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Fixed Particle Masses — Axiom or Convenience?

Origins: electron as first elementary particle

J. J. Thomson cathode ray experiments (1897)

Cathode rays = beam of discrete particles with fixed e/m

R. Millikan and H. Fletcher oil-drop experiment (1909)

Minimum electron charge — fixed electron mass

Particle Data Group (2020)

Variation in measured mass: Am, ~ 1078
Convention: treat one particle mass 1 as fixed by a priori constraint
dukt d3p

m—— =eF*u id—ed—m)p=0 dpé(prp, +m?) = ———
dt v ( )l[J P (P Py ) ZW
mass shell

7, = diag(=1,1,1,1)
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Fixed Particle Masses — Axiom or Convenience?

Complications from the Standard Model

Higgs mechanism
Elementary particles ~ massless asymptotic states P (id — fGauge) ¢
Particle masses <— interactions with Higgs field m = f(Higgs)o

Fixed masses € effective theories
Some one-particle masses sharper than others (PDG 2020)
Am ~ 10710 for composite p, n

Am ~ 25% for constituent u, d quarks

Holding masses fixed <— issues and quirks
Constrained mechanics
Problem of time
Flavor oscillations

Missing mass / energy
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Stueckelberg-Feynman Antiparticle

Particle propagates backward in time

Feynman diagram in QED (1948)

Interaction vertex
Virtual e (E>0) — ¢ (E<0)+7
Appears in laboratory as e~ — e +

Future timelike trajectory — past timelike trajectory

Fock particle trajectory x* (7) (1937)

dt dx\? dt\? /. 1dx\? . v2
w2 — we ua - _ ue - Ur — 22 v
* <CdT'dT> (Cdr> (1'cdt) ot (1 c2>

Mass shell constraint

Fix timelike trajectory —Mx?* = Mc? — — =f=4—0—
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Stueckelberg-Feynman Antiparticle

Particle evolves backward in time

) Stueckelberg trajectory in relativistic
classical mechanics (1941)

x#(t), %*(7) all independent
/\ / Pair processes

9 Continuous evolution

/ \\/ t>0 — t<0

Somewhere f =0

xH crosses spacelike lightcone

*2(T) = %%, dynamical

External T # proper time

%% changes sign
ds = v/ —x2dT not meaningful
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Stueckelberg-Feynman Antiparticle

Covariant evolution

Stueckelberg's proposed classical Lorentz force

D (M) = M (i + Thya' s ) = eF'gypi + G

Usual metric g,y (x) T) diag(—1,1,1,1) and connection l"ffp for w,v,p=0,---,3
at

Classical off-shell propagation

d (1
= (ZMX2> = Mxy D3t = e x,F" %, + %,GV = %, GV

1
GH=0 — EMJ’CZ = constant
Mass shell constraint — conservation law (for standard electrodynamics)

What could be source for G#?

July 2021
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Covariant Canonical Mechanics

Physical picture

Upgrade nonrelativistic classical and quantum mechanics

Newtonian time t External time T
+ . +
. o dx] : dx?
Unconstrained < x!, — Unconstrained 4 x#, —
dt dt
+ — +
Galilean symmetry Poincaré symmetry
+ +
Scalar Hamiltonian H Scalar Hamiltonian K

Inherit nonrelativistic methods and insights

oH oK
e 0 = energy conserved — — = (0 = mass conserved

oT

Free particle

ZMP puy —> X , P 0 — =x constant
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Covariant Canonical Mechanics

Geometry and evolution

Physical spacetime event x#(7T)
Irreversible occurrence at time T
x*(T2) occurs after x# (1)
T>T = x*(12) cannot change x* (1)

No grandfather paradox
Evolution

4D block universe M(T) occurs at T

Infinitesimally close 4D block universe M(T + dT) occurs at T+ dt

M(7) M(T+d7)

Hamiltonian K generates evolution in T
scalar K

=—> No conflict with general diffeomorphism invariance
external T
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Overview of Talk

Classical electrodynamics
Five T-dependent potentials A (x) — a,(x,T) x=20,1,2,35
Lorentz force permits mass exchange between particle and field
Total mass and momentum of particle and field conserved
Self-interaction restores on-shell mass
Maxwell electrodynamics ~ T-independent equilibrium
Quantum electrodynamics
First order unconstrained quantization
Retarded causality in T — no matter loops
Super-renormalizable with suppression of mass exchange
General relativity
4D metric guv(x) on M — gup(x,T) on M(7)
4+1 formalism generalizes Arnowitt-Deser-Misner (ADM)

Evolving metric — mass exchange across spacetime
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Horwitz-Piron Covariant Mechanics

Covariant Lagrangian and Hamiltonian mechanics (1973)

Classical Lagrangian on 8D unconstrained phase space
1
L= EMJ&P‘X” +ext Ay (x) —V(x) B B

Generalized Lorentz force
M (5&” + rﬁ‘prxP) = e, — 'V —  GF = —dhV
where

Manifestly covariant Hamiltonian mechanics

) 1
K=3ip, — L= m(?” —eAF)(py —eAy) +V

Classical: ¥ =— plt=—— Quantum: id:y(x, T) = K¢(x, T)
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Horwitz-Piron Covariant Mechanics

Application: relativistic quantum two-body problems

Hamiltonian
u u
_ PPy | P2uP> _PEP pfpy _prpy
K=o, F g V) =5 + 5, -+ Vo) = 550 + K
Center of mass and relative motion
Mop) — Myph MM,
wo— M I no_ 1 2 _ _
Pr=pi+p, p i M=M+M, m 7

Generalized central force
Virx) =Vip)  where  p=1/(x —x2)? — (t — )2

Relativistic models with mass as dynamical variable

Bound states and scattering — Horwitz and Arshansky (1989)
Selection rules, radiative transitions, perturbation theory, Zeeman and
Stark effects, bound state decay — Horwitz and Land (1993, 1995, 2001)

Entanglement and interference in time — Horwitz (2018)
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Classical Off-Shell Electrodynamics: Framework

Where does potential V(x) come from?

