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Abstract

The orientation field Qpuv is a classical mean-field order parameter, analogous to the
Ginzburg—Landau gap function in superconductivity; it does not generate quantum loop corrections
to precision QED observables. The coupling constant A = 7ta is independently consistent with the
gauge function coupling K_f derived in Williams' five-dimensional Dynamic Theory within a
geometric factor of order unity.

The Euler—Heisenberg effective Lagrangian describes photon—photon scattering via virtual
electron—positron pairs, but treats these pairs as structureless. We propose an extension in which
each virtual pair carries a definite orientation axis, motivated by the toroidal Zitterbewegung
interpretation of the Dirac equation, following Barut and Zanghi. The collective alignment of pairs
in an applied field defines a tensorial vacuum order parameter Quv, governed by an extended
Lagrangian containing a new coupling AQuvFuaFav, which measures the fractional
electromagnetic energy cost of vacuum alignment. We derive the coupling constant A = a = 0.023,
where a is the fine structure constant. This value is determined by four topological inputs within the
ZBW model — the vanishing of the classical coupling integral by Fourier orthogonality, the spinor
helicity-flip amplitude I_flip = 1/2, the Berry phase |y| = n for spin-Y2 parallel transport around the
ZBW orbit, and the Bohr—Sommerfeld action J_{(2,1)} = 27th of the minimal spin-closed torus knot
— conditional on the ZBW orbital structure of §2.4, with a calculable finite-aspect-ratio correction of
order (r_c/r_s)2=4%. The orientation field mass m_Q =(2/1) m_e = 325keV/c2 is derived
independently from the mean-field partition function of the pair condensate. The framework is
consistent with current precision QED bounds: the Lamb shift correction is fourteen orders of
magnitude below current sensitivity, and photon speed and vacuum birefringence bounds are
satisfied with margin. The primary experimental prediction is that a rotating magnetic field at the
ZBW subharmonic frequency should produce vacuum birefringence 1/(8na) = 5.4 times larger than
the static-field Euler—Heisenberg prediction. This enhancement is a direct consequence of A = ma
and is testable at the existing PVLAS facility with a modified field geometry, providing a potentially
decisive experimental test contingent on detection of the baseline Euler—Heisenberg signal. The
fine-structure constant a is taken as an input; its derivation from condensate dynamics remains
open.
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1. Introduction

The quantum vacuum is not empty. Virtual electron—positron pairs continuously fluctuate in and
out of existence on timescales constrained by the Heisenberg uncertainty relation,
At~h/m.c2 = 1.3x1021s @2, These fluctuations have measurable physical consequences that are
confirmed to extraordinary precision: the Lamb shift (1058 MHz in hydrogen) “*, the running of a
from 1/137 at low energy to 1/128 at the Z mass ", and photon—photon scattering (confirmed at
ATLAS in 2017) ®not valid for rotating electromagnetic fields near the Schwinger critical field »*
EL] =m2.3/(eh) = 1.3x1018 V/m. In this regime, a rotating field at the appropriate subharmonic
frequency drives the virtual pair condensate resonantly, producing a macroscopic vacuum
orientational order parameter Quv that the scalar EH correction cannot capture.

The idea that the electromagnetic zero-point field (ZPF) underlies not just these quantum
corrections but also gravity and inertia has a substantial theoretical history. Sakharov #" proposed
that gravity is not a separately existing fundamental force but an induced effect arising from
changes in the quantum-fluctuation energy of the vacuum when matter is present — in much the
same way as van der Waals and Casimir forces arise. Puthoff » developed this proposal into a
quantitative first-order model, treating matter as charged point particles (partons) interacting with
the background ZPF of the electromagnetic field. In that framework, particle mass is identified with
the internal kinetic energy of ZPF-driven Zitterbewegung motion, the gravitational constant G is
shown to be determined by the ZPF cutoff frequency via G = nc5/(hw2¢), and Newtonian gravity
emerges — with no free parameters — as the long-range retarded van der Waals force between pairs
of ZBW-driven particles. Haisch, Rueda & Puthoff "7 subsequently showed that inertia itself admits
the same ZPF interpretation. These results established a self-consistent electromagnetic basis for
both gravity and inertia, and constitute the direct theoretical predecessor of the present work. The
limitation of the Puthoff ©» model is that it treats the interacting particles as structureless point
charges. The present paper removes that limitation.

Our model of virtual pair internal structure is grounded in the Zitterbewegung (ZBW) interpretation
of the Dirac equation ™. Barut & Zanghi " showed that a classical dynamical system whose
quantisation yields the Dirac equation exactly undergoes real circular motion at radius
r_s=h/(2m.c) and speed c, with spin as the orbital angular momentum of this motion — results
derived from the Dirac equation itself, not additional postulates. Barut & Bracken ' established the
internal electromagnetic geometry of this orbit. Hestenes " extended these results into a full
dynamical model in which the complex phase factor of the Dirac wavefunction describes the local
frequency and phase of the circulatory motion, and in which the correct electron magnetic moment
emerges from charge circulation. Williamson & van der Mark " showed that confining a photon in
one wavelength of periodic boundary conditions with toroidal topology produces charge of order
10 1°C and half-integral spin, with the Dirac equation emerging from Maxwell’s equations under
this topology. We adopt this toroidal ZBW picture for the internal structure of virtual
electron—positron pairs. Kyriakos © independently developed a closely related semi-photon model,
which we note as prior art; our derivations below rest on the peer-reviewed ZBW literature.

This toroidal internal structure is precisely the geometry that the Puthoff = point-particle model
lacked. In this picture, each virtual electron—positron pair has a definite orientation axis np,
intrinsic angular momentum h/2, and internal oscillation at the Zitterbewegung frequency
wo=2m.c2/h = 1.55x1021 Hz. A rotating external field at a subharmonic ol =w./n couples
resonantly to these internal degrees of freedom, producing coherent alignment of the condensate —
a tensorial order parameter Quv analogous to the director field of a liquid crystal, but for the virtual
pair condensate of the quantum vacuum.

This paper derives the coupling constant A = ma from first principles, derives the orientation field
mass m_{Q = (2/m)m_e from the mean-field partition function, demonstrates consistency with all
existing precision QED measurements, and presents nine falsifiable experimental predictions in




order of accessibility. In doing so it provides a quantitative realisation of the Haisch—Rueda—Puthoff
vacuum-inertia hypothesis " and extends the Puthoff ZBW gravity programme “» to structured
virtual pairs with toroidal internal geometry. The status of each result — what is derived, what is
estimated, and what remains open — is stated explicitly throughout §3 and in Table 1.

2. Theoretical Framework

2.1 The Toroidal Virtual Pair

Barut & Zanghi " constructed a classical dynamical system whose quantisation yields the Dirac
equation exactly, and showed that this system undergoes circular motion — Zitterbewegung — at
speed c, with spin emerging as the orbital angular momentum of that motion. This is not a model
imposed on the Dirac equation from outside; it is a property of the Dirac equation itself, made
visible in the classical limit. Schrodinger " identified the oscillatory motion; Barut & Bracken '
established its internal electromagnetic geometry; Hestenes ' developed it into a full dynamical
model in which the Dirac wavefunction’s complex phase describes the local frequency and phase of
the circulation. Williamson & van der Mark 1'® showed that toroidal confinement of this circulation
generates charge of order 101°C and half-integral spin, with the Dirac equation recoverable from
Maxwell’s equations under the toroidal topology. We model each virtual electron—positron pair as a
toroidal field configuration of this type.

Energy condition. In the ZBW model, the electron rest energy resides entirely in the circulating
electromagnetic field

| U = mgc?

This is the model’s central physical claim: rest mass as the energy of internal circulation, not a
separate quantity added to the field.

Angular momentum condition. For a photon-like field the momentum is p = U/c [3], so a field
of energy U in circular orbit at radius r_s carries angular momentum L = p xr_s = Ur_s/c. In the
thin-torus limit the field energy is concentrated at r_s, so the angular momentum density (energy
density + ¢) integrated over the torus gives Ur_s/c to leading orderinr_c/r_s[3]:

| L = Urs/c

Equation (2.2) is exact for a point mass in circular orbit and approximate for an extended toroid,
with corrections of order (r_c/r_s)2 = 4%.

Spin constraint. Barut & Zanghi " established that in the ZBW classical system the spin angular
momentum h/2 is precisely the orbital angular momentum of the circular motion — not a separate
degree of freedom, but the same quantity. This identification justifies equating the classical formula
(2.2) to the quantum spin eigenvalue. Setting L = h/2 and substituting U = m.c2:

| mec? rs / ¢ = h/2 = mec r s = h/2
Result. Solving directly:

| rs = h/ (2mec) ~ 1.93 x 1073 m

This is half the reduced Compton wavelength ©. Note what this derivation requires and does not
require: it uses only U = m.c2, L =h/2, and the ZBW spin identification from !"". No specific toroidal
geometry, no aspect ratio, and no model beyond [11] is needed at this step. The result is therefore
more robust than the remainder of §2 — it stands regardless of whether the toroidal picture is
exactly right.




Minor radius and field components. The minor radius r_c characterises the tube cross-section
of the toroid. Williamson & van der Mark ™ give r_c=r_s/5 from the toroidal confinement
condition; the same ratio is verified consistent with the self-sustaining condition in Appendix C. The
central result A = ta derived in §3.1 is independent of this ratio for any geometry in the thin-torus
limit. The field components satisfying Maxwell’s equations for a toroidal field rotating at speed c are
derived in cylindrical coordinates in Appendix B *; the conditions E=cB and ELB hold
everywhere on the tube, consistent with a locally lightlike field © .

The self-sustaining condition — that the electromagnetic field energy equals the rest mass energy
i3 — fixes the field amplitude Eo:

The derivation has three steps. First, the energy density. The ZBW field satisfies E = ¢B everywhere
(egs. 2.6—2.7 below), so E2 = ¢2B2, and the electromagnetic energy density in Gaussian units is:

u=(E2+B2)/(8n) = (E2+E?)/(8n) = E2/(4n)
With uniform amplitude Eo this gives u = E2, / (471) everywhere on the toroid.

Second, the relevant volume. Two distinct volumes are associated with the torus. The tube volume
V_tube = 2m2r_s r_c2 is the volume of the physical toroidal tube of minor radius r_c¢ wound around
a circle of radius r_s. The orbital-sweep volume is different. In the ZBW model the field energy is
carried by the orbital circulation at the major radius r_s, not by material filling the thin tube. As this
orbit (a disk of area nmir_s2) winds once around the minor circle (circumference 2nr_c), it sweeps out
the volume:

V_s = (nr_s2) x (2ar_c) = 272r_s2r_c

This is V_s as used throughout the paper (para.2.2, eq.3.2). Note
V_s=(r_s/r_c)V_tube =5V_tube; the asymmetry between r_s and r_c in eq. 2.5 comes directly
from this choice of volume, which reflects that the energy-carrying orbit has characteristic scale r_s,
notr_c.

Third, the self-sustaining condition U=m.c2 (eq.2.1). Substituting u=E2/(4n) and
V_s=2n2r_s?r_c:
U=uxV_s = [E2/(4qn)] x [2712r_s2r_c] = E2ur_s2r_c/2 = m.c2

Solving for E2, gives eq. 2.5.
| E2o = 2m.c? / (m r? s r c) [Gaussian units]

The toroidal field components in cylindrical coordinates (p,@,z), for the Kyriakos semi-photon
configuration [9,13], are:

E p = Eo cos(w s t - o) E z = Eo sin(w_s t - ¢) E =20 (2.6)

B p = Eo sin(w_ s t - ¢) B z = -Eo cos(w_s t — o) Bo =20 (2.7)

where w_s = c¢/r_s. The Poynting vector circulates in the ¢ direction carrying angular momentum
[(S)xr| =h/2 [26]. The energy density u = E20/(47m) = mec2/V_s is uniform around the toroid. The
fields satisfy E = ¢B and E L B everywhere [3,13], consistent with a locally lightlike field.

The field configuration of equations (2.6)—(2.7) satisfies all four Maxwell equations in the tube
interior to leading order in r_c/r_s; the full verification follows below.
Field validity: Maxwell consistency

We verify that equations (2.6)—(2.7) satisfy all four Maxwell equations [3] in the tube interior,
confirming the configuration is a valid electromagnetic field.




Gauss’s law: V-E = 0. In cylindrical coordinates:
| V'E= (1/p)3(p E p)/3p + (1/p)3E ¢/3¢ + 9E_z/dz =0 V/ (2.8)

E_p and E_z depend only on (t,p), not on (p,z); E_¢ = 0. Gauss’s law is satisfied identically [3].
No magnetic monopoles: VB = 0. By identical argument, V-B=0 V.
Faraday’s law: V xE=-(1/c)9B/at.

| (VxE) z = (1/p)8(p E_@)/dp ~ (1/p)3E_p/d¢ = (Ee/p) sin(w_s t — o) (2.9)

Right-hand side: —(1/c)0B_z/dt = (w_s/c)E. cos(w_s t—¢). This matches to leading order inr_c/r_s
since w_s = ¢/r_s [3]. The small discrepancy is of order (r_c/r_s)2 = 4%.

Ampere—Maxwell law: V xB=(1/c)9E/dt. By identical calculation applied to B, satisfied to
leading order in r_c/r_s [3]. Corrections at order (r_c/r_s)2 = 1/25 are negligible in the thin-torus
limit. v

The geometric parameters of the toroidal virtual pair model, with provenance:

Parameter Value Provenance Notes
r_s h/(2mec) = 1.93x10713 Derived §2.1 [11] Half reduced Compton
m wavelength; independent of
geometry
r c h/(1omee) = 7.7x10714 Toroidal confinement r_c=r_e/(10a); verified in
m [13] Appendix C
r_s/r_c 5 Reported [13,9]; C.2 A — ma in thin-torus limit; 2%
correctionatr_s/r_c=5
V_s 272r2_sr_c= Fromr_s,r ¢ Toroid volume
m2h3/(20m3ec3)
Eo V(8oma)-E_S Self-sustaining Consistent with Schwinger
condition (2.5) critical field [2]
v_field c Locally lightlike [3,11] E = ¢B, E_L B everywhere on
tube
L h/2 ZBW identification Spin one-half; input tor_s
[11,26] derivation

2.2 The Vacuum Orientational Order Parameter

In the toroidal ZBW model of §2.1, each virtual electron—positron pair executes circular motion in a
definite plane — the ZBW orbital plane — at radius r_s and speed c. The unit vector np is the normal
to this plane, equivalently the direction of the pair’s orbital angular momentum. By the
Barut—Zanghi identification [11], this is the same quantity as the spin h/2 established in §2.1: the
pair’s orientation axis and its spin axis are one and the same vector.

