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Background

Formal approach to special relativity
Define flat metric in Minkowski space

dsz = —gwdxl‘dxv Euv = di{lg(—l, 11, 1)

Parameterize by proper time =- constraint on four-velocity

Lty d®\t L ax\E o a\ L dx )
T ds ds ds ds ) ds dx0
dx0

1 1
as T Ao ) V2 NR limit: c—co
Vo 2

Mass-shell constraint

dxt dx
2_ |, ax" Xp\ _ 2 _p2_ 2
"= (mds><mds) pP=E-p
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Background

Covariant canonical mechanics — Stueckelberg (1941), Horwitz and Piron (1970)
8D unconstrained phase space (x#(7), (7)) it =dxt/dt

@ New evolution parameter T

@ Independent of spacetime coordinates (not proper time)

Distinguish two aspects of time:

@ Chronological time T determines monotonic ordering of events

@ Coordinate time x9 locates event on laboratory clock

0 &
dx X
E=M"=M—
dt z(7) = (u¥, u)T () = (=’ u)r
Particle: %0 > 0 Antiparticle: %0 <0

Upgrade nonrelativistic classical and quantum mechanics

Newtonian time Evolution parameter T
+ — +
Galilean symmetry Poincaré symmetry
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Background

Stueckelberg-Horwitz-Piron (SHP) electrodynamics

Dynamical U(1) gauge theory of spacetime events

@ Event x¥ (T) evolves under chronological time T, u,v=20,1,23
@ x'(t) — a 5D current j*(x,T), a,B,v=01273>5

@ j*(x,T) — 10 field strengths f*f(x,T) through pre-Maxwell equations

pf*P (x,7) = ¢ (,T)  Oufpy + Oy fap +Ipfra =0

@ Fields act on events through Lorentz force
M3 (7) = eof o (x,T)3* (7) = eo [ (x, )" (1) + fl5(x,7)]
@ Particles and fields can exchange mass through

—(—3Mx?) = —Mil'z), = eqfo, i
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Background

Open issues in SHP

@ Particles and fields exchange mass dynamically.
Why do observed particles have fixed masses?

@ Field equations — wave equation
g"‘ﬂ'aaaﬁa" = (90" +g® 92)a" = —¢j” (x,7)

g% = (~1,1,1,1,41) suggests underlying symmetry of fields

0(4,1) or 0(3,2) 0(3,1)

in presence of matter

How should g55 be chosen?

@ ¢ —> oo: standard relativity — nonrelativistic mechanics.
Is there a parameter c5 such that

SHP standard Maxwell theory
¢5 — appropriate limit
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Background

QOutline of Talk

@ Overview of SHP electrodynamics making c and c5 explicit

@ SHP ——— standard Maxwell
C5*>0

@ Simple model for particle mass shift — off-shell evolution

@ Self-interaction that damps out mass shift — on-shell evolution
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Speeds of light in SHP

Constants ¢ and c5 convert times f and T to spatial distance

Generalized Stueckelberg-Schrodinger equation

(10 20) #6571 33 (7~ 267 (- 2) w07

Invariant under local gauge transformations

P ay(x,T) = ay(x,T) + 0, A(x, T)
P(x,T) — exp {%A(x,r)} P(x,T) ! ! :

¢(x, T) = ¢(x, T) + 0 Ax, T)

Global gauge invariance — conserved 5D current

uft +dep =0
L (g 13014 ML P = 2
R P R P S o]
Formal designations: x> = 95 = =
ormal designations: X~ = c¢5T , 5 g T Ay — Ay + A
1
) daj* =0
P=cp , as=—¢ o
Cs
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Speeds of light in SHP

Classical Lagrangian for offshell mechanics

Hamiltonian

) )] 2

Lagrangian and Lorentz force

1
L= ipy —K = s M, + Lsta,

d oL oL

Lo (e 2 < (250

Mzt = %O[x"‘a"a,x — #%0,a"] = %"f"a(x,r)x”‘ = %Of” (x,T)x" + %f” (x,7)

where

f*, = ota, — dya fls = oas — ClaTuV e
5
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Speeds of light in SHP

Mass exchange in SHP electrodynamics

Unconstrained motion in 4D

o (ot (1) (YT ey v
S \dt'dt) “c \dt ) \dt o

On-shell evolution

Particles and fields may exchange mass — off-shell evolution
d 1 22
7 (maMx%) =

ST €y . s €oCs

—Mxtx, = 7 X (esfus + fux") = e i fop
Cs .