Extend classical electrodynamics
Invariance under T-dependent gauge transformations
Requires T-dependent gauge potentials Ay (x) — a,(x, T)
Requires fifth T-dependent gauge potential eas(x,7) = =V

T-dependent field equations
Lorentz force: 4 independent components
E and p unconstrained
Particles and fields can exchange mass
Total mass of particles + fields conserved

Concatenation of events along worldline
Integration over T — Maxwell equations
Extracts equilibrium theory from microscopic dynamics
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Classical Off-Shell Electrodynamics: Framework

5D gauge theory — Horwitz, Saad, and Arshansky (1989), Land (2020)

Classical gauge freedom

S:/dTL — /dT[L—i—;rA(x,T)] :/dT

Generalized interaction: 5 gauge potentials

L+6(i"9,A+0-A)
e — |

X%0u A

SXVA}, (x) = V(x) — gxi‘ay (x,T)+ §x5u5 (x,7) = Sx“aa (x,7)

Apuv=0123 and «py=01235]

‘xS =57 for X%° = constant = c5 < c‘

Conserved 5-current and Maxwell current
i (x,7) = cx%* (x — X (1)) daj* = Oyjt +095° =0
o) = [ (1) — 30" =0
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Classical Off-Shell Electrodynamics: Framework

Lorentz force (Land 1991)
Lagrangian
1
L= QMXVXF + Sa’c”‘aa (x,7T) break 5D symmetry: %° not dynamical
Equations of motion
" e . e .
Mz, = gxﬁfﬂﬁ = (2 fuv = csfsp)
d 1 e
— [ —Z Mty —ce=—xH
e ( 2Mx xy) C5Cx fsu
5D field strength
fat‘B = aaaﬁ — aﬁa,x D(,ﬁ = 0, 1,2,3,5
fuv (x,T) — Fyuy (x) at equilibrium (7-independence)

e (x,T) = o' (x,7) = 8°a# — 9"a° induces mass exchange
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Classical Off-Shell Electrodynamics: Framework

Simple case: off-shell trajectory

In co-moving frame of one particle
For Tt <0

x(1t) = (ct,0) — x(1)=(c,0) — —Mi*= Mc?
ag (x,7)=0 — fog=0 — Mi=0
Fort >0
a' (x, 1) =0 — f=0
a5=—exg —r f5 =0 fs0 = —3%5 =¢ (e = constant)

0

Acceleration in x” coordinate = mass acceleration

d 1
Mz, =0 Mix° = e%—’s o (—ZMJ"”"CV> = e% e
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Classical Off-Shell Electrodynamics: Framework

Electromagnetic Action (Horwitz, Saad, Arshansky 1989, Land 2001)

Expand interaction term

X"y — /d4x X¥(1)6* (x — X(7)) aa(x, T) /d4x] x, T)aq(x,T)
Action

Sem = /d4xdT {Cezj"‘(x,r)u,x(x,r) — ?416 [f’xﬁ(x T)D(T —3) fap (x,s)}}

Interaction kernel (non-local in time T)
®(1) =0 (1) — (EA)?8" (1) removes singularity in Coulomb law

A = constant with dimensions of time — a correlation time
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Classical Off-Shell Electrodynamics: Framework

5D pseudo-metric

Terms j*a, and f"‘ﬁfa/; suggest 5D symmetry
Must break to O(3,1) in presence of matter — O(4,1) or 0(3,2)

Raising and lowering 5™ index

Sup ﬁ Nap = diag(-1,1,1,1,0) 55 =0 = £1

8" (T) term in action breaks higher symmetry
/des foB(x,7)0" (T —5) fap (x,5) /dT Ocf*P(x,7)] Oc fup (x,7)

Expanding

f‘xﬁfaﬁ = 1 fuw + 27 f5 nyy

55

Interpret o = 11°° as relative sign of vector-vector kinetic term
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Classical Off-Shell Electrodynamics: Framework

pre-Maxwell field equations

Inverse interaction kernel

p(1) = A/ o _ L e
27 1+ ( C)\K 2¢

ds

[T elr—9@) =é) [5pm=1

Vary action with respect to a,(x, T)
e

aﬁfﬁ (x, T /dscp T—35)j"(x,8) = E]g(xlf)
dafpy + Oy fup + 9pfra =0 (identically)

1 .
= Ee“f‘/g)‘ smooths sharp current j* (x,T) = cX%6* (x — X (1))
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Classical Off-Shell Electrodynamics: Framework