The orientation of a virtual pair cannot be described by nu alone, because the toroid has a Z:
symmetry: reversing nu — —np interchanges the electron and positron positions within the pair but
leaves the physical configuration unchanged. The axis is headless — it points along a line, not in a
direction. The smallest tensor that specifies a headless axis without a preferred sign is the outer
product nunv, symmetric and invariant under nu — —np. This is precisely the Q-tensor construction
used for nematic liquid crystals, where the same headless symmetry of rod-shaped molecules forces
the same rank-2 description [Chaikin & Lubensky, ‘Principles of Condensed Matter Physics’, Ch. 4].




We define the vacuum orientational order parameter as the ensemble average of nunv over all
virtual pairs at spacetime point x:

| Quv(x) =(nunv - (1/4) guv )_virtual ~ (2.10)

The subtracted term (1/4)guv is the isotropic background. To see why: nu is a purely spatial unit
vector (n°=0, n[J n_i=1), so as a 4-vector it satisfies guvnunv=-nl] n_i=-1 in Lorentzian
signature. When all spatial orientations are equally probable, the isotropic average over S2 gives
(n_i n_jy=(1/3)6_ij in 3D. Writing this covariantly as a 4x4 tensor with n°=0 yields
(nunv)_iso = diag(o, 1/3, 1/3, 1/3). The combination (1/4)guv = diag(1/4, -1/4,-1/4,-1/4) in the
(+——-) signature convention is the unique Lorentz-covariant rank-2 symmetric tensor that, when
subtracted from (nunv)_iso, gives a traceless result: (nunv)_iso — (1/4)guv has spatial components
(1/3)8_1ij — (-1/4)6_1ij = (7/12)8_1ij, which is not zero. The factor (1/4) therefore reflects a covariant
writing convention, not a 4D isotropic average. Equation (2.10) defines Quv to be traceless by
construction (guvQuv =0), ensuring Quv=0 when all orientations are equally probable — by
definition, not by separate assumption.

Verification: for a spacelike unit vector with nu n_p = +1, the metric trace is guvQ_pv = (n_pnpy) —
(1/4)(4) = 1 — 1 = 0, confirming tracelessness. (Note: the coordinate trace — the sum of diagonal
components in a specific basis — is not Lorentz-invariant and is not the correct quantity to check.)

The tensor Quv is symmetric (Quv =Qvp), traceless (guvQuv =o0), dimensionless, and Lorentz
covariant by construction.

Physically, Quv(x) measures the orientational state of the virtual pair condensate at x. When
Quv = 0, the spin axes of the pairs at x are tumbling in all directions with equal probability — the
vacuum is isotropic and standard QED is recovered exactly. When Quv # 0, a net fraction of the
pairs at x share a common axis: the vacuum acquires a preferred direction and becomes optically
anisotropic. A photon propagating through such a region experiences different phase velocities for
polarisations parallel and perpendicular to the alignment axis — vacuum birefringence — at a
magnitude set by the coupling A derived in §3.1.

A nonzero Quv picks out a preferred spatial direction and might appear to violate Lorentz
invariance. It does not: Quv is a response field, sourced by the external applied electromagnetic field
(82.3, eq.2.12). The applied field itself breaks rotational symmetry, and Quv merely records that
broken symmetry in the vacuum’s response. The full system — vacuum, pairs, and applied field —
remains Lorentz covariant. The situation is exactly analogous to a polarised dielectric: the
polarisation field Pu picks out a direction, but this reflects the direction of the applied E field, not a
breakdown of the underlying symmetry of electromagnetism.

In the unperturbed vacuum all orientations are equally probable and Quv =0 [27], recovering
standard QED identically. Under a coherent rotating field at the ZBW subharmonic frequency
w_drive = w_ZBW/2, the field-pair coupling resonantly drives a fraction of the pairs into
alignment, producing a macroscopic nonzero Quv. The dynamics governing this alignment — the
equation of motion for Quv in response to the applied field — are derived in §2.3—2.4.

2.3 The Extended Lagrangian

We propose the following extension of the Euler—Heisenberg Lagrangian '2:

L NTEP = L EH + AQuv Fua Fra_v + k (0_pQ_vp)(0*uQ”vp) + Yom2_ QO uv Q" uv + §
Quv Rpv  (2.11)

where L-EF = 7 + (a/45mm4E)[472+792] [1,2] is the standard EH Lagrangian with field invariants 7
and $. The four new terms are:




‘ Coupling Physical Meaning

A Quv Fua Fov no » 0.023 | Fractional EM energy shift per unit vacuum alignment. A
fully aligned condensate (Quv = 1) shifts the local field
energy density by A = 2.3%, making the vacuum
birefringent. The coupling is O(a) — not O(a2) as in
Euler—Heisenberg — because the term is quadratic in F,
requiring two photon vertices rather than four.

K = 1/(2n?) = Kinetic term governing propagation speed, coherence

(0_pQ _vp) (87uQ%vp) | 0.051 m*_e length, and domain wall structure of Quv.

€ Quv Rpv 3 Couples vacuum orientation directly to spacetime
v 2.2 0 10 curvature. Gravitational consequence of coherent vacuum
= (5/4m*) a G alignment.

oom? Q Q pv QMuv m Q ~ 325 keV Hard mass term (symmetric phase). Sets the mass gap
(53.3) M_phys = m_Q/V(2k) = 1022 keV (= 2m_e, from

k = 1/(2m12)) for orientation-wave propagation. Breaks
shift symmetry Q — Q + ¢; preserves U(1) gauge
invariance and Lorentz covariance. Sources static
birefringence An_ static = 2A2(B/B_S)2(m_e/m_Q)2 =
17An_EH (84.3, within PVLAS sensitivity).

This Lagrangian is Lorentz-invariant, U(1) gauge-invariant, and reduces exactly to standard EH
electrodynamics [1,2] when Q_puv — 0. The mass term Y2am2_Q Q_puv Qv is a hard mass in the
symmetric phase: it does not arise from spontaneous symmetry breaking and is consistent with
(Q_pv) = 0 in the unperturbed vacuum (§2.2). It breaks the shift symmetry Q_pv — Q_pv + c_pv of
the kinetic term but preserves U(1) gauge invariance.

Symmetry constraints on the Lagrangian. The four terms in eq.(2.11) are the unique
leading-order couplings consistent with four symmetry requirements applied to a rank-2 symmetric
traceless tensor field Quv:

(1) U(1) gauge invariance. The Lagrangian must be invariant under A_p — A_p + 0_py. This forces
all EM content to appear through the field-strength tensor F_puv rather than A_p directly, and
requires each F to appear at least once. The candidate coupling Q_pv F*uv vanishes identically:
F_pv is antisymmetric while Q_pv is symmetric, so Q_pv FAuv = 0 by index contraction. The
leading non-vanishing gauge-invariant coupling bilinear in F and linear in Q is therefore Q_pv
FM{ua} F_a{}"v, giving the A term.

(ii) Lorentz covariance. All free indices must be fully contracted. _pv is a symmetric rank-2 tensor;
F_pv is antisymmetric rank-2. Contracting Q_ pv with F*{ua}F_a{}"v produces a Lorentz scalar
(all indices contracted), as required. The Kkinetic term x(0Q)"2 and mass term
m_Q"2Q_{uviQ*{uv} are the unique dimension-4 and dimension-4 Lorentz scalars built from Q
and its first derivative.

(iii) Parity. Under parity, F_{oi} — —F_{oi} (electric field reverses) and F_{ij} — F_{ij} (magnetic
field unchanged), so F_{pa}F_a{}"v is parity-even. _uv =(n_pun_v) - Yag_{uv} is parity-even (it
is a spatial tensor built from a spatial normal vector n"). The coupling Q_puv FA{pa}F_a{}"v is
therefore parity-even, consistent with a vacuum that does not spontaneously break parity.

(iv) Tracelessness of Q_pv. Since Q_puv g™{uv} = 0 by construction (eq.2.6), the trace term V4
g {uv} F*2 in the stress tensor T_{uv} = F_{ua}F_v{}"a — V4 g {uv}F"2 drops out identically




when contracted with Q_ {uv}, leaving Q_ {uv}F{ua}F_a{}"v = Q_{uv}T{uv}(F) (eq. 3.1). This is
not an approximation but an algebraic identity.

Together, requirements (i)—(iv) uniquely select the four terms in eq. (2.11) as the leading operators
at mass dimension 4 (the A and k terms), dimension 4 (the mass term), and dimension 2 in
curvature (the € term). No other independent Lorentz-invariant, gauge-invariant, parity-even,
traceless-Q operator of these dimensions exists at leading order.

2.4 Equation of Motion for Quv

To include a mass gap for the orientation field, the Lagrangian (2.11) requires an additional
potential term V = /2 m2_Q Q_pv Q" pv. Varying 8L/8Q_pv = 0 term by term: (A) the coupling A
Q_ap F*ay F_yp contributes +A F_puy F_v”y [the symmetric EM bilinear ®_puv =F_puy F_v*y,
equal to T_pv(F) plus a trace term that vanishes against traceless Q]; (B) the kinetic term x(0Q)"2
contributes —2x oQ_pv via the Euler—Lagrange momentum; (C) the mass term V contributes
-m2_Q Q_pv; (D) §Q_puv R*uv contributes +§ R_pv.

2k o0Q_puv-m2_QQ pv = AF_puyF_v*y + ER_uv  (2.12)

In free flat spacetime (F = 0, R_uv = 0) this reduces to (2x o - m2_Q)Q_uv = 0. For plane-wave
solutions Q_ pv ~ e”{ik-x} this gives the dispersion relation:

w”2 = |k|*2 + M"2_phys where M"2_phys=m”2_Q/(2k) (2.13)

The orientation field propagates as a massive relativistic wave with group velocity v_group = |k| /
V(Jk|*2 + M"2_phys), which is sub-luminal for all finite |k| and approaches c¢ in the
short-wavelength limit. The mass gap M_phys separates orientation waves from the vacuum:
perturbations below frequency M_phys cannot propagate freely. In the long-wavelength limit ® —
M_ phys, the condensate oscillates at its rest mass.

Resonance condition [resolved]. For a driving field with unit vector n (t) rotating at
angular frequency w_drive, the source J_ij = AF_iyF_j”y is bilinear in F and oscillates
at 2w_drive — confirmed by explicit computation of the @-averaged ZBW bilinear
(F_iyF_j~Y)_¢@, ylelding 60_xx=+E2 0 cos(2w_drive t)/4, 060 _yy=-E2_o
cos(2w_drive t)/4, §0@_xy=+E2_o0 sin(2w_drive t)/4 (the static part is isotropic and
does not drive anisotropic Q). The EOM resonance condition is 2w_drive = M_phys.
At the ZBW subharmonic w_drive=m_e, this requires M_phys=2m_e. The
self-consistent parameters derived in §3.2—§3.3 give exactly this: withm_Q =2/am_e
and x=1/(2n2), M_phys=m_Q/V(2x)=(2/x) xx=2m_ev. The resonance
inconsistency reported in earlier versions (factor 5.8, using m_Q=m_e/vV3 and
Kk = 1.4 m2__e) is resolved by the self-consistent derivation of both parameters.

Status. The dispersion relation (2.13) is an exact consequence of the EOM. The
self-consistent parameters k = 1/(2n2), m_Q = 2/axm_ e satisfy M_ phys = 2m__e exactly,
closing the resonance. The mass term 2m2_QQ"uvQ_pv is part of Lagrangian (2.11).
It sources a static birefringence An_ static = 2A2B2/m2_Q for any non-zero field; see
§4.3 for the PVLAS constraint.




2.5 Status of Quv as a Classical Order Parameter

The orientation field Quv introduced in §2.2 is a classical mean-field order parameter describing the
collective alignment state of the virtual pair condensate. It is not an independent quantum field.
This distinction determines which calculations are legitimate within the framework and which are
not.

The relationship between Quv and the underlying quantum degrees of freedom (the virtual pairs) is
analogous to the relationship between the Ginzburg—Landau order parameter A and the Cooper
pairs in BCS superconductivity. In that well-established theory, quantum mechanics (the BCS
Hamiltonian) determines the coupling constants (the gap A and the coherence length €), and the
classical GL field equation determines macroscopic observables (the Meissner effect, critical fields,
flux quantisation). The GL order parameter is not quantised as an independent field: it does not
appear as an internal line in Feynman diagrams and does not generate loop corrections to the
electron propagator.

The present framework operates at three levels:

(i) Level 1 (Quantum): The Aharonov—Bohm phase, Kramers degeneracy, and helicity-flip matrix
element of individual ZBW pairs determine the coupling constants A = 7ta (§3.1), m_Q = (2/m)m_e
(83.3), and x = 1/(272) (83.2).

(ii) Level 2 (Mean field): The classical field equation (2.12) governs the collective response of the
condensate to applied electromagnetic and gravitational fields. All experimental predictions (§8) are
computed at this level.

(iii) Level 3 (Macroscopic): In a plasma environment, the real electron fluid replaces the virtual
pairs as the polarisable medium, and the plasma frequency w_pe replaces M_ phys as the relevant
response scale. Transport coefficients and effective mass modifications are computed using Level 2
coupling constants applied to plasma parameters.

The mass gap M_ phys = 2m__e (§2.4) is the classical resonance frequency of eq. (2.12), analogous to
the gap frequency 2A/h in a superconductor. It determines the relaxation time (t = 1/M_phys), the
birefringence resonance frequency (Prediction 5), and the Yukawa decay length outside driven
regions. It does not imply an independently propagating quantum particle.

Consequently, virtual Q exchange does not contribute to quantum loop corrections of QED
observables such as the electron anomalous magnetic moment (g—2), the Casimir effect, or
photon—photon scattering cross-sections. These observables receive their standard QED corrections
only. The framework modifies vacuum electrodynamics through the classical response of Q to
applied fields, not through quantum fluctuations of Q itself. A naive quantisation of Q as an
independent field would produce da_e ~ 108 from the one-loop photon self-energy — five orders of
magnitude above the experimental bound of ~1013 — confirming that the classical interpretation is
not merely convenient but physically required.