= 855 eo? fSny

c
Mass exchange scaled by bl
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Speeds of light in SHP

Electromagnetic action — gauge and O(3,1) invariant

Add kinetic term for gauge field

Sem = /d4xdT {%Oj“(x,r)a“(x, T) — /ds% [f"‘ﬁ(x,r)d)(r —5) fup (x,s)] }

Local event current
(%, 7) = cX*(1)0* (x — X(7))
Field interaction kernel
dx ; 1 c5\2
_ _ 251 Y e 2| —ikT _ 5
®(1) = —6 (1) — (1) (7) /27r [1+ @an?] e, {1+(C)}
Inverse kernel

dk e ixT 1 _
_ _ e

_ @w < |T|/aA
27T 1+ (a/\;()2 200A

aA ~ width of ¢(7)

Smoothed Current

o (o) = [ds g(x—3)[* (x,5)
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Speeds of light in SHP

Field Equations

5D pre-Maxwell equations

e,
I f*P (x,7) = Sy (xT) dafpy + Oy fap +9pfru =0
4D component form
1 e e c
v_ S5 _ © M 5y _ ¢ .5 _ 5
dy fH cSanﬂ_c](P anV_C]fP_Cepq’
1
Oy fup + v fou + 9o fuv =0 9 fou — I fsu + Eaffw =0
Analog of 3-vector Maxwell equations
1 e m_ €0
VxB- 9E=_] V-E=_]
V-B=0 VXE—O—%atB:O

3-vector notation

(@ =7"  (hi=euff (£) =f"
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Speeds of light in SHP

Concatenation — connecting to Maxwell theory

Equilibrium boundary conditions

Pp(x,T) ———— 0 P x,7) ————— 0

T—+c0

Integration over worldline

9 (x,7) = S (x,7) 8P (x) = SJF (x)
Iafpy) =0 i Iy =0
duj* =0 duJi(x) =0
where

Al (x) = /dT at(x,7) FW(x) = /dT ¥ (x,7) JH(x) = /d’f i (x,T)

Concatenation — on-shell Maxwell theory ~ equilibrium limit

dim{ep} = dim{A} = time

dim{epa’ } = dim{eA"} =
e = eg/ A is dimensionless Maxwell charge
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Speeds of light in SHP

Wave equation and Greens function

Wave equation

poPat = (3,0 +9:07) a* = (aﬂaﬂ n % a%) o = —g 5 (x,7)
5
Principal part Greens function

1

\/ —8558upx?xP

s 0
Gp(x,T) = _H‘S(xz)é('f) - ﬁﬁﬂ—g%gwx"‘xﬁ)

= GMaxwell + GCorrelution

where under concatenation

1
/dT GMaxwell = D(x) = —Eé(x2) /dT GCorrelation =0
Support of Georrelation
2 2.2\ __ 242 2 2.2 _
‘s — (P4 cE) =P —x* =3P >0, gss=+1
—8558apX" X =
+ (=) =x2 -2 - 22> 0 , g5 =-—1

Taking g55 = +1 for timelike support — finite self-interaction
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‘Static’ Coulomb Potential

Uniformly moving source

Source moving along f-axis
X (1) = (c7,0,0,0)
Currents

1) = 1) = ed(t - 1) P(x) j(x,7) =0

o2, T) = o (x,7) = cq(t — 1) 8°(x) jo(x,7) =0

Maxwell part of Green's function induces

g (-5)

Concatenation recovers standard Coulomb potential

Al(x) = /dT[lO (x,7) =

A (x,7) =’ (x,7) =

e

_c A=
47t |x| 0

Yukawa-type potential with photon mass spectrum m., ~ f1/aAc?