Comparing pre-Maxwell and Maxwell equations

Maxwell equations in 3+1 (space + time) components
10 e

_top_ € E=¢ 0
V x B 5 E=_1 V- E -

V:-B=0 VXE—FEEB:O
c ot
pre-Maxwell in 4+1 (spacetime + T) components

10 e e
w _ = Y ¢S5y T GH 54 _ ° 25
oy f = 5o = e WfH =1

1 0
Oufup + v fou + 9pfuv = 0 avaH_aufSMngfw =0

Field decomposition
f5u ~ electric field sourced by 7 in Gauss law

f#" ~ magnetic field induced by “curl” and T variation of f5,
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Classical Off-Shell Electrodynamics: Framework

Mass-Energy-Momentum Tensor

Electromagnetic action

Sem = /d4xdT{Cezj"‘(x, T)ag(x,T) — i {fgﬁ(x, T) fap (X, T)]}
P = [ Bar-opt )

Mass-energy-momentum tensor
1 1 5
Téiiﬁ = (féé”fﬁy - 48“’5fq>7f57>
Translation invariance — Noether symmetry

0Ty = =5/
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Classical Off-Shell Electrodynamics: Framework

Conservation of total mass — Horwitz and Land (1991)

For particle current
0Ty =~ fPja = = fP* Xad* (x = X(1))
Spacetime integral

LHS /d4x 9. TP — /d4x 9, TH6 + /d4x 9575 = L 4 /d4x T
c5dT

RHS =% [dx P X0 (x = X(1)) = =7 (X, 1) X
Lorentz force
Sy, = Lxry oz, = LD (L Ly
c dt c B s dt 2 #

Total mass-energy-momentum of particle + field conserved

4 /d4xT5”+Mx" —o 2 /d4xT55—01Mx2 —0
dt dt 2
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Classical Off-Shell Electrodynamics: Framework

Recovering Maxwell theory: concatenation

Concatenation — sum contributions to G(x) from events g, (x, T)

Integrate function gu(x, T) along worldline: G, (x) = /
Boundary condition g5(x, +00) =0

Divergenceless Maxwell current

B . . *© dT M
Qfy = Uufp +0sip =0 — W) =3 [ T jhxT) =0

Field equations

e
0pf* (x,7) = E](p (x,7) I EM (x) = —J+ (x)
d
T
Iufpr) =0 T IuFup) =0

Concatenation extracts on-shell Maxwell theory as equilibrium limit
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Classical Off-Shell Electrodynamics: Field Solutions

Coulomb and Liénard-Wiechert potentials

pre-Maxwell equations lead to 5D wave equation
Green's function contains two parts
GMuaxwer1 support on 4D lightcone at instantaneous T separation
Gcorrelation SUpport on timelike/spacelike separations (o = +1)
Georrelation falls off much faster than Gpguywen

Coulomb problem
‘Static’ source moving uniformly on t-axis —> Yukawa potential
Mass spectrum of photon ~ range of possible mass exchange
Provides limit on A
Liénard-Wiechert potential= ¢ (T — Tr) x Maxwell result

Lorentz force — Maxwell result as ¢c5 — 0
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Classical Off-Shell Electrodynamics: Field Solutions

Wave equation and Green's function (Land and Horwitz 1991

From pre-Maxwell equations in Lorenz gauge

pofat = (3,0 + 39 )a" = (3,0 + g555 R)a* = —g s (x,7)

Green's function

1 cs 0 1
Gp(x,7) = —Eé(xz)é(r) - 27;83629(—g55g“ﬁx“xﬁ)\/7w
—8558upX" X
= GMuxwell + GCorrelation
GCorrelation

Smaller than Gpuxwen by ¢5/c¢ and drops off as 1/ |x|2
May be neglected at at low energy

Spacelike support for o0 = —1

/drcp - —%5(;@)

Timelike support for o = +1
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Classical Off-Shell Electrodynamics: Field Solutions

‘Static’ Coulomb potential (Land 1995)

“Static” source event
X (1) = (c7,0,0,0) evolves along x°-axis
Induces current

) = et =180 jex ) =0 j5x7) = 2fo(x7)

. . 1
Potential using Gajaxwers = —Eé(xz)é(r)

a(x,7) = ﬁq) <T— (t - |CX|>> a=0 a(x1)= Cc—5a0(x,r)

Test event

Observer on parallel trajectory x(7) = (cT,x)
e ief\x|/§)\c

@(T) — Yukawa-type potential a%(x,T) = 47|x| 28
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Classical Off-Shell Electrodynamics: Field Solutions

Liénard-Wiechert potential (Land 2016)

Arbitrary source event X* (T) — current

o) = =5 [ ds g(r—5) X" (5) 0* (x = X (5))

1

Potential using Gppaxwer = o

5(x2)d(7)

a* (x,7) = % /ds p(t—35)X*(s)o ((x - X(s))z) gt

uDL

e
= EQD(T_TR) |M'Z(TR)|

where uf = X' (1) zM = xt — XH(7) 22 (TR) =
T-dependence in ¢ (T — TR)

aﬂ (x/ T) =@ (T - TR) AIIfiénard—Wiechert (JC)

Martin Land — Bled 2021
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Classical Off-Shell Electrodynamics: Field Solutions

Liénard-Wiechert fields (Land 2016)

From Liénard-Wiechert potential
M :S [ﬂ‘v(x, )2 + 5 (x, T)xﬂ

_€€

C47‘[(P(T_ TR) []—"”V(x,‘f)xv +c§ ]-“5”(x,‘f)}

where F* and F°* do not contain c5

v _ (ZFu’ — z'ut) u? |:(z"u'V —zVul) (u-z) — (2Hu —z'ul) (-z)  e(t—1R) MUY — z"u”}

(w2 (2 TN ey
Fon ZHu? —uk (u-z) _(u-z)Zt  e(t—TR) 2 —ut(u-z)
B (u-z)* (u-z)° A (u-2)?