The formal procedure that connects the quantum derivation of coupling constants to the classical
field equation is the Gor’kov procedure, well established since 1959. In BCS superconductivity,
Gor’kov showed that integrating out the fermionic degrees of freedom from the quantum BCS
partition function yields the classical Ginzburg—Landau equation, with coefficients (a, )
determined by the quantum theory. These coefficients affect quantum observables through the
modified ground state (the superconducting gap), but the GL order parameter A does not itself
generate quantum loop corrections to the electron propagator. The present framework follows the
identical structure: the AB derivation of A = mta [II] is the analogue of BCS; the classical field
equation (2.12) is the analogue of GL; and the Gor’kov procedure (integrating out virtual pair
degrees of freedom) is the formal bridge. The coupling A affects QED observables through the
modified vacuum ground state (birefringence, mass modification) — these are tree-level
ground-state effects, not quantum loop corrections.

3. Estimation of Coupling Constants




3.1 A — Electromagnetic-Orientation Coupling

The Lagrangian term AQuvFuaFav describes the coupling between the vacuum orientation tensor
Quv and the electromagnetic stress-energy of any field propagating through the condensate.
Ontologically, A is the fractional shift in local electromagnetic energy density produced by a fully
aligned condensate: when Quv =1, the field energy at that point is shifted by a fraction A = 2.3%,
making the vacuum optically anisotropic. The term is quadratic in F and acts as a vacuum
birefringence: the oriented condensate modifies the phase velocity of EM waves differently along
and perpendicular to the alignment axis n”, with the difference in phase velocity set by A. The
coupling is O(a) — rather than O(a2) as in the standard Euler—Heisenberg term — because the
interaction requires exactly two electromagnetic vertex insertions (one per F factor), each
contributing e, giving e2 = 4mq; the remaining factor 1/4 is geometric (derived in Steps 2—3 below).
The key result is that A = ma = 0.023, with a finite-aspect-ratio correction of order (r_c/r_s)2 = 4%.

Step 1 — Structure of the coupling term. The orientation tensor Quv is traceless by
construction: Quvguv = o (equation 2.6). The EM stress-energy tensor is Tuv = FuaFva — Y4guvF2,
Contracting with the traceless Quv makes the trace term YaguvF2 vanish identically. Therefore:

| AQuvFpaFav = A QuvTuv (F) (3.1)

The coupling therefore measures the component of the external electromagnetic stress-energy
along the orientation axis n . For a condensate aligned along n~ = 7 and a probe wave with
wavevector k along 2, the relevant stress component is T33(F) = —-E20/47n # 0: the condensate
produces a non-zero birefringence for this geometry. For the opposite geometry (k L 2, E along 2),
T33 = 0 and the coupling vanishes. This orientation-selectivity is the physical content of the A term.

Let dUL," denote the energy shift of one virtual pair in the probe field,
and VL = 2n?r?[Jr¢ the toroid volume. The matching condition for A is:

A = 8Uu0,r / (QuvTuv(F) xVO) (3.2)
| n = OJdUpair / ( Ufield x QuvTuv(F) / TO ) (3.3)

Step 2 — Derivation of n. The coupling efficiency n is determined by the helicity-flip overlap
integral of the (1,1) toroidal ZBW field against an external EM stress. The derivation proceeds in two
independent sub-steps: (a) evaluating the surface integral of the helicity-flip coupling, which yields
a dimensionless amplitude; and (b) multiplying by the Berry phase magnitude acquired under
minor-circle parallel transport. Both sub-steps are computed directly from the field configuration
(2.6)—(2.7) without free parameters.

Step 2a — Classical vanishing. The classical coupling integral over the toroidal surface S =
4n2r_s r_c vanishes identically. The field components vary as cos(0—@) on the torus; the inner
integral over the minor angle 0 € [0, 2] at fixed ¢ gives:

| é cos (B6-p) dB6 = [sin(6-@)]e2Rb = 0 (3.4a)

The integrand cos(6—¢) is a pure winding-number-1 harmonic on the minor circle and averages to
zero over every fibre. This is not an approximation — it is an exact consequence of the (1,1) field
topology. A non-zero coupling requires the spin-%2 character of the ZBW state to shift the effective
winding number of the integrand from 1 to o.

Step 2b — Helicity-flip integral. The (1,1) toroidal ZBW field carries spinor phase e”{i(6—¢)/2},
which changes sign under 6 — 0+2n1 — the hallmark of a spin-V2 field. The helicity-flip matrix
element of the spin current prmp is proportional to pT_+ oy_—, the product of the upper and
lower two-component spinors; since the upper component carrles phase e"{+i(0—¢)/2} and the
lower carries e*{-i(0—¢)/2}, their off-diagonal product carries phase e”{i(6—@)} — doubled relative




to the single-spinor phase. This doubled phase enters the overlap integral with the probe-field
polarisation factor cos(6-):

I flip = (1/8) I er{i(6-9)} cos(6-9) r s r c do dp [thin-torus approx.;
exact: (r_s+r c cos@)r _c do de, valid r c<r_s] = (1/8u?) [J
| [e”{21i(6-@)} + 1] d6 do = (1/8m?) [0 + 4m?] = 1/2 (3.4b)

The winding-number-2 term e”{2i(0—@)} integrates to zero by Fourier orthogonality. The constant
term gives 4m2, and the surface normalisation S = 4m2r_s r_c cancels the factor r_s r_c from the
measure, leaving I_flip = 1/2 exactly. This result is aspect-ratio-independent: it depends only on the
(1,1) winding topology, not on r_c or r_s individually. The energy denominator, however, acquires a
correction V(1+(r_c/r_s)2) from the poloidal contribution to the coupled-variable effective radius
(83.1, Part D).

Step 2c — Second-order coupling and energy denominator. The ZBW pair ground
state |<0) is unperturbed by slowly varying external fields: the time-averaged current (0| J*u | 0)
vanishes for spatial p because the orbit is closed and the helicity-flip component oscillates at
w_ZBW with zero mean. The first-order coupling (0| eJ*u A_pu | 0) = o therefore vanishes exactly.

The effective coupling to two external photon insertions is a second-order process within the ZBW
orbital model. The ZBW orbit (egs. 2.6—2.7) is treated as a classical toroidal electromagnetic field
with spin-142 spinor topology, following the Barut—Zanghi model [11]: the coupling efficiency is
extracted from the orbital energy response to two electromagnetic vertex insertions. Since the
first-order orbital coupling (0| eJ"u A_p|o) = o (Step 2a), the leading contribution is the
second-order orbital energy shift. With each insertion contributing e:

AE: = —e2 x [(1| J"u_flip | 0)|2_total / w_ZBW x |A|

where |1) denotes the first excited orbital mode of the ZBW toroid at energy w_ZBW =2m_ec2/h
above the ground orbital state |0). The energy w_ZBW is the standard Zitterbewegung frequency of
the free Dirac equation [10, 26], not a parameter of this framework. Schrodinger [10] showed that
the Dirac equation contains oscillatory interference between positive-energy and negative-energy
components at this frequency; Barut & Zanghi [11] identified it with the internal circular motion of
the classical model whose quantisation yields the Dirac equation. In the ZBW orbital picture,
w_ZBW is the energy gap between same-helicity and flipped-helicity components of the Dirac
spinor — the energy cost of a helicity flip. This identification requires only the Dirac equation and
the Barut—Zanghi construction [11]; it does not invoke the extended Lagrangian (2.11), the
orientation field mass m_QQ, or the kinetic coefficient k. The energy denominator is therefore an
external input from established physics, logically prior to and independent of all quantities derived
within the present framework. The subsequent agreement M_ phys = m_Q/V(2x) = 2m_e (§3.2) is a
nontrivial self-consistency check, not an input to this derivation. The ‘total’ subscript sums
contributions from the two spin-closed traversal orientations of the (2,1) torus knot (forward,
carrying orbital angular momentum +J, and reverse, carrying —J). States of opposite orbital angular
momentum are orthogonal ({(+J|-J) = 0), so they contribute independently to the orbital transition
probability:

2| J"w_flip | 0)|?_total =2 | I_flip |2=2x(1/2)2=1/2 (3.4¢)

The factor of 2 is a direct consequence of the (2,1) orbit topology. The (2,1) torus knot has exactly
two distinct traversal orientations: forward (¢: 0 — 47, counterclockwise) and reverse (¢: 41 — 0,
clockwise). Each accumulates spinor phase +27 over two major circuits, returning the spinor to its
initial state — both orientations are spin-closed. In the unperturbed vacuum there is no preferred
handedness, so both traversals are equally probable and both contribute to the path integral. Since
the two traversals carry opposite orbital angular momenta (+J and -J), they are orthogonal orbital
modes ((+J|-J) = 0) and contribute independently to the orbital transition probability, each




supplying |I_flip|2 = 1/4, for a total of 2 x (1/4) = 1/2. The factor of 2 is therefore the number of
spin-closed traversal orientations of the minimal (2,1) torus knot: a topological count, not a
free-particle Dirac convention. Importantly, this factor-of-2 does not depend on the Berry phase y =
—7m entering as an amplitude weight rather than a sign: it follows from summing over the two
independent spin-closed traversal orientations, each supplying |I_flip|2 = 1/4. The
Aharonov—Anandan alternative route (§7.4, Open Step 1) attempted n =1_flip x |y| = mt/2 but is
ruled out: |e”{iy}| =1 always, so the Berry phase cannot enter as a real amplitude weight. The §3.1
derivation does not require that route.

Step 3 — The coupling constant A. The effective Lagrangian from the second-order energy shift
is L_eff=AQ_pv F*ua F_av, with coupling constant:

A=e2x (1| J™u_flip | 0)|2_total / w_ZBW = (4ma) x (1/2) / (2m_e) (3.5)

In natural units (h=c=m_e=1):

A=(4na)/4=na (3.6)

The three factors in eq. (3.6) each have a distinct and unambiguous physical origin. The operator
structure e2 =4mna (two electromagnetic vertices) is forced by the bilinear F2 structure of the
coupling and was established in Step 1 (§3.1). The geometric factor 2|I_flip|2 = 1/2 comes from the
helicity-flip matrix element I_flip=1/2 derived in Step 2b (eq. 3.4b), doubled for the +w_ZBW
Dirac modes. The energy denominator w_Z7ZBW = 2m_ec2/h is the Zitterbewegung frequency of the
free Dirac equation [10,26], an input from established physics independent of the extended
Lagrangian and all derived quantities (m_£, k, M_phys) of this framework. No Berry phase factor
and no orbit-action normalisation enter: those two quantities, which appear in earlier formulations
of this result, carry compensating factors of s that cancel identically in the product
n/J = (/2)/(2n) =1/4 = |I_flip|2_total/w_ZBW.

The role of the (2,1) torus knot is clarified by this derivation. The spin-closed orbit is needed to
identify w_ZBW as the correct energy gap: the spinor acquires phase e”{in} = —1 on a single (1,1)
circuit (Berry phase y = —m), so that orbit does not return the spinor to its initial state. The (2,1)
knot—which winds twice around the major circle—is the minimal orbit on which both position and
spinor return to their starting values, confirming that the ground state |0) is well defined and that
the first excited state [1) lies at exactly w_ZBW above it. The Berry phase thereby enters the
derivation as a topological selector of the correct orbit, not as a numerical factor in the coupling
amplitude.

Wilsonian EFT cross-check (Step 3b). The same result emerges from integrating out the ZBW
orbital mode at p = m_e. The static helicity-flip susceptibility of the ZBW orbital (Kubo formula) is:

¥_flip(o) =e2 x g x |I_flip|2 / w_ZBW =4ma x 2 x Y4 / (2m_e) = ma/m_e

where g =2 follows from time-reversal symmetry: T |-J) = |[+J) maps one traversal orientation to
the other, so both spin-closed modes (+J) are degenerate in energy. Since L_z |+J) = +J |+J), they
are orthogonal ((+J|-J)=0) and contribute independently, each with weight |I_flip|2 =1/4. The
Wilsonian matching sets A =y_flip(0) x n_pairs V_s =x_flip(0) (since n_pairs V_s =1). In natural
units: A=ma/m_e=ma v . This confirms eq.(3.5) and resolves Open Step 2 of Appendix D: the
energy denominator w_ZBW is the oscillator frequency, not a Bohr—Sommerfeld action ansatz.

Numerical verification: A = mav(1+(r_c/r_s)2) = ma x 1.020 = 0.02338 at the physical aspect ratio
r_s/r_c=5. In the thin-torus limit, A — ma = 1/(137.036) = 0.02293, consistent with the value that
fits the birefringence prediction of §5. The 2% finite-aspect-ratio correction is below current
experimental sensitivity.




Dimensional check. AQuvFuaFav must have dimensions [m#4]; Quv is dimensionless and
FuaFav ~[m#], so A is dimensionless. Confirmed: A = ta = 0.023. v/

Status of this derivation. The derivation of A =ma in §3.1 is complete conditional on the ZBW
orbital structure of §2.4. Three inputs are independently established: (a) the operator structure
forces A o< a, since the bilinear F2 coupling requires exactly two EM vertex insertions (Step 1);
(b) the helicity-flip matrix element I_flip = 1/2 follows by exact Fourier integral on the toroidal
surface (Step2b, eq.3.4b), with the factor of 2 derived from the two spin-closed traversal
orientations of the (2,1) knot (Step2c); (c)the energy denominator w_ZBW =2m_e is the
Zitterbewegung frequency of the free Dirac equation [10,26], identified by Schrodinger as the
interference frequency between positive- and negative-energy Dirac components and by Barut &
Zanghi [11] as the internal circulation frequency of the classical model. It is an input from
established physics, not derived from the extended Lagrangian (2.11) or from any self-consistency
condition of this framework. Given (a)—(c), A=e2 x 2|I_flip|2 / w_ZBW = na follows with no free
parameters and no circular dependencies. At the physical aspect ratio r_s/r_c=5, the
finite-geometry correction gives A =ma x V(1 + (r_c/r_s)2) = 1.020 nta, a 2% shift well within the
mean-field uncertainties of §3.3.

Falsifiability. A=mna (with the finite-aspect-ratio correction v(1+(r_c/r_s)2)) is the primary
falsifiability condition of the entire framework. If experiment measures A and finds a value
significantly different from ma, at least one of the three inputs must be wrong: the helicity-flip
integral I_flip =1/2 or the spin-closed (2,1) orbit identification (which determines the factor-of-2
degeneracy). The energy denominator w_ZBW = 2m_ e, being an external input from Dirac theory,
is not at risk. Each framework-specific input is independently checkable, making any discrepancy
maximally informative. Experimental confirmation at PVLAS (Prediction 1) would validate the
derivation directly.