0 _ 5 _ e i —|x|/aAc
a’(x,7) =a’(x, 1) ] 2ai’
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‘Static’ Coulomb Potential

Coulomb force

Field strength components

e _ .o
ka(x,,l.) _ fk5(x,’l') _ ak47.[|x| m |x|/aAc fl](x,’l') -0 f50 -0

Test event experiences Coulomb force

€0 ck . €0C5 5k €0 k0 (0
I?f VX — 855 ——f =—?f (x —g55C5>

[

Writing %(T) = (&¢,0) for a particle (+) or antiparticle (—)

—|x|/aAc 1 [53 —|x|/aAc
. epe G5 e 2 1T 8557 e
= +1— R
Mx zm( 8557 )v( am|x| ) +e H(cs)zv( am|x| )
c

gs5 = +1 = no low energy particle-particle interaction
If c5 = ¢ then

gs5 = —1 = no low energy particle-antiparticle interaction

c
= < measured charge asymmetry in low energy scattering
c
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‘Static’ Coulomb Potential

Contribution from G orelation
Approximating ¢ (7' —s) = (7' —s)
o e o 0 0
a (er) = ﬁ X (S)/ds Georrelation (xfx(s)r’rfs)e (x -X (S))

Taking gs5 =1

Georrelation (xr T) =

cs <l 0(—x* —cit®) 5(x2c§T2)>

272 \ 2 (—x2— 2t )3/2 (7x27c§"r2)1/2

Solving causality requirements on s

= 50 00 (4 oty o)
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Liénard-Wiechert Potential and Fields

Potential

Integrating d-functions in Gppaywenr (X, T) and jg (x, T) with

[arfmsls @)= L g =0

g (Tr)
leads to
a*(x,7) = £ /ds p(T—35)X"(s)6 ((x -X (s))z) gret
27
e u®
- E(P(T*TR) |uz\
where
Line of observation zZH = xt — XF(tR)

Lightcone condition 22 = (x— X(TR))2 =0
4-velocity of source ut = XH#(tR)

Retarded causality 07" =0 (x0 — X% (1r))
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Liénard-Wiechert Potential and Fields

Field strengths

Retarded fields

Radiation fields

(Z"u¥ —zut) (u-z) — (Z"u’ —zut) (i - z)

Floa,7) =4‘;fp<rm>[

(u-z)°
€(t—tg) ZMu¥ — z'ul N i
R S } ]
o _ Byt (.
ff;;(x,r):—%(p(’[—rlz) {(?u 7«3)23 B G(T/\TR)Z (uuhz(;; Z)} - %
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Smooth Transition as cs — 0

Field equations — Maxwell

Homogeneous equations
1
Oufup +vfou +9pfuwy =0 v fsy — yufsy + ganW =0

o Satisfied identically (field defined as exact form f*f = 9%aP — 9Pa%)

® Ocfuy =5 (0ufsy —Oufsy) =0 = fuy — static

Inhomogeneous equations

1 e 1 1
Hv _ — ) = Z —fu) ==
oy f o7 (C5f ) c Jo ay <c5'f > c €0y

o , . 1 .
Liénard-Wiechert potentials = — fo# ——— finite
C5 c5—0

@ Equilibrium conditions: p,,(x,T) = 0 and df* =0

T-independent Maxwell equation 9, f/*V' = —j

Free field 9, f°" =0
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Smooth Transition as cs — 0

Lorentz force — Maxwell

From Liénard-Wiechert fields
Mt = [ (5, T)% + f3 (x,0)

e e .
= ?0 in? (T —1R) []-'”V(x,"r)xv +c2 ]-'5"(x,"r)]
where

F (z'u¥ — z'ut) u? {(z"u’” —zVul) (u-z) — (2u —z'ut) (-z)  e(t—1TR) 2HUY — zVu"}
(u-2)° (u-2)° A (u-z)*
o _ 2t —ut (u-z)  (i-z)2' | e(t—tr) 2" —ut (u-2)
(u-2)° (u-2)° A (u-2)°

are independent of cs.

