM as an axiomatic starting point and
try to generalize it to RQM, in the same way that one cannot start with CM and derive SR. Since QM
*can® be derived from SR, this partially explains the difficulty of uniting QM with GR:

QM is not a “separate formalism” outside of SR that can be used to “quantize” just anything...

Strictly speaking, the use of the Minkowski space to describe physical systems over finite distances
applies only in the SR limit of systems without significant gravitation. In the case of significant gravitation,
SpaceTime becomes curved and one must abandon SR in favor of the full theory of GR.

Nevertheless, even in such cases, based on the GR Equivalence Principle, Minkowski space is still a
good description in a local region surrounding any point (barring gravitational singularities). More
abstractly, we say that in the presence of gravity, SpaceTime is described by a curved 4-dimensional
manifold for which the tangent space to any point is a 4-dimensional Minkowski Space. Thus, the
structure of Minkowski Space is still essential in the description of GR.

So, even in GR, at the local level things are considered to be Minkowskian:
i.e. SR — QM “lives inside the surface” of this local SpaceTime, GR curves the surface.

SR 4-Tensor SR 4-Vector

2.0)-Tensor T 1 0)-T Vi=V SR 4-Scalar . :
(1,1()-T<insec?rsT“v or T, (SRZl CoVector: OneF(Zm\Q SRQM: A treatise of SR—QM by John B. Wilson
o . 1)- - orentz Scala
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SR - QM 4-Vector SRQM Interpretation
Physics of QM

' SRQM Interpretation: Main Result

N QM is derivable from SR!

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

Hopefully, this interpretation will shed light on why Quantum Gravity has been so elusive. Basically, QM rules of “quantization” don’t apply to GR.
They are a manifestation-of/derivation-from SR. Relativity *is* the “Theory of Measurement” that QM has been looking for.

This would explain why no one has been able to produce a successful theory of “Quantum Gravity”,
and why there have been no violations of Lorentz Invariance, CPT, or the Equivalence Principle.

If quantum effects “live” in Minkowski SpaceTime with SR,

then GR curvature effects are at a level above the RQM description, and two levels above standard QM.
SR+QM are “in” SpaceTime, GR is the “shape” of SpaceTime...

Thus, this SRQM Treatise explains the following:
. Why GR works so well in it's realm of applicability {large scale systems}.

. Why QM works so well in it's realm of applicability {micro scale systems and certain macroscopic systems}.
i.e. The tangent space to any point in GR curvature is locally Minkowskian, and thus QM is typically found in small local volumes...

. Why RQM explains more stuff than QM without SR {because QM is just an approximation: the low-velocity limiting-case of RQM}.

J Why all attempts to "quantize gravity" have failed {essentially, everyone has been trying to put the cart (QM) before the horse (GR)}.

. Why all attempts to modify GR keep conflicting with experimental data {because GR is apparently fundamental — passed all tests to-date}.

. Why QM works perfectly well with SR as RQM but not with GR {because QM is derivable from SR, hence a manifestation of SR rules}.

. How Minkowski Space, 4-Vectors, and Lorentz Invariants play vital roles in RQM, and give the SRQM Interpretation of Quantum Mechanics.

SRQM: Special Relativistic Quantum Measurement, Special Relativistic Quantum Mechanics

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-T VE=V = (VY SR 4-Scalar ; :
(1,‘?)-T<;nsor T or T, (SR Zl-nglzrctor:Oneézrr\:n) (0,0)-Tensor S or S, SRQM: A treatise of SR—->QM by John B. Wilson
orentz Scala
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SR — QM 4-Vector SRQM Interpretation

Vi SRQM Chart:
£, Special Relativity — Quantum Mechanics ., .
s SR—QM Interpretation Simplified ...coonesen

SRQM: The [SR—QM] Interpretation of Quantum Mechanics

Special Relativity (SR) Axioms: Invariant Interval + LightSpeed (c) as Universal Physical Constant lead to SR,
although technically SR is itself the Minkowski-SpaceTime low-curvature:“flat” limiting-case of GR.

{c,7,m,,h,i} = {c:SpeedOfLight, t:ProperTime, m,:RestMass, h:Dirac/PlanckReducedConstant(h=h/21r), i:imaginaryNumber\[-1]}:
are all Empirically Measured SR Lorentz Invariant Physical Constants and/or Mathematical Constants

Standard SR 4-Vectors: Related by these SR Lorentz Invariants:

4-Position R = (ct,r) = (R'R) = (CT)

4-\elocity U = y(c,u) = (U-9)R=("/4)R=dR/dt (U-U) = (c)?