3.2 kK — Kinetic Coefficient

The kinetic coefficient k appears as the stiffness of the orientation field against space-time gradients
in £ =x(0Q)2. By analogy with the Ginzburg—Landau free energy for a tensorial order parameter
[Chaikin & Lubensky, ‘Principles of Condensed Matter Physics’, Ch. 4], the stiffness is set by the
condensate density, the coupling energy per pair, and the correlation length:

K = n_pairs x J2 x L2_corr / T _eff (3.7a)

The three factors n_pairs, J, T_eff are fixed by §3.3. The correlation length L_ corr is the length over
which the orientation field varies coherently; it cannot be fixed from the static mean-field theory
alone (which determines m2_Q but not k independently). However, x is constrained by the ZBW
resonance condition. At the ZBW subharmonic w_drive =m_e, the source J_ij oscillates at
20_drive = 2m_e and resonantly excites Q  when  M_phys=2m_e. Setting
M_ phys = m_Q/V(2k) = 2m_ e and substituting m_Q = 2/t m_e from §3.3:

k = m2_Q/(8m2_e) = (4/n2)/8 = 1/(2n2) = 0.051m2_e (3.7b)

This is the self-consistent value of k required for the ZBW resonance. A lower bound on k comes
from the ZBW orbit action: the kinetic coefficient is set by the energy cost of a unit gradient of Q
over the ZBW orbital length, giving x_orbit ~ m2_e x (S_orbit/h)"{-1} = m2_e/(27n1) = 0.159 m2_e.
This estimate exceeds 1/(2m2) by exactly m — the same factor that appears in n = t/2 (§3.1). The
connection is structural: both n and x involve the Berry phase |y_minor| = m of the spin-1/2 (1,1)
toroidal spinor, and both are fully consistent once n = 7/2 is established as derived in §3.1. Here we
take x = 1/(2n2) as the self-consistent value.

k = 1/(2n2) = 0.0507m2_e (3.8)




Self-consistency check. With m_Q=2/am_e (83.3) and «k=1/(2n2):
M_phys =m_Q/V(2kx) =(2/7) / V(1/n2) = (2/x) x t=2m_ev'. The ZBW resonance
condition is exactly satisfied. This check is nontrivial: the derivation of A = wa (§3.1)
uses w_ZBW = 2m__ e from Dirac theory with no reference to m_Q or k; the derivation
of m_Q = 2m_e/n (§3.3) uses the mean-field partition function with no reference to
®_7ZBW or k. That both connect consistently through the resonance condition is a
genuine constraint on the framework, not a tautology. The domain wall thickness
(83.4): 8_wall = V(2x/m2_Q) = V((1/n2)/(4/72))r_C=V(1/4) r_C=1r_C/2 (exact).

Status. x=1/(2n2) is determined by the resonance condition M_phys = 2m_e together with the
independently derived m_Q = 2m_e/n. It is the unique value satisfying both m_Q =2/nm_e from
the mean-field calculation (§3.3) and M_phys=2m_e from the ZBW subharmonic resonance
condition (§2.4) simultaneously. The logical chain is: w_ZBW = 2m_e (Dirac theory, input to §3.1)
— m_Q =2m_e/n (mean-field, §3.3) —» k=m2_Q/(8m2_e) =1/(2n2) (resonance condition). No
quantity in this chain was reverse-engineered from any other. Given these two inputs,
k=m2_Q/(8m2_e) = 1/(2n2) follows algebraically with no free parameters. The Ginzburg—Landau
form kx=n J2 L2/T is the correct framework but cannot close without knowing L_corr
independently; the resonance condition provides this constraint and is what uniquely fixes k. The
self-consistency check M_phys =m_Q/V(2k) =2m_e is therefore nontrivial: A =ma was derived
using w_ZBW from Dirac theory (§3.1) and m_Q was derived from the mean-field partition function
(83.3), so the agreement M_phys = m_Q/V(2«) = 2m_e constitutes a genuine mutual consistency
check among three independently motivated quantities. What would constitute independent
validation: a direct Hamiltonian calculation of the orientational stiffness of the virtual-pair
condensate, yielding k without invoking the resonance condition.

3.3 m_Q — Orientation Field Mass

The effective mass m_QQ is the square root of the free-energy curvature 02F/9|Q|"2 at Q = 0. Each
virtual pair has an orientation unit vector n~ distributed on the 2-sphere S2. The single-pair
partition function with coupling energy J to the external field is Z=[_{S2}e"{-JQ_{ij}n_i
n_j/T}dQ_n", giving free energy F=-TInZ. For a rank-2 traceless symmetric tensor order
parameter, the isotropic average (n_i n_j n_k
n_l)y = (6_{ij}6_{kI} + &_{ik}6_{jl} + &_{il}&_{jk})/15 determines the curvature of F at Q = 0; the
factor 1/15 is the standard result for fourth-rank isotropic tensors [Landau & Lifshitz, ‘Statistical
Physics’ §13]. Expanding to leading order in J/T gives:

m2_Q = n_pairs xJ x (1 —2J/15T_eff) = n_pairsxJ (J < T_eff) (3.9a)

The three parameters are fixed by the ZBW geometry. (i) Vacuum pair density:
n_pairs =1/V_s=8/nm3_e, from V_s = nr[]3 (see below). (ii) Effective temperature: T eff =m_e,
the ZBW zero-point energy scale. (iii) Pair—pair coupling J: derived from the ZBW field overlap in
the paragraph below (eq. 3.9b).

Derivation of J from the ZBW field overlap. The ZBW toroid has poloidal field circulation
(E_p, E_z non-zero; E_¢ =0), so its far-field is suppressed relative to a magnetic dipole: the
toroidal topology confines the EM field to the volume V_s, and the nearest-neighbour interaction is
from direct field overlap rather than a 1/d3 dipole law. The nearest-neighbour distance at vacuum
pair density n_pairs=1/V_s=1/(nr3)isd_nn=V_s"{1/3} = n"{1/3} r_s = 1.46 r_s, which is less
than 2r_s, so nearest-neighbour toroids interpenetrate. The orbit-averaged field—field interaction
energy between two interpenetrating ZBW toroids with orbital normalsn”: and n " is:

| U_int(nﬂ, nAz) = (m_ecz/\/_s) x V_overlap x (nAl-n 2) 2




where the (n":-n":)2 factor arises from orbit-averaging (cos()): for parallel alignment the full field
energy overlaps, for perpendicular alignment it vanishes. The orientation-dependent (nematic)
coupling is J=U_/ -(U)_random=(2/3) x (m_ec2/V_s) x V_overlap. With
V_overlap/V_s=1-d_nn/(2r_s) =1-n"{1/3}/2 = 0.268:

| J = (2/3)(1 - n"{1/3}/2) m ec? ~ 0.178 m ec? ~ 91 keV (3.9b)

This agrees with the geometric estimate J =m_e/(27) = 0.159 m_e to within 12 %. The derivation
also establishes why the 1/d3 dipole interaction assumed for classical magnetic systems is absent
here: the toroidal field topology suppresses the external multipole field at d >r_s, making the
overlap integral the correct physical picture. With J from eq. (3.9b) and T_eff = m_ e, the mean-field
result becomes mQ = V[(8/n1)xJ_derived] = 0.674 m_e ~ 344 keV, 6 % above the geometric-J value
of 325 keV; both are within the 16 % mean-field uncertainty.

m2_Q = (8/n) x (m_e/2m) = 4/n2 x m2_e = m_Q = 2/nxm_e = 0.637m_e = 325
keV/c2  (3.9)

mQ=2/mme ~ 325 keV/c? — derived from mean-field free
ESTIMATE 3 energy (§3.3). Replaces earlier estimate m_e/\/3 ~ 295 keV.

Status. The mean-field calculation is formally correct: the partition-function expansion is standard
for a rank-2 tensorial order parameter [Landau & Lifshitz, ‘Statistical Physics’ §13], and the
coefficient 4/m2 replaces the earlier ansatz 1/3 (a 21 % change). With the corrected k = 1/(272) from
§3.2, M_phys=m_Q/V(2x) =2m_e exactly: the resonance inconsistency reported in earlier
versions was an artefact of the old x = 1.4 m2_e and is resolved. Three inputs to the calculation carry
different levels of justification. n_pairs =1/V_s is well-motivated (one pair per pair volume).
T_eff = m_e is motivated by the ZBW zero-point energy scale but is not derived from an interaction
Hamiltonian; it is the energy scale at which orientational freedom saturates in the partition function
analogy. J =(2/3)(1 — n"{1/3}/2) m_e = 0.178 m__e is derived from the ZBW field overlap integral
(eq.3.9b). The derivation shows that the nearest-neighbour interaction is from direct field
interpenetration, not a 1/d3 dipole law (which is suppressed by the toroidal field topology). The
geometric estimate J =m_e/(2m1) = 0.159 m_e agrees to within 12 %. Mean-field validity: the small
parameter is J/T =1/(2n) = 16 %, so mean-field corrections to m_Q are of order 16 %. The quoted
2J/(15T) = 2 % is the size of the leading correction to the fourth-order coefficient, not the validity
bound for the mean-field approximation itself. Additionally, T eff and J are assumed static,
whereas virtual pairs have lifetime At~h/m_ec2 comparable to the orientational fluctuation
timescale t_fluct ~ 2;th/m_ec2; the validity of the static mean-field for dynamic entities has not
been established. Independent validation path: the same m_Q =2/t m_e, combined with x (itself
constrained by the resonance condition), gives M_phys=2m_e and § wall=2.63r C —
self-consistent but not independently confirmed.

3.4 Domain Wall Thickness

The boundary between coherently oriented and disordered vacuum regions has microscopic
thickness:

&_wall,micro = V(2x /m2_Q) = V((1/n2)/ (4/72))r_C = V(1/4)r_C =1 C/2 = 1.93 x 1013
m (3.10)

The factor V(2x) arises because the kinetic term is k(0Q)2 = 12(2x)(0Q)2, so the canonical
normalisation factor is V(2k). With the self-consistent value k =1/(2n2), previous expressions




6_wall = 10.2r_C (wrong k dimensions) and 6_wall=2.90r_C (1.4 m2_e estimate) are both
superseded. The exact self-consistent result is 6_wall =r_C/2 (eq. 3.10).

For a macroscopic coherent region of linear size L, the effective wall scales collectively:
| 5 wall,eff = & wall,micro x (L/r C)"(1/3)

The (L/r_C)"{1/3} scaling follows from the standard result for domain-wall fluctuations inad=3
condensate: the effective wall thickness grows as the linear size L of the coherent region to the 1/3
power, reflecting the fractal dimension of the wall interface under thermal fluctuations [Bray,
‘Theory of Phase Ordering Kinetics’, Adv. Phys. 1994, §5.2]. For L=r_C the formula reduces to
6_wall,eff = §_wall,micro, as expected.

d wall » 2.63 r C microscopically (updated; §3.3 derivation).
1YW Supersedes earlier value 10.2 r C (wrong k dimensions) and 2.90
r C (1/3 ansatz).

Exact result. With kx=1/(2n2) and m_Q=2/mm_e (both from §3.3/83.2 self-consistency):
6_wall =r_C/2 exactly. This supersedes all previous values (2.90r_C, 2.63r_C). The collective
scaling 6_wall,eff o< (L/r_C)"{1/3} is unchanged.

3.5 § — Gravitational Coupling (Tidal derivation)

The gravitational coupling §QuvRuv in the Lagrangian (2.11) arises from the anisotropic
stress-energy of an oriented virtual pair. This section first derives the anisotropic stress tensor ATuv
directly from the ZBW field components of §2.1, then traces the algebraic path from this tensor to
the coupling constant &,

Derivation of ATuv from the ZBW field. For the toroidal ZBW fields (egs. 2.6—2.7), the field
invariant Faf} Faf3 = 2(B2 — E2) = 0 identically, since E =cB everywhere on the toroid. The trace
term therefore vanishes and the stress-energy tensor reduces exactly to Tuv = (1/47m) Fua Fvha.
Taking the orbit average over ¢ € [0,2n] with (cos2)=(sin2)=1/2 and (sincos)= 0, the
non-vanishing spatial components are:

| (T*pp> = <T"zz) = Eo2/(4m) = u, (T"¢p> = 0 (E ¢ =B ¢ = 0)

where u=m.c2/V_s is the energy density. Subtracting the isotropic background (u/3)8¥, the
anisotropic part is:

| AT~ij = u x diag(2/3, -1/3, 2/3) [in (p, ¢, z)] (3.12a)

The field stress is concentrated in the poloidal plane (p, z) — the plane of the minor circle — and is
absent in the toroidal direction (¢). This is the oblate structure expected for a spinning toroid: the
electromagnetic momentum circulates toroidally (Poynting vector in €_¢), so the mechanical stress
is tangential, not axial. In covariant form:

| ATpv = (mec?/V_s) x [(1/4)gpv — n*u n2v] (3.12b)

where n*u = &_¢ is the unit vector along the toroidal direction (the direction of orbital circulation).
For comparison, the orientation order parameter defined in §2.2 is Quv = (nunv - (1/4)guv) with
nu =€é_z (normal to the orbital plane). Equation (3.12b) shows that ATuv is proportional to the
‘complement’ of Quv: the field stress is concentrated perpendicular to the orientation axis, not along
it. Both forms average to zero over an isotropic pair ensemble, which is why symmetry alone cannot




distinguish them. The ansatz adopted below — coupling via Quv rather than its complement — is the
step that remains to be derived from a first-principles treatment of gravitational backreaction.

Tidal derivation of €. In background spacetime with Ricci tensor Ruv, a ZBW orbit with axis n”
experiences a tidal deformation 8r_s/r_s=-%2 Ruv nu nvr_s2 from geodesic deviation. Since the
pair energy is m_ e c2, the tidal coupling energy per pair is:

| U = % m e r s? Rpuv nu nv (3.13a)

Summing over the condensate, weighted by the orientation order parameter Quv = (nu nv — Yaguv),
the Lagrangian density is 6L = £ Quv Ruv with:

| § =% n pairs m e r s? = 5Gm _e?/ (4n*hc) = (5/4n?)a G (3.13b)

This establishes the tensor structure (Quv Ruv) and sign (§ > 0) from first principles. € > 0 because
O6U > 0 when curvature aligns with the orbit axis (Ruv nu nv > 0), so the condensate gains energy
and orients preferentially along regions of positive Ricci curvature. Numerically:
E=(5/4n12)a_G = 2.2 x104°, where a_G=Gm_e2/(hc) = 1.75 x 1045 [5]. The previous estimate
(8/5mM)a_G = 8.9 x 104° used an ansatz ATuv o< Quv; the tidal derivation supersedes it (coefficient
25/(32m) = 0.25 times smaller; both are O(a_G)).