Using ¢(7) = de I/ and ¢ = [1+(CC5) }

Mit = s e |T—Trl/EA M
e 1t (es/ )
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Classical Off-Shell Electrodynamics: Field Solutions

Recovering Maxwell theory: limit c5 — 0

Lorentz force from Liénard-Wiechert potential

5
Mt — & o lemlsan P+ PO I
47c 1+ (C5/C) cs—0  4rmc

Homogeneous pre-Maxwell equations
ff =0%P —9Pa* = 3y, fyp + 9y fou + 0pfuv =0 satisfied identically
10
Ay fsu — Oufsy + s ny—Oéaffﬂv—OéaT(pHOé)\%oo

Inhomogeneous pre-Maxwell equations decouple

Ao = gp=1= %ﬁf‘:ﬂ,jg(x,r):]"(x) = 81,f?”:§]?4

FH (zMuY — zVut) u? (zHa” —zVut) (u-z) — (ZHu” —zVut) (- z)
(u-z2)° (u-2)°
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Classical Off-Shell Electrodynamics: Field Solutions

Experimental bounds

Photon mass in Coulomb potential
Yukawa-type potential a¥(x,7) = 47:|x| Zl—ée*"q/@’w

Photon mass spectrum mm,c? ~ fi/EA

Experimental error for photon mass ~ 107 18¢V — A > 10* seconds
Field strengths from Yukawa potential
Prn=d  Frn=24d  fin =P =0

Lorentz force fore™ +et — e~ +eT ande” +e” — e+~

2 —|x|/¢Ac
Mz = 72 L5 (CS/;) v
1+ (¢s5/¢) 47 |x|

e +et — e +eh)
ocle+e” —re +e)

= 1 & experimental error ~
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Mass Shifts and Mass Restoration

Toy model for mass change from interaction
Particle experiences stochastic perturbative interaction
Small periodic amplitude at high frequency added to position
Large velocity perturbations

Possible macroscopic mass perturbation

Self-interaction — mass restoration
Particle x¥ varies in co-moving frame — mass acceleration
For 0 = +1, Geyrrelation has timelike support
Particle interacts in future with its own field
Interaction damps mass acceleration to zero

Self-interaction vanishes when mass remains on-shell
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Mass Shift by Stochastic Perturbation

On-shell event enters dense region of charged particles

Uniformly propagating event
x (1) =ut = (uo, u) u? = —c?

Dense region of charged particles
Small stochastic perturbation X (T) — x(7) = ut + X (1)

Typical distance d between force centers — roughly periodic perturbation

. . d very short distance i
Characteristic period = — = — = very short time
|u] moderate velocity
u .
fundamental frequency = wg = 27‘[% = very high frequency

amplitude = | X (T)| ~ ad

macroscopic factor = a < 1
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Mass Shift by Stochastic Perturbation

Perturbed motion

Expand perturbation in Fourier series

X (1) =Re) _ay eihwot
n

Write four-vector coefficients as
a, = ads, = ad (sg,sn) = ad (cs!), sp)
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]

i (1) = u +afu| Re) 27n sl ie™0T
n

Martin Land — Bled 2021 Mass as a Dynamical Variable
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Mass Shift by Stochastic Perturbation

Perturbed mass

Unperturbed on-shell mass

. _Mx;(r) M
Perturbed mass, neglecting w2
Mi? (1) M pinwoT ’
m=-——y—=-3 <u+0c|u| ReZZnns 0)

~M <1 +47ma |u| ReZn Sy mwOT)

A Am

m—>m(1+m> ——47m|u|ReZns T
m

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

Framework

Arbitrarily moving event X (1)
In co-moving frame X (7) = (ct(7),0) X (t) = (ct(7),0)
Produces current jg (x, T) and field B (x,T)

At time T° > T
GMaxwer: = 0 on timelike separation X(7*) — X(7) = c(t(t*) — t(7),0)
Gcorrelation has timelike support for o = +1

Particle interacts with its own induced potential

ok ec - 1 6(g(s 6(g(s "
st s o (- )
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On-shell trajectory

Self-Interaction for Mass Stability

Particle evolves uniformly in co-moving frame to f(7*) = 7*
g(s) = (1—c2/c?) (% —s)?
Potential

a(X (%), T) = o2

T
27203 (c,0,c5) /

1
- ecs . 1 2
=223 (C,O,Cs)slg?* <2(T* 52 (* S)z)
=0

No self-interaction for x2 = constant

Martin Land — Bled 2021

Mass as a Dynamical Variable

July 2021

35/73



Self-Interaction for Mass Stability

Arbitrary trajectory in co-moving frame

Trajectory
X (1) = (ct(1),0) — al =0 =9;a% = f¥ = f5 =0
Field strength ) .
f50 _ ?aT*HO+ ZatQS _ 950 +f(?0 +f5/0
5

8(s))
e c2 6(g(s "
P (géf)(ﬁ/)z 0 A (T5)
ec 5 (g(s .
f5/0 7_[2 Ci /ds (g((f)()1)/2 Gret A(T ,S)

where A(t*,s) = f(s)(TF —s) —
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Self-Interaction for Mass Stability

Function A (7%,5s)

At constant velocity

Expand t (T) to order ¥

FE) = £s) =1 () + ()T —5) + 2 H5) (1" =) +0 (¢ —5)°) — £ (s)

= i(s)(x" —5) + 5HE) (T —5)2 4o (2 —5)?)