4-Momentum P = (E/c,p) = myU (P-P) = (moC)®

4-WaveVector K= (w/c,k) = P/h (K-K) = (moc/h)? KG Equation: vl<<c
4-Gradient d=(d/c,-V) =-iK (9-9) = (-imoc/h)* = -(m,c/h)* = QM Relation — RQM — QM

SR + Empirically Measured Physical Constants lead to RQM via the Klein-Gordon Quantum Eqn, and thence to QM
via the low-velocity limit { |[v| << ¢}, giving the Schrodinger Egn. This fundamental KG Relation also leads to the other

Quantum Wave EG UationS: RQM (massless, no rest-frame) RQM (with non-zero mass) QM(Iimit-case from RQM)

{lv|]=c:m,=0} {0<=|v|]<c:m,>0} {0<=|v|]<<c:m,>0}
spin=0 boson field = 4-Scalar: Free Scalar Wave (Higgs) Klein-Gordon Schrodinger (regular QM)
spin=1/2 fermion field = 4-Spinor: Weyl Dirac (w/ EM charge) Pauli (QM w/ EM charge)
spin=1 boson field = 4-Vector: Maxwell (EM photonic) Proca

SR 4-Tensor SR 4-Vector

2,0)-Tensor T+ 1,0)-Te V=V SR 4-Scalar ) :
R ] R ANUAY (Essi Sl | SO A treatise of SR—QM by John B. Wilson
u orentz Scala

,1)-Tensor V, = (vo,-v
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gﬁychMA S RQ M D iag ra m : 4-Vector SRQM Interpre;?tiQo,\;l\
24, Special Relativity — Quantum Mechanics __,
ﬁJsa;;z;tz%m RoadMap of SR—QM g

*START HERE*: 4-Position=Location of SR <Events>_in SpaceTime

*follow the arrows*

4-Gradient=Alteration of SR <Events>
SR SpaceTime Dimension=4

SR SpaceTime “Flat” 4D Metric / : ) 4-Position R* ..
R orcntzilransiorms V =n"" RN R=(ct,r)=<Event> ProperTime g
SR Action — 4-Momentum T Lorentz Derivative = cis>
SR Phase — 4-WaveVector M'&Z‘i;’,\’:k' R-R=(ct)2-r-r It?oipsgft-ilc-:lg: gswaves
. . . I
SR repertine Dethatve /] R e
8-8=(9,/c)-V-V 4-Gradient ¢" ProperTime 4-Velocity U*
= {(Moc/N)? = -(Wy/C)? 33=3@Ru « U-a=d/dr=yd/dt T U=1(c,)=dR/dt
(o ol = B = - . o * =
= (81/(:)2 ( : ) Derlvatlve -K.R=(Dphase,free -P-R=Saction,free \I;{gg;q Al"flhgailja: UIU:YZ(CZ-u.u)

SR d’Alembertian & '3[]=K @ Siinase < T =

Klein-Gordon Relativistic 4-WaveVect Hamilton-Jacobi Phase & Action

Quantum Wave Relation Ci\::pgi o Pr = -9[S] Lorentz Scalars Einstein

Schrodinger QWE is . Plane-Waves @ E = mc? = ymoc? = vEo

2. Rest Mass m.:Rest Energy E,

{Iv]<<c} limit of KG QWE | Kr = -3[<D]
“*[ SR — QM |** e @
T

4-\WWaveVector=Substantiation

of SR Wave <Events> 4-WaveVector K"

4-Momentum=Substantiation

oscillations proportional to K=(w/c,k)=(w/c,wn/Vpnas) 4-Momentum P* of SR Particle <Events>
mass:energy & 3-momentum =(1/cF,i/x)=(wo/c?)U=P/h SRR Ll P=(mc,p)=(E/c,p)=m, mass:energy & 3-momentum
KK ( ; )2 Kk Di;ac:rP]II?nck Constant h=h/21r P.p (E/ )2
K=(w/c)*-k- = @‘ = C)-pp
= (moc/h)* = (wo/c)? = (1/cF,)? @ = (m.c)’ = (E./c)?
(1/h )

SR 4-Tensor
(2,0)-Tensor T+ (1,0)-Tensor V" = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Vector

SR 4-Scalar . Trace[T"] =n, " =T =T
(0,0)-Tensor S or S, X|St|n J RRUIeS \VAVES Vpnuvvv = [(V0)2 _ V'V] = (V00)2
orentz Scala ( QM Principles ) = Lorentz Scalar
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gﬁy;chMA SRQM Diagram: 4-Vector SRQM Interpre;?t(izol\r/l’n
. Special Relativity — Quantum Mechanics
o ROadMap of SR—QM (w/ EM Potential),,,, sreremen

http://scirealm.org/SRQM.pdf

4-Gradient=Alteration of SR <Events> *START HERE™: 4-Position=Location of SR <Events>_in SpaceTime