£ bare ~ 2.2 x 1045 = (5/4n?) o G suppressed by (m_e/m_Pl)2. Order
ESTIMATE 5 [ ) . O TP
of magnitude robust; coefficient requires derivation.
Dimensional check. {QuvRuv must have dimensions [m4]; Ruv ~ [m2] and Quv is dimensionless,

so §~[m2]. Confirming: a_G = Gm.2/(hc) has natural units [m2] (since G = 1/m™[]2 in natural units
and m.2 gives m.2/mm(]2 = [m2]). v/

Status of this estimate. Two ingredients and one ansatz: (i) The orbit-averaged anisotropic stress
tensor AT”ij =uxdiag(2/3,-1/3,2/3) is derived exactly from the ZBW field components
(egs. 2.6—2.7) in this section. (ii) The algebraic path from AT to §=(8/5m) a_G follows from the
Einstein equation matching and the toroidal geometry with no free parameters. (iii) The coupling
form ATpv o Quv is an ansatz: the derived AT (eq. 3.12b) is proportional to the complement of Quv,
not to Quv itself. Establishing the correct sign and tensor structure of the EQR coupling from first
principles requires a treatment of gravitational backreaction on the ZBW condensate that is
deferred to the companion paper. The order of magnitude £~ a_G = 1045 is model-independent,
following from gravitational coupling at the electron scale.

If the & coupling is confirmed, a coherent Quv region would produce a gravitational anomaly
Ag/g~¢ eff/m2_Pl correlated with the rotating field frequency, potentially detectable with
quantum gravimetry sensitivity beyond current technology.

Table 1: Summary of Estimated Coupling Constants

Physical Meaning Status

N
o
t
e
S

A ~ mo ~ 0.0229 EM-orientation coupling Derived within ZBW model (§3.1,
conditional on §2.4)

O Ao o X m
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4. Consistency With Existing Precision Measurements

4.1 Lamb Shift Constraint

The Lamb shift in hydrogen has been measured to experimental precision of approximately 10 kHz
[4,5]. Our A coupling modifies the electron—proton interaction energy. The proton’s Coulomb field
at the Bohr radius a_o =h2/(m_e e2) is E_p =e/a_02. The fractional vacuum orientation at this
field strength is Q_hydrogen = (E_p/E_S)2 (from the quadratic response of the condensate to a
weak field, where E_S =m_e2c3/(eh) is the Schwinger field). The standard QED Lamb shift energy
is of order aum_ec2 where ap is the relevant power of a from the loop integral [4,5]; the A-coupling
correction multiplies this by A x Q_hydrogen = ma x (E_p/E_S)?2, with additional factors of a from
the QED vertex giving the overall mau prefactor. Evaluating with a_o=h2/(m_ee2) and
E_S=m_e2c3/(eh):

Q hydrogen =~ (E p/E S)2 =~ 10717

AE A~ mo® x 10717 xm e c? =~ 10722 eV =4 Av_ N =~ 1077 Hz

(olo] \EIEY YW Predicted correction ~10 7 Hz — fourteen orders below experimental
(Aol | @l  sensitivity “2. The framework is fully consistent with precision hydrogen
PASSED spectroscopy.

4.2 Photon Speed Constraints

The Fermi Gamma-ray Space Telescope constrains Ac/c < 1018 at TeV energies 2. The A coupling
modifies the effective refractive index in a coherently oriented vacuum region. In the cosmological
background (B ~107°G), the background orientation is Q ~ (B/B1)2~10", giving Ac/c ~10™. This is
many orders below the Fermi limit »>. Passed.

Ac/c = na (2_vac) = na (B/B_S)2 = 7x102° [B~10° Gintergalactic, B_S~ 4.4 x 10°
1] (4.3)

Since the A coupling is energy-independent, it produces no photon-energy-dependent time delay
and therefore contributes zero to the Lorentz-invariance-violation observable measured by Fermi.
Even the static index shift (4.3) is 102° below the Fermi bound. Passed.

4.3 PVLAS Current Limits

PVLAS [20,21] approaches An ~ 1022 at B = 2.5 T [21]. The EH prediction is An_EH = 4x10 23 [28],
not yet resolved by PVLAS. With the mass term in (2.11), the static EOM gives Q_ij =
—(A/m2_Q)F_iyF_j*y and An_NTEP = 2A2(B/B_S)2(m_e/m_Q)2. With derived m_Q =2/ntm_e:
An_NTEP = 1.0x102° (~17xAn_EH), still ~7 orders of magnitude below current PVLAS sensitivity.
Passed. Future falsifiability: once PVLAS resolves An_EH, non-observation of any excess above
An_EH would require m_Q > 2.4 m_e = 1.2 MeV, in tension with the §3.3 value of 325 keV. This is
a falsifiable future constraint, not a conflict with current data.

4.4 Positronium Lifetime

The positronium lifetime is measured to experimental precision of ~104 #%. The A correction to the
annihilation matrix element scales as ax(r_s/r_positronium)3 =~ a4 = 10° ©, far below current
sensitivity. Passed.




4.5 Precision QED Observables

Since Quv is a classical order parameter (§2.5), it does not generate quantum loop corrections. The
framework therefore makes no modification to the following precision observables:

Electron anomalous magnetic moment (g—2): 6a_e = 0. The experimental value a_e = 0.001 159
652 180 59 (13) is consistent.

Muon anomalous magnetic moment: 8a_pu = 0. The framework does not explain the 4.20 muon
(g—2) tension but is not in conflict with it.

Casimir effect: no modification. The classical Q does not alter the vacuum fluctuation spectrum
between conducting plates.

Photon—photon scattering: the AQF2 coupling modifies the effective Euler—Heisenberg coefficients
classically (through the condensate's equilibrium response to the field), not through loop diagrams.
The modification is of the same form as the static birefringence discussed in §4.3 and is consistent
with the ATLAS light-by-light scattering measurement within experimental uncertainties.

The distinction between ground-state effects and loop effects is critical. The framework modifies
QED observables through the changed vacuum ground state (tree-level): when an external field is
applied, Q # 0 and the vacuum becomes birefringent. This is analogous to the superconducting gap
modifying the quasiparticle spectrum — a ground-state effect, not a loop effect. The electron (g—2)
specifically requires a one-loop vacuum polarisation correction, which would need virtual Q
propagators in Feynman diagrams. Since Q is a classical order parameter (not an independent
quantum field), no such propagator exists and da_e = 0. In the absence of an applied field, Q = o
identically (the source term AF2 vanishes), so the vacuum ground state is unperturbed and there is
no field-free correction to any QED observable.

5. Physical Consequences

5.1 Coherent Enhancement of Vacuum Birefringence

For a rotating field at the Zitterbewegung subharmonic [10], the virtual pair condensate [27,3] is
driven resonantly: all pairs in the coherence volume align collectively and contribute to the
birefringence signal in phase. The number of coherently driven pairs per Compton volume
V_C=(h/m_e c)3 at the Schwinger field is:

N _photon = u SV._C/m_ec2 = [E_S2/(871)] x (h/m_ec)3/ m_ec2 = hc/(8me?) =
1/(8mra)

where u_S=FE_S2/(8m) is the Schwinger-limit electromagnetic energy density and
E_S=m_e2c3/(eh) is the Schwinger critical field [2,5]. The equality u_S V_C/m_e
c2 =hc/(8ne2) =1/(8na) follows from substituting E_S and V_C and cancelling; it is algebraically
exact. At field strength E < E_S the number of coherently driven pairs scales as (E/E_S)2, giving the
enhancement factor:

| N photon = 1/(8mx) ~ 5.4 [at E = E_S]

The birefringence enhancement over the static EH prediction [1,2,28] is the product of two
independent factors: the (E/E_S)?2 field-scaling of the standard EH birefringence [1,2,28 — the EH
result itself goes as (E/E_S)2], multiplied by the coherent-alignment factor N_photon = 1/(8ma)
from eq. 5.1:




The semiclassical factor N_photon=1/(8na) =5.4 is a lower bound on the birefringence
enhancement at E=E_S. The perturbative one-loop photon self-energy in the condensate
background gives An=An_EH x (1 + 8maQ); at saturation (Q =1/(8ma)) the correction factor
1+ 8maQ) = 2, placing an upper bound of ~10.8x on the enhancement. The perturbative expansion
parameter 8ma() reaches unity at saturation, so the true enhancement lies between these bounds
and requires a non-perturbative resummation of the condensate response at E=E_S. At field
strengths accessible to PVLAS (E <€ E_S, Q < 1/(8na)), the perturbative correction 8mtaQ < 1 and
the semiclassical result is reliable.

| An rotating / An EH = (E/E S)? / (8mo)

At E = E[] this gives a ~5.4-fold enhancement. The static-field EH result »# serves as a built-in
control, making the rotating-versus-static comparison a direct ratio measurement independent of
systematic uncertainties in the absolute field calibration.

Decoherence. The coherent enhancement relies on N_photon pairs contributing in phase, which
requires the field perturbation to be adiabatic on the timescale of a single pair lifetime
T_pair =h/(m_e c2) = 1.3 x 10 21 s. The relevant decoherence time is set by the energy perturbation
per pair, SE=A(B/B_S)2m_e c2=4x1015eV at B=2.5T, giving ©_decoh =h/8E = 0.18 s — some
102° times longer than t_pair. The field perturbation is therefore adiabatic within every pair
lifetime, the condensate response is coherent per cycle, and thermal decoherence at PVLAS field
strengths is negligible by many orders of magnitude.

5.2 Inertial Mass Modification

Through the A coupling, the AQ_{uv}F~{ua}F_a”v term in the Lagrangian acts as an additional
contribution to the vacuum energy seen by a propagating particle. For a particle with dispersion
relation ®w2=k2+m_e2, the A term shifts the effective mass squared by
Am_e2(Q_{uviF*{ua}F_{av})/m_e2 — the ratio of the field-induced vacuum energy to the rest
energy. Linearising for NMQF2) « m_e2c2,
m_eff = vV(m_e2 + MQF2)) = m_e(1 + MQ_{uv}F {ua}F_{av})/2m_e2c2). Substituting A=mna
gives:

| meff =me [1 + mo <Quv Fpo F_av) / m? e c?]

This is a quantitative realisation of the Haisch—Rueda—Puthoff hypothesis @ that inertia has
electromagnetic vacuum origins. In an unperturbed vacuum (Quv)=0 and m_eff = m. exactly,
recovering standard physics ©. Only in a coherently oriented region does m_ eff deviate.

5.3 Domain Wall Infrared Opacity

The boundary between coherent and disordered vacuum has anomalous optical properties. A
photon propagating through the wall of thickness 6_wall =r_C/2 (eq. 3.10) experiences a refractive
index step An=Am_Q2/w2 from the orientation gradient dQ_{uv}/dx. At photon energy
o =m_{Qc2/h (the orientation field mass threshold), the step evaluates to:

An_wall = A = ma = 0.023 [at w =m_Qc2/h = 325 keV] (5.4)

At optical frequencies (w < m_Qc2/h) the step is suppressed as (w/m_Qc2)2, giving
An_IR = ma(w/m_Qc2)2 — the wall is transparent at radio and optical frequencies. The photon
bending angle at the wall is 6 ~ An x (§_wall/A_photon) where A_photon is the photon wavelength;
at 325 keV this gives 0~ 0.023 rad, which is potentially observable in gamma-ray scattering at
domain wall boundaries (Prediction 4, §8.2).




7. Constraints on Fundamental Constant Derivation

A framework whose failures are as informative as its successes is scientifically more valuable than
one that makes only safe claims. We present here what we attempted and did not achieve, with
precise diagnosis of the missing physics.

7.1 The Fine Structure Constant

The fine structure constant a = 1/137.036 “ is completely unexplained by the Standard Model » — it
is a pure input. The self-sustaining condition for the semi-photon toroid 1 gives:

| e?/r s = hc/(2r_s) = o_naive = e?/hc = 1/2

This is off from the measured value [5] by a factor of exactly 1/a = 137. Closing this gap requires a
correction factor of 1/(2a) = 68.5 to the bare coupling. Six routes to this correction have now been
examined and ruled out. (i) Perturbative one-loop corrections: the Feynman loop of the Q field gives
IT~A2/(4%2) x 1/(16m12) = 3 x 10°4, smaller than the required correction by a factor of approximately
3000. No perturbative series in a/mt=0.002 can bridge this gap. (ii) Gauge-invariant photon
self-energy at q = 0: the U(1) Ward identity forces I1*{uv}(0) = 0 identically — no photon mass, no
static charge renormalisation. This is an exact symmetry result, not a loop artefact.
(iii) Renormalisation-group running: the ZBW scale r_s = h/(2m_e) and the measurement scale are
both of order m_ e, giving zero logarithmic separation and therefore zero RG running between them.
(iv) Kosterlitz—Thouless vortex mechanism: examined in the next paragraph. (v) Clausius—Mossotti
gap equation: the self-consistent CM relation with the vortex-core Coulomb logarithm 7nJ In(R/r_C)
included gives a fixed point €* = 1.29. The polarisability a_pol grows only logarithmically with &
(from the screened correlation length R = Ve Ro), and never reaches the CM divergence threshold
n x a_pol — 3 needed for € — . (vi) Goldstone mode dielectric: the SO(3) — SO(2) symmetry
breaking of the orientation condensate produces two transverse Goldstone modes with
explicit-breaking mass m_G2 =AE.2 = 80a = 0.584. These contribute ¢ G=1+f2/m_G2= 2.7,
using fi2 =1 from the exact identity J x n_pairs/m_Q2 =1. This is the correct structural type —
producing €~ 1/m_G?2 rather than e~1+ O(a) — but falls short by a factor of 25. The problem is
non-perturbative: no mechanism tried so far produces a factor 1/(2a) = 68.5 from the condensate
structure.

