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I. Classical Gauge Invariance

Electrodynamics with Spin and dipoles,
Po = j* Fuo + 30, (UM Fu)
Suw = U F)uv — (G AN A
Fi =V, A, — VA,
Field Unchanged by Gauge Transformation

Ay — Ay + Vo0

Invariance of Lagrangian under Gauge Trans-
formation leads to charge conservation

Lr=jtAu+ UM Fuy

SL1 = §70,00 = 0y (5786) — 5004§°

(6L;=0) = 8,°=0




II. Torsion Violates Gauge Inv.

A. Does Torsion contribute to EM Field?

Is the comma to semicolon rule valid?
F,L”/ — V,LLAV — VVA,LL

:aMAy_aVAM—TEVAO-
:f'u]/ _TEI/AO-

B. Gauge Violating Force/Torque
p,LL — jafa,u —jUTg& A+ ...

C. How Restore Gauge Invariance?

e Denial: There is no torsion
(a)However, Cartan’s equations imply,
Spin <= Torsion

(b) Don’'t Photons follow autoparallels?

e Discrimination: Photon can selectively de-
cides to couple to curvature but NOT torsion



III. Momentum Conservation

Particle stress energy is transferred to field

VuTy" = ju F' = =V, Téw
Derivations of EM Stress Tensor:
1. Gravitational: THY — 555
Juv
2. Noether's: THY = 58/#4 OAg — g L

® Asymmetric, unconserved angular momentum

e Differs from (1) by Gauge Dependent term

3. From Maxwell Equations (Riesz 1947)

. O.F =
(a) OF = 4 {IZI/\FzJO

(b) FD:—]

Multiply (b) on right by F, (a) on left by F, add
—2j.F=F0OF = 8,(Fel'F)

Vector part yields correct (symmetric) tensor

TH = eV . (Fel'F) = FHOE YV — LoV FORE,,




Great Question: Does a plane wave carry spin?

e Feynman (Lect Phys 17-10, 1965) argues cir-
cularly polarized light transfers spin to a plate.

e Recent Debate argues instead its edge-effect
angular momentum on finite sized target
AJP 69, (2001), 405, 70, (2002), 565 & 567.

e Another author has proposed a point-like
classical EM spin tensor (physics/0102084)

e But the idea has met with resistance

Rejected by: Phys. Rev. D (25 Sep 2001), Foundation of Physics
(28 May 2001), American J. of Physics (15 Sep 1999, 10 Sep
2001, 28 Mar 2002), Acta Physica Polonica B (28 Jan 2002, 09
May 2002), Phys. Lett. A (22 July 2002), Experimental & Theor.
Phys. Lett. (14 May 1998, 17 June 2002), J. Experimental &
Theor. Phys. (27 Jan 1999, 25 Feb 1999, 13 Apr 2000, 25 May
2000, 16 May 2001, 26 Nov 2001), Theor. Math. Phys. (29 Apr
1999, 17 Feb 2000, 29 May 2000, 18 Oct 2000), Physics - Uspekhi
(25 Feb 1999, 12 Jan 2000, 31 May 2000), Rus. Phys. J. (18 May
1999, 15 Oct 1999, 1 March 2000, 25 May 2000, 31 May 2001, 24
Nov 2001). Rejected by the arXiv (21 Jan 2002, 18 Feb 2002,
02 June 2002, 13 June 2002).



IV. Local Spin Conservation?

(NOT origin-dependent angular momentum)
Is particle Spin transferred to Field?

VoSo = (u @ Fyn = —v 554

1. Does EM Field Have Spin?
Consider infinite circular polarized beam

e NO angular momentum
e Does it have spin (which causes torsion?)
e Will it cause a plate to rotate?

2. If it Has Spin

e Cartan: spin = torsion
e Should it “feel” torsion?
e Since Torsion is Gauge Violating ...

3. Spin Tensor is Gauge Dependent?

e Ad hoc[1]: s, 1 — Aleg, AV
e Gives 5412 = 41 for circular polarized
e Conservation: VoSTHY = (AN j))H



V. Derivation of Spin Tensor
Much easier with Clifford Algebra

Vu(F + UM = 5"
(1) OF =j+0u

Vot + Vielw) =0
2 F+U=OANA=-—-A0O, where O-A =0

Multiply (1) on left by A, (2) on right by F,
add to get multivector conservation law,

AT F=A@G-0U) — (F+U)F
Take Bivector part,

VoSol = — (U @ P — (j A A)m

+ ANO-U+A-OANU

Gauge Dependent Spin Tensor

Solwl = poprv 4 o Alvpulo 4 ogoluprls 4,

Gives S412 = 41 for circular polarized

§3=5412=A%B3+ (Ax E)3



VI. EM Lagrangian + Torsion

L =y=g (5 FFFu+j"Au+3 U FL)
Separate out Gauge Dependent Torsion terms

F/LV — f'uy — Tlgon- y

f/JJ/ — aMAy - &/AM .
Regroup terms of free part,
=1 FWFu — 575, AgFM + 375, Ag T 90 Ay,

Interpret first-order gauge dependent term as
torsion coupling to EM spin?

174
TwAcFH = 15,5 by + 19,8, KV

e If no EM spin, can ignore torsion
e If no torsion, can ignore EM spin

e (Gauge violation issues of torsion and spin are
related!



VII. Spin Source of Gravity

Bailey[9] spin contribution to stress energy,
TH = TEY 4+ V5 SHoY
suggests (ad hoc) modified Lagrangian,

E — %F/,”/F’UIV _I_ gluyvO‘S’u[o-V]

Spin part of action is a gauge-dependent
boundary term:

Qs = [d*x g VoStV 2§43y, A For
If demand 6O = O under dA, = V00
[d*x 50V 5P = § d3Z 4 (6057 + FOrV .60)

To insure charge conservation:

e On boundary: 6 =0
e OoNn boundary: V00 = 0A, =0

Hence adding a constant voltage to the
universe is not allowed!




VIII. Spin Geo-Electrodynamics

Particles follow paths (polygeodesics) which
extremize the length swept out by the momen-
tum =+ the area swept out by the spin.[7,8]

@) @) 1 @) @) _d
L:mo\/w’uxu—ﬁauyajuy _dg

e New Affine Parameter (based on Invariant)

dr? = dxtdx, — 2)\2da Ydayy

e Fundamental length X (radius of gyration)
e Yields Papapetrou Equations, with torsion

Interaction Lr=ce (:%MAM — 3 3“”FW)

Curvature (even without torsion) induces
gauge dependent equations of motion

Po = j"Fuo + UM (VoFu + Ryyo Av)

iz(s U®F> ~ LU F 4§ A A Ruvow
5%

+ (7T 5, + USR5, 2 Fuu

afbp



IX. Summary

Conjecture: Gauge Dependent electro-
dynamic force is ‘“balanced” by Gauge-
Dependent Spin contribution to EM stress

System as a whole has Gauge Invariance, but
only if classical spin of EM field is included.

e Gauge-Dependent Torques? Must we in-
clude ‘spin” carried off by the gravitational
field?

e Torsion & Spin Electrodynamics: Messier,
but suspect the Gauge-Dependence can be
“repaired” the same way.
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