From which
A(T%,8) = —%f(s)(r* —s)?+o ((T* — s)3>

A(t*,8) #0 = x°(T) accelerates in rest frame = mass shift

Martin Land — Bled 2021 Mass as a Dynamical Variable
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Self-Interaction for Mass Stability

Mass jump

Small, sudden jump in mass at t =0

{T , T<O0 {1 , T<O0
t(t) = = t(1) =
1+pT , >0

For o <0

0 = s<0 — Ht*)=t(s)=1 — AT%s)=0
For = >0

s>0 — Hr)=ts)=1+B — A(r%s) =0

s<0  — A(ts) =Hs) (" —s5) = (1+p) (") —5) = —pT"

Solve ¢(s*) =0 — s* = <1+ f )T*>T*

‘5
1-=

g(s) >0 ons<0<7 = f¥=f0=0
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Self-Interaction for Mass Stability

Field strength from mass jump

Support of self-interaction
0 =1 for “and A(t*,s) = —Pr o, fors<0
(g(s)) = s<T (t%,5) = 0 fors>0

Field strength

3e ¢ [0 1
== (Bt ) %5 ds ——7
’ /*°° [g(s

472 ¢4 )P/

2 0
= (pT) g [ ds -

472 A

Martin Land — Bled 2021

Mass as a Dynamical Variable July 2021

39/73



Self-Interaction for Mass Stability

Factor Q
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Self-Interaction for Mass Stability

Lorentz force

Lorentz force

=0 — Mi! = —ecsfoH
Self-interaction

0 , T"<0

Mi = —c5ef0 = 2
sef /\32 1 0 ,B,C—s o s0
4% o5 ()’

Mi' = 7C5€f5i5€l' =0

d (10 o\ s, 50.__/\62 c AW
dr( EM")‘” =t = g g ey C\Pa)!

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

Force vanishes when { = 1
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Off-Shell Quantum Electrodynamics

First order Lagrangian in particle and field
P*id- ¢ kinetic term for particle
No a5 term — Gauss law and eliminates longitudinal modes
Unconstrained Lagrangian
4-Momentum + mass states d¥dx
Natural cut-off

Mass shift undetermined (analogous to scattering angle)

Interaction kernel ® puts into photon propagator

A2x2
A restricts mass exchange as in classical Coulomb

Only one photon loop to renormalize

Particles propagate with T-retarded causality — no matter loops

Recovers standard Klein-Gordon if Am = 0 or /s > M
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Off-Shell Quantum Electrodynamics

Covariant quantum mechanics

Stueckelberg-Schrodinger equation

(ihBT + 6%5115> P(x,71)= ﬁ (p” - Sa”) (py - Sa”> P (x,7)

Local 5D gauge invariance

Wavefunction — ¢(x,T) — exp [;lec/\(x, T)] P(x,T)

Potential ay(x,T) —  ax(x,T)+ 0uA(x,T)

Global gauge invariance — conserved current  9,j* = 0

Martin Land — Bled 2021
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Off-Shell Quantum Electrodynamics

5D Quantum Field Theory

Lagrangian
_ (i L i, —ea ) (—igh — eaty — D b @
L =™ (ior + eas) ZMIP (—i0y — eay)(—io¥ —eat)yp 4f fup

fgg (x,7) = /ds D(T—5) fup (x,5)
Jackiw first order constrained quantization — introduce e# = fo¥
L= ip'h— Aahe® — Lyt ot — eal A g o
_“P lP— ”ey_mlp (_lﬂ_ea}l)(_l —ea )l/)_zf f;w

A ,
- Ee"eg’ +as (eq) P — /\8“63)

Path integral 1 _
Z= / Dy* Dy Day, Das De e’

No 4° term = /Da5 — Gauss law constraint §(de); — ep*p)
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Off-Shell Quantum Electrodynamics

Feynman rules

Solve constraint 4+ gauge transformation
R 1 . . u 1 2\ &
L=ip*Pp— mlp*(—lay —eay ) (—io! —ed' )i+ F0Ln (D + 08T> a]t
Feynman rules

—1
(27)° ;L p2 — P —ie

Matter field propagator

k*kY —i 1
Photon propagator g — ! -
K2 | k2 4+x2—ie 1+ A%2

Three-particle interaction
£ " S54(p — p — _p_
o+ p)" (2r)6 (p —p' = K)6(P — P — k)

Four-particle interaction
—ie2
(27806 (k=K = p' + p)d(—x+ &'+ P' — P)
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Off-Shell Quantum Electrodynamics

Super-renormalizable

Matter propagator

dkdx  eilkx—xT) Pk iex— L
- ooy [ A e e
G(x, 1) /(27r)5 ﬁkz—x—ie 19(1')/ (271)46 b3

Retarded causality — no matter loops

Feynman: extract stationary eigenstate of mass operator —ifd-

© e d*k ek
/ dre” " PMITG (x, 1) = / (2m)* L (k2 + m2) — ie = 2M Bp(x)

Photon propagator
-1
Interaction kernel ®(T) — cut-off (1 + /\2K2>
One divergent photon loop renormalized by shifting mass term ip*d¢

i 1
G () ((27r) ) 3 P o e GO )
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Off-Shell Quantum Electrodynamics

Elastic Scattering

Scattering Cross-Section of Identical Particles with 0%, 1%, and 2% Mass Exchange

Identical particles
in _ . in _
m =my' =M

Mass exchange .