SR SpaceTime Dimension=4 ploviesrons @y RR = (ct)>rr
SR SpaceTime “Flat” 4D Metric
SR Lorentz Transforms

SR Action — 4-Momentum

SR Phase — 4-WaveVector
SR Proper Time Derivative
SR & QM Invariant Waves

SR — RQM Klein-Gordon _ : 1 _ _
Relativistic Quantum 4-Cradient ¢ U-9=d/dt=yd/dt

T S -R=0 SRy Matter Wave :
Particle in EM Potential - Derivative R=] J ‘R=S,_, Vgroup*vphase= c* @ : ||H'I"'>

: . iti = T EM Faraday
BV[R“']=/\”’V - ] u-u —_’Y (02 -u-u) S AV-0"AF=FH

d"[R]=n" Lorentz R ) =H(ey 4-Tensor

Minkowski

4-Ve|ocity=l§lotion of SR
<Events>liniSpaceTime as
U=y(c,u)=dR/d Ja R R

4-Velocity U"

d’Alembertian Wave Equation Rest Angular EM
89 = (BJcy-V-V Frequengy wo 4-EMVectorPotential A*
= (dr+(ig/h)A)-(d++(ig/h)A) Lorentz Scalars A=(¢p/c,a)=(p./c?)U
= -(Wo/C)? = -(Mmoc/h)? e p - @
- 2 == 4-Wave\Vector W |5l Hamilton- Einstein
(0+/c) ‘(-vl)’ Gomp ) ‘=P Jacobi E = mc? = ymoc*= vE, Elt\w/lar eO e s
Limit: { |v|<<c Plane-Waves % Y Pr=-9[S] ¢ i } -
(Ider) ~ [ GO + (Moc?) + (INVr+qa)/(2my) ] Kr = -al@], K = i\ /- - > o> ol
: _ . 2 _
\(,:/Fi‘tiﬂg)otér:/ﬁ; ('thv;gi)(ﬁf?;)] 4-WaveVector K 4-Momentum P* 4-PotentialMomentum Q"
UL THA A SV - ./ )= (c./ ) U=P/ NSRS P=(mc. )= (E/c,p)=m,U Q=(V/c,q)=q(9/c,2)=gA
*[ SR — QM |** PRI (+)

. 1/h 4-TotMomentum Conservation Minimal Coupli
4-WaveVector=Substantiation KK = (w/c)*-k-k (v ) P-P = (E/c)*-p-p P.=(P+Q)=(P+qA) ' P= (g]lfg:) =o(uPpTan%
of S:l? }[/_Vave <Evert1_ts> " u (KT'(q/h)Az)'(KT'(q/ h2)A) 4-Momentum=Substantiation = (PT-qA)-(PT-qA) 4-TotalMomentum pTu
oscillations proportional to = (Moc/h)? = (wo/c of SR Particle <Events> = 2 = 2
mass:energy & 3-momentum ( o lee mass:energy & 3-momentum (moc) P_=(E /c,p,)=((E+q@)/c,ptga)=P+Q

SR 4-Tensor SR 4-Vector Trace[T"] = T =T, =T

V-V = Vi VY = [(V)P - vev] = (V)P
= Lorentz Scalar

Existing SR Rules
Quantum Principles

(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v) SR 4-Scalar
(1,1)-Tensor T*, or T,¥ | SR 4-CoVector: OneForm (0,0)-Tensor S or S,
, , , orentz Scala



mailto:SciRealm@aol.com

SR —» QM 4-Vector SRQM Interpretation
Physics

- SRQM Diagram: SRQM 4-Vectors and
.~ Lorentz Scalars | Physical Constants _ -

SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

f 9.R=4 : Minkowski & Lorentz s |
AR e SpaceTime 4-Acceleration 4-Polarization [ O[R]=0"[R']=n""§ A[R"]=AY, _ A 4-Gradient
4-Displacement A=y(cy',y'u+ya) R C KY actually Metric ansformg’

AR=(cAt,Ar)
dR=(cdt.d

J=(d/c,-
an outcome of k- ( t V)
Poincaré Invariance, V1=4= bV . UtV
s%s)=(sB,s) [N adetl A