Using ¢(7) = ie*IT\/M and a = % [1 + (%5)2]

20
2 0o 2 5 2
Mit = e e~ ITTrRI/@A Frx’ +c5 K € e 2T—TRI/A M v
47 1+ (cs/c)? 650 47 v
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Toy Model for Mass Shift

On-shell event enters dense region of charged particles

Uniformly propagating event
x (1) =ut = (uo, u) u? = —c?
Dense region of charged particles induces small stochastic perturbation X (T)
x (1) =ut+ X (1)
Typical distance d between force centers — roughly periodic perturbation

d _ very short distance

characteristic period = = -
|u] moderate velocity

= very short time

fundamental frequency = wg = 27[% = very high frequency

amplitude = |X¥ (7)| ~ ad

macroscopic factor =a < 1
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Toy Model for Mass Shift

Perturbed motion

Expand perturbation in Fourier series

X (1) =Re)_ a, "ot
n
Write four-vector coefficients as

a, = ads, = ad (s(,)l,sn> =ad (cs,ﬁ,sn)

where s, represent normalized Fourier series (sg ~1)
Perturbed motion on microscopic scale d
X (1) = ad Re)_s}, ™07
n
Perturbed velocity on macroscopic scale « |u|

X (T) =ut + X (1) = u" +ad Reano sl jeinwot
n

=ul 4+ ad ReZn (27‘[%) Sﬁ jeinwoT — +a |u| ReZZnn Sr’: jpinwoT
n n
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Toy Model for Mass Shift

Perturbed mass

Unperturbed on-shell mass

Mi? (T
m= —# =M
Perturbed mass ¢
2
.2
m= ,chiz(ﬂ = fCMZ <u+¢x [u| ReZZrm Sn e”‘“’oT>

2 ) 242 )
=M (1 . |u‘ Re 227‘(11 1 -5y 00T %Re Y (270)% nm sy - Sm e’(”+’”)‘”0T>
X

In rest frame of unperturbed motion, neglecting a2
20 |u|

47 [u|n

2mn (u-sy) = 5 (c,0) - (csh, sn) = —4ma|u| ns,

A Am
mﬂm(lJr—m) ——4mx|u|ReZns jeihwoT
m m

Larger mass shifts if « >1 = a? becomes significant
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Self-Interaction for Mass Stability

Terminal velocity

Mass exchange with electromagnetic field

2 2
i(—%MJ'CZ) _ 870 —,,'5}45(}4 — 67 e*\T*TR\/M\ 675 ]:5]43&’4
dt c 47c 1+ (cs/c)?

@ Scaled by cé

@ Small but possibly significant

@ Seek mechanism that damps off-shell mass

@ Analogous to terminal velocity from friction

Toy model: f# = gxt

d, 4, . ) 2eq0
LMy = Doy, = 20 (1 2)
dT( M) ¢ T Mc ( 2 M2
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Self-Interaction for Mass Stability

Framework

Arbitrarily moving event X*(7)

°

@ Produces current jg (x,T) and field fB(x,T)

@ At time T* > T event interacts with its own field
°

In co-moving frame
X (1) = (ct (1),0) X (1) = (ci (1),0)

Gpaxweni = 0 on timelike separation

X(t") — X(t) = c(t(t*) — t(7),0)

@ Contribution from Gcoprelation

a* (X (1) s [ds xes < (86) 5(3)(5)/)) -

T 223

C2
g (s) = — ((X(1) = X)) + (T —9)%) = ((t (t) — ()" - 3 —s>2>
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Self-Interaction for Mass Stability