— out __ out
Am = m3 my \

Shifts pole from 0°

,
dofdadt,,,

Not fixed kinematically

Restricted by cutoff />\:\\\ Identical Incoming Particles:
M=05MeV

AN
Am < photon mass @ h vEyiaNey

_n1 T~

~ZA

sl
—_—

0 10 20 30 40 50 60 70 80

0 (degrees)

Recover Klein-Gordon cross-section
Am=0or+s>M
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General Relativity with T-Evolution

How to find gy (x) — guv(x, T) — Land 2018 - 2021

Evolving spacetime
Block universe M (T) evolves to block universe M (T 4 dT)
Spacetime metric g, (x, T) should evolve to gy, (x, T +dT)
Hint from electrodynamics: could evolve as g,g(x, T)
Must break 5D symmetry — no geodesic equation for x°
Leads to Z—IT( # 0 = particle mass not conserved
Linearized system — post-Newtonian model with mass acceleration
4+1 formalism (generalizes ADM formalism)
Find M by foliation of M5 = M X t-line
Parameterize g,5(x, T) as 7, (x, T), lapse, shift
Einstein equations — evolution equations for 'yw,(x, T) and constraints
Components g55(x, T) must be small

Preserve 5D geometry of Ricci tensor — break matter symmetry to 4+1
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General Relativity with T-Evolution

Geometry, evolution, and trajectory

Geometry

Neighboring events in spacetime M (instantaneous displacement)
2
Interval 0x? = YV Oxtox" = (x2 — x1)
Invariance of interval: geometrical statement about M
Evolution
M(7) — M(T +d7)

Hamiltonian K generates T-evolution

Symmetries: dynamical statements about K
Trajectory in dx and 0T

Neighboring events X; = (xq,¢571) Xy = (x,¢5 (11 +07))
Distance X, — X; = ((5 + d);( )(5T C55T)

Interval dX? = ((5x + dj;(T) (ST) +0c30T* = gup (x,T) x"6xP
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General Relativity with T-Evolution

Break 5D symmetry — 4D+1

Constrain non-dynamical scalar x° = c57

1 1 1
L= EMg,Xﬁ(x, )P = EMgPW XFx" 4 Mcs gusxt + EMC% Q55

Euler-Lagrange — geodesic equations

Dx® i+ T M3 + 20sTE 37 + c2Th =0
= = "+ T}, P37 — 7
Dt #B=¢5=0

Hamiltonian

1 1
K=puxt—-L= EMg,WxP‘xV - EMC% 955 = L — Mc? gs5

dK 1 ag v 1 ag
uh _ 2 LV 2 - 2 55
T L = S

particle mass not generally conserved
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General Relativity with T-Evolution

Matter

Non-thermodynamic dust
Number of events per spacetime volume = n(x, )
Particle mass density = p(x, T) = Mn(x, 7)
5-component event current = j* (x, T) = p(x, 7)x*(T) = Mn(x, T)x*(T)
Matter current is vector j* (x,T) and scalar j° (x, T)

Continuity equation
) . 1 .
Vaj* = Vi + 5000 = Vi + 0ep

Mass-energy-momentum tensor
TH = pxhx?

VT =0 T = px*xf —
p P T56 — o3P
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General Relativity with T-Evolution

Weak Field Approximation

Einstein equations in 5D (unmodified)

1 8nG
Gtxﬁ = Rgtxﬁ T‘Xﬁ

Small perturbation to flat metric
Sup =Map+hap — DGup=dyhap  (hap)’~0 = n®Phyg
Define fiyg = hypg — %’Mﬁh and impose gauge condition 9,/*" = 0

N . lenG - M550 \ 7
Einstein equations: CTT“ﬁ = =070 g = — (8"8;4 + gaT hag

Solve using leading term in Green's function for 5D wave equation

/‘ , )
txﬁ , X, T
h 7/ 3/
XT |X—X/|
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General Relativity with T-Evolution

Arbitrarily evolving particle

Evolving spacetime event

1 1.
X*(t) = (X" (1), c5T) with notation &*(T) = Eu"‘ (1) = EX"‘
5D interval conserved

Choose value in rest frame:  u = (¢,0,0,0,c5)
WP =2 =-tod —F=-1+0~-1
Spacetime particle density
p(x,7) =p(x—X(1))

Mass-energy-momentum tensor

T = mp (x,7) X*XP = mp (x,7) u*uP = mcp (x,7) &P

Martin Land — Bled 2021 Mass as a Dynamical Variable

July 2021

53/73



General Relativity with T-Evolution

First order solution in linearized gravity

Metric from leading term in Green's function

_ 4G P
hap (x,7) = G [Top| = C—zmgagﬁ/d%c

o
F— |xcx|,x’,7)

x = x|
Full metric from trace
- 1 2—-D - 1 -
7*Phap =" <haﬂ - 2’7aﬁh> =5 — hap =g — 5 Nuph
In D =5 for static source ¢ = (1,0,c5/c)

2 2
hoo = gg [Too] hos = 50659 [Too]