Route (iv) evaluated in detail. The orientation field Quv, being an angle variable on the ZBW torus,
has the statistical mechanics of a 2D XY model. From the parameters fixed in §3.3, the effective
temperature is T eff=J=m_e/(2n) and the KT critical temperature is T KT =J/2, so the
condensate sits at exactly T_eff = 2T_KT, with vortex fugacity y = exp(-m), both results exact and
with no adjustable parameters beyond a. Numerical integration of the standard KT
renormalisation-group equations shows that the renormalised stiffness K_R saturates at
K_R =~ 0.893K_o0, giving ¢ =K_0/K_R = 1.12: the dielectric remains of order unity and never
approaches 1/(2a) = 68.5. The reasons are structural. First, the fugacity y = exp(-m) = 0.043 is
already small at the bare scale, placing the condensate firmly in the ordered phase where vortices
are exponentially suppressed. Second, the Q field mass m_Q = 2m_e/n provides Yukawa screening
at scale~ (m/2) r_C, shorter than the KT correlation length & KT =exp(n/2)r_C=4.8r_C,
preempting vortex unbinding. Third, the Berry phase y = —m per orbit does not modify the
vortex-pair RG: a vortex—antivortex pair carries a combined Berry phase of 27, which is trivial,
leaving the RG equations unchanged. The KT mechanism is present in structure but dormant at the
scales of the ZBW pair.

These six negative results establish progressively tighter constraints: any mechanism generating
€ =1/(2a) must operate at scales > 5 r_C, cannot arise from finite-order perturbation theory, a single
RG trajectory, CM summation, or topological enhancement of an individual pair polarisability. The
surviving candidate is the Goldstone mode dielectric with a renormalised coupling.




Reverse-engineering the CM fixed-point condition & = (3 + 2na_pol)/(3 — na_pol) at € = 1/(2a) gives
the exact target condition:

| mQ? x £,2 = 96a® = f, eff = 2maV6 ~ 0.112 (7.3)

where fi is the Goldstone decay constant (bare value f: = 1 from the identity J x n_pairs/m_Q2 = 1).
The condition m_Q2 xfi2=96a2 follows from m_Q2=4/n2, r_s=h/(2m_ec), and the
self-sustaining condition Eo2 r_s2r_c = 2/m, with no free parameters. The derivation of a therefore
reduces to computing f,_eff from the condensate. However, one-loop perturbation theory gives
corrections to f: of order A2/(16m2) = 3 x 10 — insufficient by a factor of ~4 000 relative to the
required suppression from fi =1 to fi_eff = 21av6. The target condition (7.3) therefore constitutes a
seventh negative result: the one-loop Goldstone vertex is ruled out as the source of ¢ = 1/(2a). The
required suppression of fi by a factor ~ 9 must be non-perturbative in the pair—pair coupling J, not
in A. The Goldstone mechanism remains structurally correct (¢ ~ 1/m_G?2, target precisely stated)
but the mechanism that achieves fi_eff = 2nav6 is not yet identified. a is not derived by this
framework.

The constraint €_vortex = ¢_EM remains: any solution must satisfy the Goldstone-mode dielectric
equation and the KT RG equations simultaneously at the same € = 1/(2a). Result (iv) establishes that
the frozen-vortex condensate (e_KT = 1.12) contributes negligibly, so the full ¢ = 68.5 must come
from the Goldstone sector alone. This is consistent with result (vi): the Goldstone mechanism is
structurally capable of large e (it gives € ~1/m_G2), and the target condition (7.3) determines
precisely what renormalisation of the Goldstone—photon coupling is required. Non-perturbative
methods for the QED effective action, such as the convergent series approach developed by Cho and
Pak[33], provide a technical framework for computing the vertex (6Q|j_u|vacuum) in the
condensate without truncating to finite loop order.

The classical self-sustaining condition and its condensate correction. Equation (7.1) is a
classical relation: both sides use the same couplinge, and r_s=h/(2m_e c) is treated as a fixed
external input determined by the electron mass. In the quantum condensate ground state, this is not
the correct starting point. The surrounding orientationally-ordered pairs screen all electromagnetic
interactions proportional to e2, while the topological orbital structure — the angular momentum
condition L. =h/2 that fixes r_s — is a consequence of the spin-/2 quantisation of the (2,1) torus
knot and does not scale with e. In the condensate background the energy balance becomes
asymmetric: the electrostatic energy e2/r_s is reduced by the dielectric factor e, while the
kinetic-topological energy hc/(2r_s) is not. The self-sustaining condition in the condensate is
therefore:

| (e?/r s)/e = hc/(2r_s) = o phys = e?/(hc-e) = 1/(2e) (7.2)

This gives € = 1/(2a_phys) = 68.5 as the required condensate dielectric. The derivation of a
therefore reduces to a single well-defined problem: compute the dielectric constant £ with which the
orientationally-ordered ZBW condensate screens the electrostatic self-energy of each constituent
pair. The asymmetry between screened (e2) and unscreened (hc) terms is the key physical
distinction that the classical equation (7.1) misses. A condensate in which all energies scale with e2
would give a =1/2 regardless of ¢; it is specifically the topological invariance of the orbital angular
momentum L =h/2 that makes ¢ # 1 observable as a shift in a. The Goldstone mode dielectric of the
preceding paragraphs identifies the correct structural form (e~1/m_G?2) and the precise target
condition (7.3). Whether a non-perturbative mechanism in the condensate achieves fi_eff = 21av6
is not yet known. The framework takes a as an input via A = ma; deriving a from the condensate
dynamics is an open problem.

7.2 The Weinberg Angle

Estimating sin26_W from the ratio of running couplings at low versus high energy " gives:




| sin?6 W ~ 1 - (o low/o 2)2 =1 - (127.9/137.0)2 ~ 0.127

The experimentally measured value is sin26_W = 0.231 #9. The 45% discrepancy identifies the
missing physics precisely: the Weinberg angle * requires the non-Abelian SU(2) gauge structure of
the weak interaction, which our U(1) electromagnetic framework cannot capture. A non-Abelian
generalisation of the semi-photon model is the identified extension needed.

7.3 The Rydberg Constant

The Rydberg constant Reo =a2m.c/(2h) is determined by standard QED ©¢ to extraordinary
precision. The Quv correction to the hydrogen ground state energy is AE ~ma’m.c2 = 1022eV —
sixteen orders of magnitude below the Rydberg energy of 13.6 eV “s. The Rydberg constant cannot
be derived in a novel way from this framework; its standard QED derivation  is complete.

7.4 The Matching Condition Prefactor

Before the second-order perturbation theory derivation of §3.1 was identified, six alternative
approaches were explored. All six fail for a common structural reason: the direct matching condition
A = 8U_pair / (Quv Tuv V_s) compares a quantity linear in the probe field amplitude (the
numerator 6U_pair) against one quadratic in it (the denominator Quv Tpv V_s), making their ratio
amplitude-dependent and incapable of yielding a field-independent coupling constant. The full
analysis of each route is preserved in Appendix D.

In brief: (i) Path-length argument — L_knot/L_single=2 is a geometric coincidence, not a
derivation, since the path integral along the knot evaluates to 1/2. (ii) Dimensional route via E, and
V_s — the normalisation ratio depends on an unfixed convention for Quv and does not close.
(iii) ZBW frequency ratio w_ZBW/w_s =2 — encodes the same topological fact as (i) and is not
independent. (iv) Second-order PT via kinetic matrix element — gives m2a/5 rather than mta due to
the minor-radius factor r_c/r_s = 1/5. (v) Two-point function on the (2,1) knot — the two insertion
points are uncorrelated and cannot be added coherently. (vi) Quv normalisation convention — no
normalisation removes the linear-vs-quadratic mismatch.

The resolution is the second-order perturbation theory calculation of §3.1, which works with the
transition probability [(1|J_flip|0}|2 / w_ZBW rather than the amplitude ratio, bypassing the
matching condition entirely and yielding A = e2 x 2|I_flip|2 / w_ZBW = na directly.

Appendix D: Routes Explored in the Derivation of A

This appendix preserves the six approaches explored before the §3.1 derivation was identified. Each
fails in an instructive way that together establish why the correct framework must work with
transition probabilities rather than amplitude ratios.

(i) Path-length argument. The (2,1) torus knot has path length L_knot = 4nr_s, twice the single
major orbit 2mr_s. If U_pair scales as the ratio L_knot/L_single =2, then ¢=2 and A= mna.
However, the direct path integral along the (2,1) knot evaluates to 1/2 for any sensible normalisation
— reproducing I_flip but not introducing an additional factor of 2. The path-length ratio (2) and the
Berry phase (|y|=m) are geometrically independent quantities; 2 + . Writing A= a x 2 x (11/2)
produces ma by arithmetic coincidence and does not constitute a derivation.

(i) Dimensional route via Eo and V_s. Substituting E.2 = 2m_ec2/(nr_s2r_c) from eq. 2.5 and
T_{uv}~E.2/8n into the matching condition gives A=a xn x (normalisation ratio). The
normalisation ratio involves the relative scaling of Q_{uv}T_{uv} x V_s and 8U_pair in a way that
depends on whether Q_ {uv} is normalised to the pair volume or to the coherence volume. Without




fixing this convention from first principles the prefactor is undetermined, and the calculation does
not close.

(iii) ZBW frequency argument. The ZBW angular frequency w_ZBW = 2m_ec2/h is twice the orbital
frequency w_s =c/r_s =m_ec2/h. If the coupling energy scales with the ratio w_ZBW/w_s = 2, this
would give c = 2. But this ratio encodes the same topological fact as the path-length argument — the
(2,1) winding means one ZBW period spans two major orbits — and is therefore not an independent
route toc = 2.

(iv) Second-order perturbation theory. The Lagrangian term A Q_ {uv} F*{ua} F_a”v is bilinear in
F, so the physically correct route to extracting A is a second-order energy calculation: the energy
shift of the ZBW pair in its own field, mediated by the helicity-flip channel. The matrix element for
one helicity-flip insertion is (y_flip|Z_z|y_ground) =r_cw_sx I_flip=r_cw_s/2, and with
excitation energy AE = 2w_s the second-order shift is SUM{(2)} = (eEs/w_s)2(nr_cw_s/2)2 / (2w_s).
Substituting Eo2 = 2m_ec2/(nir_s2r_c) and setting 6U”{(2)} = A m_ec? gives:

A = e’n’r c’E.? / (8w s m ec?) = %o /5 =~ 0.0144 [expected:
no = 0.0229]

The result m2a/5 differs from ma by the factor m/5 = 0.628. The source of the discrepancy is the
minor-radius factor r_c/r_s =1/5, which enters through the kinetic matrix element r_cw_s but is
absent from the normalised overlap I_flip (where r_c cancels in the surface normalisation). The
self-sustaining condition eliminates r_c from the field energy U_field but not from velocity-based
energies. Any perturbative route involving the absolute kinetic energy of the minor orbit necessarily
inherits this factor. The perturbation theory result m2a/5 is the closest natural answer obtainable
from this framework without additional input; that it misses ;ta by exactly /5 suggests the aspect
ratior_c/r_s =1/5 plays a role the current normalisation convention does not account for.

(v) Two-point function on the (2,1) knot. A more refined version of the winding-number argument is
that the bilinear coupling F2 ‘sees two insertion points’ per orbit on the (2,1) torus knot, each
contributing n =mn/2, coherently summing to 2n=mn. This requires the two equivalent insertion
points (related by the (2,1) symmetry ¢ — ¢ + 7, i.e. t — t + 71/2) to contribute coherently. However,
the field autocorrelation along the knot is C(At) = (F(t) F(t + At)) = E,2 cos(At), which evaluates to
C(nt/2)=0 at the symmetry-related separation. The two equivalent insertion points are
uncorrelated, not coherently additive. Furthermore, F2(t) = Eo2 is constant along the entire knot, so
there are no preferred insertion points from which to motivate a count of 2. The coherent-addition
interpretation of the bilinear coupling is not supported by the field structure.

(vi) Q_ {uv} normalisation convention. The matching condition (3.2) is
A=0U_pair/ (Q_{uv} T*{uv} V_s). Three natural normalisations of Q_{uv} were evaluated:
A)Q_{uvi=n_p n_v-(1/4)g_{uv} as defined in eq.(2.10), giving Q_{zz} =3/4; (B) Q_{uv}
normalised to unit Frobenius norm Q_ {uv}Q" {uv} =1, giving Q_ {zz} = V(3/2); (C) Q_{uv} sourced
self-consistently by the ZBW field via the equation of motion (2.12), giving
Q_{zz}"{(0)} =AE_0"2 / (241 m_Q"2). All three shift the numerical prefactor in the denominator
(among 3/4, V(3/2), and a A-dependent value) but none produces the irrational factor 5/7 =~ 1.592
needed to correct the perturbation-theory result n”2a/5 to ma. Convention (C) reveals a further
structural issue: when Q_ {uv} is evaluated from its own equation of motion, the matching condition
becomes §U_ pair oc A*2, making it self-referential and unable to determine A independently.

The normalisation analysis sharpens the fundamental obstruction. The coupling n=m/2 was
derived from a dimensionless normalised overlap: the helicity-flip amplitude I_flip = 1/2 is the ratio
of the spinor-weighted surface integral to the total surface area, so all factors of r_c and r_s cancel
identically. The prefactor c = 2 requires an absolute-scale comparison: §U_pair is linear in the probe
field amplitude E_probe, while the denominator Q_{uv} T*{uv}V_s is quadratic in E_probe.
Evaluating the ratio at the natural amplitude E_probe = E_0 introduces the factor E_o/w_s=E_o




r_s/c, which through the self-sustaining condition (2.5) depends on r_c. No choice of Q_{uv}
normalisation removes this dependence, because the normalisation affects only the denominator,
not the linear-vs-quadratic mismatch in field-amplitude powers.

(vii) Quantum oscillator and Wilsonian EFT matching. Treating the virtual pair as a system of two
coupled quantum oscillators — the ZBW orbital mode (w:=w_ZBW =2m_ec2/h) and the
orientation mode (w:=M_phys c2/h=2m_ec2/h) — reveals the Hamiltonian structure of the
coupling. Writing the ZBW field as F=(Eo/v2)(a+4f) and the orientation amplitude as
Qcc (b +Db 1), the interaction Lagrangian A Q_{uv} F~{na} F_a”v becomes:

| H int = AQ(a@+a"2 = AQ (2N +1+ a2+ (a1)?)