On-shell motion

Evaluating
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Self-Interaction for Mass Stability

Arbitrary motion in co-moving frame

Since X (1) = (cf (1) ,0)
At =0 9’ =0a°=0 =  f=f"=0
Field strength reduces to
50 _ 5.0 05 _ 551 o ool s 1o o 1. 5
f=0"a"—0"a° =g —0pa’ — g —0i° = —0ra° + —0a
Cs5 c Cs5 C
where 0+ acts only on explicit variable: dr+X%(s) = ¢+t (T*) = 90 = 0

Working through derivatives of

X)) = 55 [ 3 ( Eg( 5) 5<g<s>>2> gt

223

Leads to
o=
= terms containing 0 (g(s)) + terms containing ¢ (g(s))
+ terms containing d+6 (g(s))
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Self-Interaction for Mass Stability

Field strengths for arbitrary motion

Field strength
50 50 50 50
=+ fy

where
P [ A
f5,0 féi—i/d ((Sg/((j()sl)/)z 07t A (T%,5)
and
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Self-Interaction for Mass Stability

Function A (7%,5s)

Event at constant velocity

For any smooth f(T)

F(T*) —t(s) = t(s) + (s)(T" —5) + %f(s)(r* —s)+o0 ((T* 75)3) —t(s)

— i(s)(T" —5) + %"(s)(r* —92 o0 ((x" —5))

leading to
A(T*,s) =F(s)(th —s8) — (t(T%) —t(s)) = f%f(s)(‘r* —s)2+4o0 ((T* - s)3)

so that

A(T%,5) #0 = time coordinate accelerates in rest frame = particle mass shift
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Self-Interaction for Mass Stability

Mass jump

Small, sudden jump in mass at T =0
T , T<O0 ' 1 , T<0
t(1) = = i(7)=
1+t , >0
For T <0
0 = s<0 — Hrt¥)=t(s)=1 — A(Ths)=0
For 7 > 0
s>0 — Hrt)=t6s)=14+8 — A(t%s)=0

s<0 — A(ths)=1H(s)(tF —s) — (1 +B) (%) —s) = —Bt*
Solving for

2 2
85 = (H(T) = t(s)’ = S (T =) = (1+ )T =5 = (" =5 =0

s*:<1—|—1f%5>r*>7* = g(s3)>0ons<0<t" = f'= ;0:
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Self-Interaction for Mass Stability

Field strength from mass jump

—pt* , fors<0
Since 0(g(s)) =1 for s < v and A(T%s) =

0 , fors>0
The field strength is
2 0
fO=f = ) S [ s —

At e [g(s)]?

o 3¢ 2 0 1
=P [ 572

(4T =5 - G -5

e 1 c2
:WéwWQ@5>

2
where Q (,B, EE) is positive, dimensionless, finite for c¢5 < ¢ and

Q(ﬁ,;%) 0

c5—0
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Self-Interaction for Mass Stability

Factor Q

Martin Land —

IARD 2016

2 2
2 C5 s _B
S4B
2|1t 2 ]
+ c ;
372
1/2
2 2
2
(1cg> 1426 P
c C C
1—-3 1-3
c? c? -
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Self-Interaction for Mass Stability

Lorentz force
Since f*' =0
SH e s Sho 5.5 _ 5u
Mt = egfFxy = e f1Px5 = —eo V%5 = —gsseo f7H 2> = —epcs f
Self-interaction is
0 , T"<0
MY = 7C5€0f50 = 1 2
Aez Q(g3) , v>o0
47 cs (BT* ) c
Mjfi = —C5€0f5ixi =0
L flsz = eof My = —egcflh = Ae? < Q /5 2
dr \ 2 TS TR T o422 (ﬁr*)S

Emergent picture
Self-interaction — force opposing mass exchange
Mass damps back to on-shell value

Force vanishes when { = 1
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