Conservation of Complex Hamilton-
= = gl.. ) ar.. 'Polarization:.Spin e 4-TotalWaveVector PIane—Wavgs Jacobi
o o t Interval e At is Rest Spatial Sum of Plane-Waves K, =-0[®]K=io P, =-a[S]

nvariant Interva 0o
| @ 4-WaveVector @ 4-TotalWaveVector
2-UnitT I | K=(w/c,k)=(w/c,wn/vphase) K,=(w./c,k,)
ni amora Wavs VeIocntzy {w,=0} & {K-U=0} < {K is null} ='a[¢phase]

group  phase

Rest AngFrequency ‘% %
' : Einstein
Einsteing( E ) de Broglie (l)
E Rest Number

de Broglie .. = P =K L
! @ P @ ---»CLEn F X(E/C’f P) 4-TotalMomentum
. @ Density E=mc? ) PT=(ET/C,pT)=(H/C,pT)
4-UnitSpatial = Rest Energy:Mass ProperTime o - —-3IS
S=ypn(H-B,N), Pprobe = X \p Rest Charge P=(mc,p)=(E/c,p) Deriaiies =0l S

- \|2 Density u P ) Conservation of
=) Peorm @ EM @ {Me=0} < {P-U=0} < {P is null} 4-TotalMomentum @
- - g Probability Rule Y
< . b= ==

Speed e
Time: Space@ opright

Orthogonal

. Rest Scalar ||H_|_ } . Sum of Momenta
4-NurmberFl e e ; - vinimal @ 4-MomentumincField
. e = i Coupling = =P+Q=P+gA
SVELE 4-ChargeFlux ) EMXe:Z’E;)/FCPs;tentlal EM Charge P+QI P=(E/c,p,)=P+Q=P+q
4- ProbCuerenS|t 4-CurrentDensit :
i ProbabllltyFquy @ J=(pC,j)=p(c,u)y {9o=0} < {A-U=0} <> {A is null} 4- EMIZOJ?S}éth;IorTEntum SRQM Diagram
Jprobz( ’ ) q q

SR 4-Tensor SR 4-Vector
(2,0)-Tensor T+ (1,0)-Tensor V¥ = V = (V°,v)
(1,1)-Tensor T*, or T,' § SR 4-CoVector: OneForm

SR 4-Scalar Existing SR Rules Trace[T"] = nn 1™ = T8, =T
V=WV = 0)2 _ vyl = (V0.)2
(O'Ozjfn”tiosrcilgr So Quantum Principles V'V = Vinn Ve = [(v) SV

= Lorentz Scalar
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SR —» QM 4-Vector SRQM Interpretation
Physics of QM

A‘ Special Relativity -~ Quantum Mechanics
N The SRQM Interpretation: Links

A Tensor Study SciRealm@aol.com
of Physical 4-Vectors http://scirealm.org/SRQM.pdf

See also:

nttp://scirealm.org/SRQM.html (it discussion)
nttp://scirealm.org/SRQM-RoadMap.html (main sram website)
nttp://scirealm.org/4Vectors.html (-vector study)
nttp://scirealm.org/SRQM-Tensors.html rensor & 4-vector Calculator)
nttp://scirealm.org/SciCalculator.html (complex-capable RPN Calculator)

or Google “SRQM”

http://SCireaIm.Org/S RQM pdf (this document: most current ver. at SciRealm.org)

SR 4-Tensor SR 4-Vector TG
2,0)-T o 1,0)-T V=V = (V0 -Scalar ] . :
(1 1( )-Tgn:c?rsgv or T, (SR LSE@ZLtono“eF‘Z,r.? SRQM: A treatise of SR—QM by John B. Wilson
’ . . orentz Scala

,1)-Tensor V, = (vo,-v



http://scirealm.org/SRQM.html
http://scirealm.org/SRQM-RoadMap.html
http://scirealm.org/4Vectors.html
http://scirealm.org/SRQM-Tensors.html
http://scirealm.org/SciCalculator.html
https://www.google.com/search?q=srqm
http://scirealm.org/SRQM.pdf
mailto:SciRealm@aol.com
mailto:SciRealm@aol.com

SR —» QM 4-Vector SRQM Interpretation
Physics of QM

/" The 4-Vector SRQM Interpretation
e QM is derivable from SR!

of Physical 4-Vectors http://scirealm.org/SRQM.pdf

The SRQM or [SR—QM] Interpretation of Quantum Mechanics
A Tensor Study of Physical 4-Vectors

quantum
relativity

SRQM = SciRealm QM? A happy coincidence... :) Ambigrams

SR 4-Tensor SR 4-Vector

@0) Tensor P Tensor Ve =¥ = {vv) SRQM: A treatise of SR—QM by John B. Wilson
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