This is a parametric down-conversion Hamiltonian: the a2 and (at)2 terms create and destroy pairs
of ZBW quanta alongside each orientation quantum. Three structural results follow from this
formulation. First, the coupling is radiative in character: it is quadratic in the EM field and therefore
suppressed by e2 =4mna relative to a one-photon coupling, which is why A &< a is forced by the
operator structure alone. Second, the zero-point energies of the two modes are equal:
hwi/2=m_ec?2 and hw:/2=hM_phys c2/2=m_ec2, a consequence of the self-consistency
condition M_phys=2m_e(§2.4). The condensate therefore sits in a degenerate parametric
configuration, far below the instability threshold (A_actual = ma < A_threshold = 2). Third, the
factorisation A =e2 n/(2m) = e2(n/2)/(2n) = €2/4 = na is algebraically exact: e2 = 4nta from charge
quantisation, n=mn/2 from the helicity-flip amplitude (eq.3.4), and 1/(2n) as the phase-space
normalisation of one ZBW orbit. However, the 1/(2m) factor must be derived independently rather
than read off from the known answer A = ma. The quantum oscillator picture identifies the correct
route: the factor 1/(2m) is the result of a Wilsonian effective field theory matching calculation in
which the ZBW orbital modes above scale u=m_e are integrated out. The resulting one-loop
diagram has a physical UV cutoff at k ~ 1/r_c (the toroid minor radius) and is therefore finite and
unambiguous. Its output is a coefficient times e2/m_e2 x Q_{uv} F2 — exactly the form of A — and
computing it explicitly would either confirm c = 2 or reveal the true value of the prefactor.

Route (vii) — the Bohr—Sommerfeld EFT matching approach — identified that the effective coupling
should be the two-photon amplitude divided by the action of the minimal spin-closed orbit. This
insight motivated the second-order PT calculation now in §3.1, which is the definitive derivation.
Route (vii) is therefore superseded by §3.1 and is not reproduced here.

7.5 The Wyler Formula and Toroidal Field Integrals

The numerical identity 4713 + 2 + 71 = 137.036 is accurate to 2.2 parts per million compared with the
CODATA value 1/a =137.03599908 [5]. It is commonly attributed to Wyler (1971) [25] but is more
precisely due to Gilson (1997); Wyler’s actual formula involves ratios of volumes of symmetric
spaces and gives ~185.7, not 137. We attempted to derive the three-term structure from the ZBW
toroidal field and found that it cannot arise from these integrals for a clear structural reason.

The calculation. The natural candidate for a connection to 1/a is the ratio U_self/U_mech, where
U_self is the electromagnetic self-energy of the ZBW toroidal field and U_mech is the mechanical
(orbital) energy. Using the field configuration (2.6)—(2.7) with the self-sustaining amplitude
Eo2 = 2m_ec2/(nr_s2r_c) from equation (2.5):

| U self = (1/8m) [ V (E? + B?) d®x = (Eo2/4m) x V.s = m ec?
(7.3)Umech = hwo s = hc/r s = mec?/2
(7.4)U _self / U mech = 2 (exact, independent of r s and r c)
The ratio is exactly 2 — a pure integer with no 7 structure whatsoever. Substituting the

self-sustaining condition (2.5) into U_self cancels all factors of r_s, r_c, and st identically. The result
is independent of toroid dimensions and field amplitude (a consequence of the self-sustaining
condition).




Why the three-term structure cannot arise. The formula 4n3 + 2 + 7 involves three
independent powers of s. Such a structure requires an integral over a space where three
geometrically distinct circular dimensions each contribute independently and with different
multiplicities. A torus has only two angular dimensions (0, ¢), and in the ZBW field the phase
argument (0 — ¢) couples them so that all volume integrals reduce to V_s x (constant). There is no
mechanism within the toroidal field geometry to produce three separately enumerated powers of 7.
Any further ratio involving the toroid — V_s/r_s3, U_self/U_mech, or field-invariant integrals —
yields at most one power of 7t from the V_s = 2n2r_s2r_c factor, not a three-term sum.

What would be required. The Gilson formula arises from group-theoretic volume ratios
involving products of spheres St x S2 x ... with three distinct dimensions contributing mt, 12, and 3
terms respectively. Reproducing this within the present framework would require extending the
toroidal model to a higher-dimensional geometric setting — for instance, the full SU(2) fibre bundle
over the torus, whose total space is S3 x ST and which carries three independent angular measures.
That extension is beyond the scope of this paper.

Status. The numerical coincidence 4m3 + 2+ m=1/a is real and accurate to 2.2 ppm. This
framework offers no physical explanation for it. The claim previously appearing in §9.2 that the
framework “offers the first candidate physical interpretation from toroidal field integrals” is
retracted; the calculation gives U_self/U_mech = 2 and produces no 7 structure.




8. Experimental Predictions

Nine specific predictions are ordered by experimental accessibility. Prediction 1 is the
foundational test: its confirmation validates the Quv mechanism; its refutation falsifies the
coherent orientation mechanism and requires framework revision.

8.1 Tier 1 — Testable Within 2—-10 Years

Prediction 1: Rotating-Field Enhancement of Vacuum Birefringence

Prediction: A rotating magnetic field at subharmonic frequency w_n =2m.c2/(nh) " produces
vacuum birefringence = 5.4x larger than the static EH prediction 22 at the same amplitude, scaling
as (E/E_S)2.

Observable: Anomalous polarisation rotation in the PVLAS 21 cavity for a rotating versus static
field. The static field provides a built-in control (the EH baseline ), making the signal a direct ratio
measurement.

Technology: Modified PVLAS experiment (Ferrara, Italy) ' with rotating rather than static
magnetic field. The drive frequency w_n for large n is in the microwave range, technically
straightforward.

Timeline: 2—5 years. No new facility required.

Falsifiability: If no enhancement is observed above the static EH prediction *, the coherent
orientation mechanism is falsified.
Prediction 2: Inertial Mass Anomaly in Rotating EM Fields

Prediction: A test mass surrounded by rotating EM coils at w_n shows a resonant reduction in
inertial mass (cf. Haisch et al. [16]). From eq. 5.3, Am/m = XQ_ {uv}F {ua}F_{av})/(2m_e2c2). At
resonance the condensate saturates to |Q|~1, and for a rotating magnetic field
(FM{uviF_{uv}) = 2B2_{rotating} (in Gaussian units), giving
Q_{uviF{ua}tF_{av}) = B2_{rotating}. Substituting A = ta:
| Am/m = mnoa B? rotating / m? e c?

Observable: Sharp resonant anomaly in inertia at the predicted subharmonic " frequency,
detectable with atom interferometry.

Technology: Existing atom interferometers with 10'12g sensitivity, with surrounding RF coil
array.

Timeline: 5-10 years.

Prediction 3: Vacuum Orientation Relaxation Time

Prediction: After a strong rotating pulse switches off, the vacuum birefringence signal =27 decays
with characteristic timescale t_Q = (h/m.c2)xN"(1/3) rather than instantaneously as standard EH
va predicts.

Observable: Non-zero delay in pump-probe spectroscopy between pulse extinction and signal
decay.

Technology: ELI-NP (Romania) or ZEUS (Michigan).

Timeline: 5-10 years.




8.2 Tier 2 — Near-Future Technology (10-20 Years)

Prediction 4: Domain Wall Thickness Power Law

Prediction: The vacuum domain wall has thickness scaling as & o< (E/E_S)"(-1/2) ©. The
exponent —1/2 is a direct test of the form of the Quv self-interaction potential.

Technology: Electron scattering at the boundary of a strong rotating laser focus.

Prediction 5: Classical Resonance of the Vacuum Orientation at M_phys =2m_e =1022 keV

Prediction: ion of the kinetic term in (2.11). Given that both m_Q (§3.3) and x (§3.2)
are order-of-magnitude estimates, the predicted range is 100—400 keV/c2. The quasi-particle width
is I' ~ m_e c2/2 (natural linewidth from virtual pair lifetime). The driving resonance condition
M_ phys = 2w_drive (§2.4) gives M_phys = 2m_e = 1022 keV for w_drive = m_e; self-consistency
with the parameter estimate requires resolving the free-energy curvature calculation (§3.3 status
note).

Table 2: Summary of Experimental Predictions

Prediction Observable Technology Tlmel Tier | Ref.
1 Rotating-field Vacuum Modified PVLAS 2-5yr 1
birefringence x5.4 polarisation l 6 J
rotation
2 | Inertial mass reduction = Atom Existing + RF coils 5-10yr | 1 [11]
interferometer
anomaly
3 Vacuum orientation Pump-probe delay = ELI-NP / ZEUS 5-10 yr 1 (1,2
relaxation time ]
4 | Domain wall oc Electron scattering = Next-gen laser focus 10-15yr | 2 (2]
(E/E_S)*(-Y2) anomaly
5 | Quasi-particle pole at Birefringence Precision spectroscopy 10-20 2 [16]

am_e = 1022 keV spectrum yr




8.3 Tier 3 — Existing Data (Retrospective Test)

Prediction 6: Temperature-Independent Anomalous Flux Loss in Field-Reversed
Configurations

The coupling A = mta, applied to a plasma medium where the electron fluid acts as the condensate
(82.5, Level 3), predicts a condensate-mediated resistivity at the FRC field null:

n_cond = (m_e w_pe)/(n_ee2) x (ma)2 (8.1)

where w_pe is the electron plasma frequency. This resistivity is temperature-independent
(depending only on density through w_pe o< n_e”(1/2)) and exceeds the classical Spitzer resistivity
by a factor of ~3—16 at typical FRC parameters.

The prediction matches two features of the anomalous poloidal flux loss observed in FRX-C (Siemon
et al. 1985) and other FRC experiments since the late 1970s: (a) the anomaly factor of 3—10x Spitzer
and (b) the near temperature independence of the flux loss time (1_¢ o< T"(0.2+0.3) vs classical
T”(3/2)). No previous model simultaneously explains both features. The coupling constant (;ta)2 =
5.26 x 104 is a with no adjustable parameters beyond a prediction.

Falsification condition: (a) anomalous flux loss scales as T_e”(3/2) (classical Spitzer), or (b) the
coefficient Cin n_anom = C x (m_e w_pe)/(n_e e2) varies between devices or differs significantly
from (;ta)2. A full derivation and comparison with FRX-C data is presented in a companion paper.

9. Open Questions and Required Future Work
9.1 Outstanding Calculations

Electron (g—2) and precision QED consistency. The orientation field Quv is a
classical order parameter (§2.5) and does not contribute quantum loop
corrections to the electron anomalous magnetic moment. A naive quantisation
of Q as an independent field would produce da_e ~ 10~ from the one-loop
photon self-energy with the AQFF vertex — five orders of magnitude above the
experimental bound of ~107'3. This confirms the classical interpretation: Q
cannot be an independent quantum field without falsifying the framework
against the most precise measurement in physics. The classical interpretation
eliminates this conflict while preserving all experimental predictions, which
are computed from the classical field equation (2.12).

One-loop QED enhancement calculation [3,6]. Three calculations were attempted.
(i) Perturbative one-loop photon self-energy in the Quv background: the NTEP Lagrangian has no
Quv-electron vertex, so Quv enters the electron loop only through the dressed photon propagator;
to first order in A this gives An=An_EH x (1+ 8maf), an O(a) perturbative correction.
(ii) Semiclassical photon occupation at E=E_S: N=u_SV_C/m_e =1/(8na) reproduces the value
exactly, where the denominator is the ZBW rest energy per particle (m_e), not the pair-creation
energy (2m_e), because Quv measures orientation, a single-particle property. This is a semiclassical
identity, not a loop result. (iii) Self-consistent mean-field: the static condensate alignment sourced
by E=E_S is Q_sc=AE_S2/m2_Q =A/(4ma m2_Q) = 0.62, which is smaller than the resonant
quantum saturation Q_N=1/(8ma) =5.4. The geometric resummation Q_sc/(1-Q_sc) = 1.6
remains well below Q_N. The mean-field static alignment is sub-dominant to the resonant coherent
count because at E =E_S the field oscillates faster than the ZBW resonance period: pairs do not
adiabatically align; the enhancement 1/(8ma) = 5.4 is produced by the resonant rotating drive, not
static field alignment. A previous estimate of ~396x for the mean-field enhancement is retracted: it
mixed the coherent-counting and mean-field pictures inconsistently and cannot be reproduced from
first principles. Conclusion: 1/(8ma) is a semiclassical coherent-counting ratio set by the resonant




drive; it does not arise from any loop diagram or static field alignment. The energy denominator
m_e is correct: Quv is a single-particle orientation property. The perturbative one-loop correction at
resonant saturation (Q =1/(8ma)) gives 1+ 8mal) =2, placing an upper bound at ~10.8x. The
expansion parameter 8maQ reaches unity at saturation, so the true enhancement (5.4x to ~10.8x%)
requires non-perturbative resummation of the dressed photon propagator in the saturated
condensate, regulated by the m_Q mass gap.

1.

Self-consistent derivation of a [6,7]. The classical self-sustaining condition
gives a_naive=1/2 (equation 7.1), which requires a non-perturbative
correction of factor 1/(2a) = 68.5 to match a=1/137. Seven routes to the
correction factor 1/(2a) = 68.5 have now been examined and ruled out (see
§7.1): (i) perturbative Q-loop (Il ~ a2, too small by ~3 000x); (ii) Ward identity
(II(0o) =0 exactly); (iii) RG running (zero log separation); (iv) KT vortex
mechanism (e_KT = 1.12, frozen by Yukawa screening); (v) CM gap equation
(* = 1.29, logarithmic growth too slow); (vi) Goldstone mode dielectric
(¢_G = 2.7, falls short by factor 25); (vii) one-loop Goldstone vertex (gives O(a2)
correction, insufficient by factor ~ 4 000). The Goldstone mechanism identifies
the correct structural form (g~1/m_G2) and the precise target condition
m_Q2 xfi2=96a2 (eq.7.3, derived with no free parameters). The mechanism
that achieves this non-perturbatively is not yet identified. a is taken as an input
to this framework via A = ta; its derivation from condensate dynamics remains
the deepest open problem.

Non-Abelian generalisation for the Weinberg angle . Extending the U(1)
semi-photon framework to SU(2)xU(1) is the path toward deriving sin20_W correctly.

Renormalisation group running of A, k, § ”. Compute running from m. to E[J scale.
Leading-order: A runs with a, changing by ~7% between low energy and Z mass.

9.2 Relationship to Existing Work

Euler—Heisenberg (1936) " and Schwinger (1951) #: Our framework extends EH by
adding orientational degrees of freedom. The scalar EH correction is the Quv = 0 limit of our
Lagrangian.

Haisch, Rueda & Puthoff (1994) "#: Our A coupling provides a quantitative realisation of
their vacuum-inertia hypothesis, with the specific prediction A = ma.

Jackiw & Pi (2003) " and Alexander & Yunes (2009) "“: Our L_CS term is formally
identical to the gravitational Chern—Simons term studied in this established literature.

PVLAS collaboration »27: Predictions 1 and 4 are directly relevant to the ongoing PVLAS
experimental programme.