1 1
hij = 3G [Too] hss = 530G [Too]

Expect:  hgg ~ h;; and hs5 << hg for consistency with standard GR
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General Relativity with T-Evolution

Modified field equation

Modified Nap explicitly breaks 5D symmetry in presence of matter

8nG _ _
Rap — 2’7!)(/3R A Tap Huv = My M5, =0

Trace reversed linearized Einstein equation

1 87rG 1 _
Ryy = =590y = — (Tuv - 2’7yuT>

81G

1
Ry = —58787h5a = CTTSa

Modified solution

1
hoo = Eg [Too] hos = ¢5G [Too]

1
hij = 561G [Too] hss = 0¢3G [Too]
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General Relativity with T-Evolution

Static source

For a source X(7) = (ct,0) and taking p (x) = 6% (x)

2Gm 2Gm
v = <1 + 5 <1 + 2) 51‘]‘)
c<r
2Gm 2Gm\ !
~ <‘ <1‘ 2r )’(“&) 5ff>

Consistent with spherically symmetric Schwarzschild metric
2Gm c2
=c (1408 (== =0 )

855 ( + §5<C27’ )) +O<CZ>

Approach distinguishes evolution from geometry
Preserves 5D symmetry of Ricci tensor R,g (geometry)
Breaks 5D symmetry in relationship between R, and T,g (physics)
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General Relativity with T-Evolution

Perturbation by varying source mass

Point source in co-moving frame: T # 1 => mass acceleration
X = (cT(7),0) T=1+a(t)/2 a?=~0

Mass distribution
M(x,7) = m&® (x) p (t — T (1))

2
T = M(x, T)c2 T2 T% =0 T = Z—STOO ~0

Metric and connection perturbations from Green's function

_ 4 i _ - 2 _
h (x,7) = 52;1];4 T2 R (x,7) =0  B®(x,7)= z—ghoo ~0

1 1 .0
T = *Eﬂwavhoo T5y = 275’7” dzhoo
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General Relativity with T-Evolution

Test particle in spherical coordinates

Acceleration in time coordinate (neglecting velocity of test particle)

. A . 2GM a(T . .
= @cho) -+ % (Thoo) 2~ 258 (14582 ) o)

Angular and radial equations

Put 6 = /2
= — (Vhy) # — 2
2 . L GM .,
R=3epe =T

Angular momentum conserved
Post-Newtonian term on RHS of radial equation

a=0 = T=1 = #T?>=1 recovers Newtonian gravitation
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General Relativity with T-Evolution

Solution to equations of motion

Neglecting R/c < 1 and d:p ~ 0

. 2 1 o 1 2
t:exp{ oM (zx+fzx2)} — t2T221+—(1+ GM)zx

cZR 4 2 cZR

Using solution to t equation in radial equation
d (1., 1 L[> GM 1 _ GM d
pE {ER tavERe TR <1+§“<T))} BT

. d . I d .
LHS is s (particle Hamiltonian) = e (particle mass)

T #1 = energy change without in source rest frame = mass change

Mass transfer across spacetime
Source transfers mass to perturbed metric field h,g
Test particle absorbs mass from h,xﬁ — particle mass not conserved

« = 0 recovers mass conservation
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General Relativity with T-Evolution

Cosmological term

Modified field equation
1_ 871G 871G 1_
Roc‘B — EW“ﬁR = 7(:4 T"‘ﬁ — Rtxﬁ = 7(:4 (Tucﬁ — 217“‘3'1—‘>

Trace using 17“5 (771“/ = Ny 75, = 0)

Write trace reversed Einstein equation

_ 8G 1._
Raﬁ + WaﬁA = A (Taﬁ o 2”&5T>

Identifying the mass density A as a cosmological term

871G c2
AN=——1"0Ts5 Tss ~ —Too < Too
C C2
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General Relativity with T-Evolution

441 formalism for metric evolution

Extension of 3+1 / ADM formalism

Decompose M into spacelike hypersurface + normal time direction

Einstein equations —> 6 t-evolution equations for Yij + 4 constraints

Construct M5 = M x R with coordinates X = (x,c57)
Admixture of 4D spacetime geometry and T-evolution

In flat pseudo-spacetime g,5 — Nap = diag (—1,1,1,1,0) where 0 = £1

External T — natural foliation
Decompose M5 into spacetime hypersurface ). + normal T direction
5D metric gup — {7,(¥,7), lapse N, and (tangent) shift N/}

Einstein equations — 10 T-evolution equations for Y +5 constraints
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General Relativity with T-Evolution

Foliation

4D hypersurface
Lo = {X € Ms | S(X) = 0} where S(X) = X*/c5 — 79

Rank 4 Jacobian

o

aX~
b= (EM‘)T — Ey =09y, = 9/0dx" as basis for tangent space of }_;,
0

Unit normal to }

_ n-E, =n,E%=0
na = o |g%] 7 8,5 (X) — e
n* = g"‘ﬁnanﬁ =0
Induced metric on } -

« 5xP
ds? = gl,(l;dX”‘dX/5 = gaﬁaa%?; dxtdx’ = g,XﬁE”’ng = Y dxtdx’
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General Relativity with T-Evolution