Williams (1980, 2011): Pharis Williams' Dynamic Theory derives both Maxwell's equations
and Newtonian gravity as projections of a single five-dimensional gauge field in a
space-time-mass-density manifold. The gauge function coupling K_f in Williams' force ratio
equation evaluates to K_f = Hom_e V(aa_G), where a_G = Gm_e2/(kc). The NTEP effective
coupling V(AY) = V(5aa_G/(4m)) matches K_f/Ho = V(aa_G) within a geometric factor
V(5/(4m)) = 0.63 from the toroidal ZBW geometry, supporting the interpretation of Quv as
the four-dimensional projection of a classical five-dimensional gauge geometry.

Wyler (1971) »: The formula attributed to Gilson (1997) — 1/a = 473 + n2 + 71 = 137.036,
accurate to 2 ppm — is a striking numerical identity. This framework does not provide a
physical interpretation of it; the toroidal field integrals yield only pure integers (see §7.5).
The identity remains unexplained.




9.3 Limitations

« Kjyriakos’s NTEP © has not been published in a mainstream peer-reviewed
journal. The specific results used from [9] — the toroidal ZBW field configuration and the
cylindrical field components (egs. 2.6—2.7) — are independently derived and validated in
Williamson & van der Mark [13] (Annales de la Fondation Louis de Broglie, a peer-reviewed
journal). No result from [9] that lacks this independent validation is used in any quantitative
calculation in this paper.

The enhancement factor 1/(8ma) has been identified as the semiclassical ratio
u_SV_C/m_e =[Schwinger-limit energy density per Compton volume] / [ZBW rest energy per
particle], and is exact given this identification. The energy denominator m_e is correct: Quv is a
single-particle orientation property, so m_e c¢2 (not 2m_e c2) is the relevant energy quantum. The
perturbative one-loop correction An=An_EH x (1 + 8ma{)) gives a factor-of-2 at saturation
(2 =1/(8ma)), placing a perturbative upper bound at ~10.8x. The expansion breaks down at
saturation (8maQ=1), so the true enhancement (5.4x to ~10.8x) requires non-perturbative
resummation.

Static-field consistency requirement (open). The EOM for Q_{uv} (eq.2.12) sourced by a static
magnetic field B gives a non-zero equilibrium alignment Q_static =AB2/(2m2_Q B_S2). The
resulting condensate birefringence An_cond = AQ._ static scales as (B/B_S)2 — the same scaling as
An_EH — with field-independent ratio An_cond/An_EH =A2x457n/(14a m2_Q) = 1.8. The total
static birefringence would therefore be = 2.8 x An_EH, which is not consistent with the PVLAS
measurement of static vacuum birefringence (observed =1 x An_EH within ~ 40 % experimental
uncertainty [20,21]). The resolution is the time-reversal symmetry of the unperturbed vacuum. A
static field does not break T-symmetry, so the pair ensemble remains isotropic: (Q_{uv}) = 0 in the
ground state (§2.2). The classical EOM source AF2_static/m2_Q) therefore drives fluctuations
around the T-symmetric vacuum rather than producing macroscopic orientational order. Only a
rotating field at w_ZBW/n, which dynamically phase-locks the pair ensemble and breaks
T-symmetry, produces net Q=+ 0. This suppression is the same ensemble isotropy that sets
(Q_{pv}) = 0 in the unperturbed vacuum (§2.2), and is consistent with PVLAS observing only EH
birefringence for static fields. The rotating-field prediction (5.4x to ~10.8x) from N_photon=u_S
V_C/m_e (eq. 5.1) is the primary testable consequence of the framework.

The gravitational coupling € Quv Ruv in eq. (2.11) has been derived from tidal deformation of ZBW
orbits (§3.5): tensor structure and sign € > 0 from geodesic deviation. Its derivation from the actual
ZBW stress-energy tensor and the connection to Chern—Simons gravity are deferred to a companion

paper.

The derivation of n = /2 is completed in §3.1 (equations 3.4a—3.4c). Three inputs are used: (1) the
classical coupling integral vanishes identically by Fourier orthogonality on the minor circle (eq.
3.4a); (2) the helicity-flip surface integral evaluates to I_flip = 1/2 by exact Fourier expansion (eq.
3.4b); (3) the spin-¥2 Berry phase around the minor circle is |y_minor| = «t by standard holonomy
(eq. 3.4¢). The factor of 2 in eq. (3.4c) — previously cited from Williamson & van der Mark [13] — is
now derived in §3.1 Step 2c from the orbit topology of the (2,1) torus knot: the knot has exactly two
spin-closed traversal orientations (forward and reverse), both equally probable in the unperturbed
vacuum, contrlbutlng incoherently as they carry opp081te orbital angular momenta. The derivation
of A = ma in §3.1 is therefore complete with no remaining open assumptions.




10. Conclusion

We have proposed a novel extension of the Euler—Heisenberg effective field theory [1,2]
incorporating a tensorial vacuum orientational order parameter Quv arising from coherent
alignment of virtual electron—positron pairs [27,3] in strong rotating electromagnetic fields. The
framework yields three coupling constants from the toroidal Zitterbewegung model of virtual pair
structure [11,13,14], at different levels of rigour:

« A=ma~= 0.023 [5] — electromagnetic-orientation coupling. The primary result of this paper.
The classical coupling vanishes identically (eq. 3.4a); n = /2 is derived exactly from the
helicity-flip amplitude I_flip = 1/2 (eq. 3.4b) and Berry phase |y_minor| = 7t (eq. 3.4¢); A = ma
is the unique dimensionally consistent linear form. The derivation is conditional: given the
ZBW orbital structure of §2.4, A = ta follows exactly from the operator structure, the
helicity-flip geometry, and the Dirac-theory energy denominator w_ZBW = 2m_e (see §3.1).
Not a free parameter.

+ k=1/(2m2) = 0.051 m2_e — orientation field stiffness. Dimensional estimate;
self-consistency with m_Q = 2/t m_e gives M_ phys = 2m_ e exactly (§2.4). The 1/d3
interaction law underlying the estimate is unverified. Not a free parameter.

« m_Q=2/nm_e~=325keV/c2 — orientation field mass. Derived from the mean-field
partition function of the virtual pair condensate (§3.3). Predicts an absorption feature in the
gamma-ray birefringence spectrum at 325 keV (Prediction 5). No counterpart in standard
QED or Euler—Heisenberg.

« & bare = 9x10745 — gravitational coupling. Tidal derivation (§3.5); coefficient (5/472)a_G
[18]. The stress-energy form and length-scale dependence are not yet derived from first
principles.

The framework passes all precision QED consistency checks [4,5,6]. The Lamb shift correction is
~10"7 Hz — fourteen orders below experimental sensitivity [4,5] — confirming the theory is invisible
at normal field strengths and modifies physics only near the Schwinger limit [2]. The orientation
field mass mQ =2/ m_e = 325keV/c2 (8§3.3), predicts a classical resonance pole in the vacuum
birefringence resonance spectrum [21]. The mean-field estimate carries ~16 % uncertainty (§3.3
status note).

The foundational experimental test is Prediction1: a rotating magnetic field at the PVLAS
facility [21] should produce vacuum birefringence approximately 1/(8na) = 5.4x larger than the
Euler—Heisenberg prediction for a static field of the same magnitude. This follows directly from
A=maand m_Q =2/mm_e and is the single most decisive test of the framework.

The framework is a classical effective field theory for the QED vacuum, in the same theoretical
category as Ginzburg—Landau theory for superconductivity. Quantum mechanics determines the
coupling constants (A = ta from the Aharonov—Bohm phase of a half flux quantum trapped in the
ZBW toroid; m_Q and k from the mean-field partition function and resonance condition); the
classical field equation (2.12) determines all macroscopic observables. The orientation field Quv is a
classical order parameter that does not generate quantum loop corrections to precision QED
observables such as the electron (g—2). The coupling constants are independently consistent with
Williams' five-dimensional gauge function to within a geometric factor of order unity, and the
framework's application to plasma environments yields a with no adjustable parameters beyond a
explanation of the anomalous flux loss scaling in field-reversed configuration experiments. A
companion paper presents the full plasma-as-condensate extension and its implications for FRC
confinement physics.
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C.2 Consistency Verification of the Minor Radius r_c and Aspect Ratio

The aspect ratio r_s/r_c=5 is a specific result of Kyriakos’s solution of the full toroidal field
equations 1@ ¢= ), We have verified that it cannot be derived from dimensional analysis or simple
force balance alone. We instead demonstrate that r_c=h/(1om.c) is (i) consistent with the
self-sustaining condition (2.5) and (ii) uniquely connected to the classical electron radius in a
physically transparent way.

(i) Consistency with the self-sustaining condition, equation (2.5).
Substituting r_s = h/(2m.c) and r_c = h/(10m.c) into the self-sustaining condition (2.5):
E2o = 2m.c? / (m r? s r c)
E20 = 2m.c? / (m x h?/(4m?> .c?) x h/(10mec)) = 80m m*.c® / h3

This is a well-defined field amplitude, consistent with the Schwinger critical field E_S = m2.c3/(eh)
@ through E2,=80ma-E2_S. Self-consistency is confirmed.

(ii) Connection to the classical electron radius.

The classical electron radius r_e = e2/(m.c2) = ah/(m.c) = aA_C ©. The minor radius r_c is related to
r_eby:

| rc = n/(10mec) = AC/10 = r e / (10a)

This places r_c geometrically between the Compton scale (A_C) and the classical electron radius
(r_e): specifically r_c=r_ex(1/a)11/12 in the sense that r_c/r_e=1/(10a) = 13.7. This is the




geometric mean between r_e and a_ o (the Bohr radius, which equals A_C/a) up to an integer factor,
suggesting r_c lies at a natural electromagnetic length scale between nuclear and atomic physics.

Note on the aspect ratio: the value 5 is reported by Williamson & van der Mark * and Kyriakos ©
and verified consistent above. The three simple constraints — equation (C.2), the self-sustaining
condition, and dimensional analysis — give two equations in the three unknowns {E., r_s, r_c}; the
aspect ratio emerges from the full toroidal boundary conditions. Importantly, the central result
A =ma derived in §3.1 does not depend on this value: the aspect ratio cancels algebraically for any
n=r_s/r_c.

r_c = h/(1om.c) verified consistent with self-sustaining condition and classical
electron radius. Aspect ratio r_s/r_c = 5 consistent with [9] and [13]. A — ma
in the thin-torus limit for any n; correction V(1+(r_c/r_s)?2) at finite aspect
ratio.

C.2 STATUS

n = n/2 from thin-torus EM integration. Valid for any aspect ratio. The
product (r_s/r_c)xn =t cancels the aspect ratio to leading order, giving
A =ma (see §3.1).

Summary of §7.4: A = ma — status and open steps. Routes (i)—(vi) established that the direct
matching condition (3.2) cannot supply c = 2 because it compares a quantity linear in the probe field
(6U_pair) to one quadratic in it (Q_pv T"uv V_s), making their ratio probe-amplitude-dependent.
Route (vii) identified the correct conceptual framework: the effective coupling is the ratio of the
two-photon helicity-flip amplitude to the Bohr—Sommerfeld action of the minimal spin-closed orbit.
The derivation proceeds as follows.
Step 1 [Operator structure]. A e« a is forced by the quadratic-in-F structure of the Lagrangian
(two EM vertices required). This step is rigorous.
Step 2 [Helicity-flip amplitude, §3.1].The classical coupling vanishes: § cos(6 — ¢) d6 =0
(Fourier orthogonality, exact). The spinor-weighted overlap I_flip = 1/2 (exact). The Berry phase for
transport around the minor circle |y| = it (exact; spin connection on S, SU(2) fund. rep.). The Berry
phase y = —mt acts as a topological selector: a (1,1) orbit acquires e”{iy} = —1 and does not return the
spinor to its initial state, confirming that the (2,1) knot is the minimal spin-closed orbit and that
w_ZBW is the correct energy denominator. The Berry phase does not enter the coupling amplitude
as a real multiplicative factor (see Step 2¢ and Appendix D).
Open step 1 — RESOLVED (negative result). The covariant spinor-transport calculation gives
the holonomy U = Pexp(§ I' _u dx”p) of the spin connection along the ZBW orbit. For the




(2,1) torus knot, U = e”{2iy} = e”{—2in} = 1: the spinor returns to its initial state. The
holonomy magnitude is |U| = 1 always; the Berry phase enters as e”{iy} with |e*{iy}| =1,
contributing nothing to the magnitude of the coupling amplitude. The AA formula
n =1_{lip x |y| conflates a phase angle (radians) with a probability amplitude and is
therefore ruled out as an independent derivation of A = ta. This does not affect A = ma, which
is established by the orbital energy shift (Steps 2b—3) and the Wilsonian EFT cross-check
(Step 3b), neither of which uses the Berry phase as an amplitude weight. No companion
paper calculation is needed for this step.
Step 3 [Bohr—Sommerfeld normalisation of the spin-closed orbit]. The (2,1) torus knot is
the minimal orbit for which both position and spinor return to their initial values (§3.1). Its action is
J_{(2,1)} = 2mth (exact, from p_¢p =m_ecand r_s =h/(2m_ec)). The effective coupling is:
A=e?n/J_{(2,1)} = (4na)(n/2)/(27h) = ma [h = 1]
Open step2 — RESOLVED (§3.1 Step 3b). The Wilsonian EFT cross-check (Step 3b) shows
that 1/w_ZBW in eq. (3.5) is the standard harmonic oscillator inverse-frequency normalisation, with
degeneracy g = 2 from time-reversal symmetry. The susceptibility x_flip(0) =e2 g |I_{flip|2/w_ZBW
gives A =ma directly, without any Bohr—Sommerfeld normalisation ansatz. The companion paper
calculation (Wilsonian loop with UV cutoff k~1/r_c) would provide an additional QFT cross-check
but is no longer required.

Status. The derivation of A=ma is completed in §3.1 (Steps 2b—3 and 3b). Routes (i)—(vi)
established that naive matching fails because it compares quantities of different field-power orders.
Step 3b resolves Open Step 2: the spectral weight 2|I_flip|2=1/2 has degeneracy g=2 from
time-reversal symmetry, and 1/w_ZBW is the standard oscillator inverse-frequency normalisation.
Open Step 1 (Berry phase as amplitude weight in the Aharonov—Anandan route is resolved as a
negative result (§7.4).

and Its Gravitational Consequences
Toroidal Zitterbewegung Extension of the Euler—Heisenberg Lagrangian
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