Decomposition of the Metric

Parameterize time evolution
oxX*

T —T+0T :>X“—>X“+(

Under spacetime displacement

oX*
dxH

N: lapse
NH: shift

X"‘—>X"‘—|—< ) (Sx?‘:X"‘—l-Eﬁ(Sx?‘
70

5D displacement and interval

dX* = Nncsdt + Ej; (NFesdT + dxt) ds? = gl,quX”‘dX*8

Decomposition of metric using n? = o n,in‘l =0 Yy = gaﬁEl"jEf
WVV+JLNVN" —(TLNV
| Tw Ny Wb _ N2 N2
up Ny N2+ 9, NFNY 8 1 1
—U’WN (Tm
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General Relativity with T-Evolution

Decomposition of the 5D curvature
Projector onto tangent 4D hypersurface )
Pyp = gap — onanip 1, = unit normal
Projected covariant derivative
For VP € Ms D,V = PZP2V7V5

Projected curvature

[Da, Dﬁ] VI = R}aﬁvj
Extrinsic curvature: evolution of the unit normal

Kup = =PI Py Vsn,
Express 4D Ricci tensor in terms of RW and K,y

Lie derivatives of 7, and Kj, — integrable first order PDEs
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General Relativity with T-Evolution

Differential Equations in 44+1 Formalism

Evolution equation for spacetime metric L-: Lie derivative in T direction
Kiv: Extrinsic curvature

Suv: Spacetime projection of Ty
x: Mass density Tss

Ryv: Projection of Ricci tensor

1
%ET Yuv = LN Ty = —2NKpy

Evolution equation for extrinsic curvature
1
EET — LN ) Kyw = —DyDyN
_ 8 G 1
+N{70RW+KKW 2K Kir + 0 {SW 5w (s+ax)”

Hamiltonian Constraint

R0 (K= K"Ky ) = P

A

Momentum Constraint

8nG
D,K} — D,K = i
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General Relativity with T-Evolution

Decomposed metric for linearized theory

Linearized metric

||g:x/5H — | Tw 2 N v | = |: M + hy hys
Ny oN + ’)/W/NVN h}l5 1’]55 + h55
1 1
] - T OENINY o N ol
_(7%]\];4 (f% —chf o (1—ohss)
Leads to
1 1
N=——=~1+4+ -0hss Ny:h5}4

1/1—0”’[55 2

1 1
Ny =0 (1 + 20h55> 5 n* = —hg(% + <1 - 20h55) J5
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General Relativity with T-Evolution

Linearized evolution equation for 7,
By direct calculation
1
Kyp = —ngg 2 [a (1 + 20h55> 5{2,} =0T,

Evolution equation for metric in 4+1 decomposition

1/1
—5 <C58T - £N> Y = NKpy

Discarding terms (haﬁ)2 ~0
LNYyy = DuNy + DyNy & 9y Ny + 8, Ny = dyhsy + 0y
Evolution equation becomes
1 ~
5 (95w — duhsy = Buhsy ) = NKyuw ~ Ky

LHS = UFZV — automatically satisfied
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General Relativity with T-Evolution

Linearized 4+1 evolution equations

Bianchi identity for linearized theory
1_ 1,
VoG =V, (R“ﬁ - 2;#1{) = 3 (R“ﬁ -7 ﬁR) (hw)

Rearranged as Cl—SBTGS/3 = —BFG”E’ +o0 (h%)

RHS must contain terms in g,5, drgap, and BTgaﬁ

GPF contains no second order T-derivatives of Sup
Constraints

Initial conditions for second order PDE are g,p, afgaﬁ, Tup

G?P field equation is relationship among initial conditions

Five constraint equations: propagate without evolving

1_ 8tG
Gsp = Rsp — EWSﬁR = CTT5ﬁ
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General Relativity with T-Evolution

Decomposing linearized Ricci tensor

Separate components of 5D Ricci tensor

1
Rffﬁ) - (aaaAh 2p + 350 hae — 30N — a0 Thrs

+040°hsp + 0p0°has — 0°0shep — aaaﬁﬁ55h55>
Spacetime components

1
R](fv) _ R(4) + 0'85 (ayh&, + Aultys — dshyy) —anavﬁ55h55

K]/“/

4D Ricci tensor R (a Mhry + 3,0 hye — ATty — 3y g )

o=

N \

5 components

(a5a g + 95 hsy — 9 hsp — 597 Ty

I\)\H

R5/5
+8,56 hss — 8“6‘51755]/155)
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General Relativity with T-Evolution

Linearized evolution equation for Ky,

Spacetime components of 5D Ricci tensor
RY) = R\ + 095K, — fa D07 hss
Spacetime part of modified field equation
Rj) = 87CTTG (Tuv - ;’%MT)
Rearranging terms
95Ky = %ayam%hg,5 —oRY) +o BZG (Tw

Evolution equation for KW in 4+1 decomposition

1
217]41/

Under (h,)(ﬁ)2 ~0 7 —7®=0 T+nssk — T
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General Relativity with T-Evolution

Constraint terms

Applying Lorenz condition
1 1
Mg = Ea/xﬁwhm + 5%’155’155 — 0I5

and field equation

8G
R5oc = _*a d h5a = TTSIX

confirms

8ntG
Rsg = ( 050 lgs — sy ) = ﬂmayhsﬁ = T Ty
providing expressions for the non-dynamical shift and lapse N# and N

Constraint: Gradient of extrinsic curvature

87G

1 1
0Ky = 5 (9"9yhs, +3"dyhsy, — 059l = 59" yhs, = = T,
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