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Abstract

Papers 1-7 of this series derived the Schrodinger equation, the Dirac equation,
quantum entanglement, the Coulomb force, the Lamb shift, the anomalous magnetic
moment, the hydrogen hyperfine splitting, and the resolution of the double-slit
paradox—all for the electron, whose randomness originates in the Zero-Point Field
(ZPF) of its own Coulomb interaction.

This paper extends the stochastic framework to the photon. The photon has no
charge and no rest mass, so the electron’s Abraham-Lorentz equation does not apply
directly. We identify the correct photon analogue: the photon’s relativistic (effective)
mass mfyﬂr = hwo/c? replaces the electron rest mass m, and the photon’s own optical
cycle 1) = 1/wy replaces the electron radiation reaction time 7y = e? /6regmc®.

From this photon Abraham-Lorentz equation, equating two independent expres-

sions for the transverse momentum variance gives the photon diffusion coefficient:

c? _h
2wp  2meft

which has exactly the same form as D = h/2m for the electron, with mf"yﬂ replacing
m.

Three major results follow:

1. Maxwell equations are derived from the photon Fokker—Planck equation
via the Madelung transformation using the Riemann—Silberstein vector F =
VeéoE + (i/\/fo)B as the photon wave function. This is the exact photon
analogue of deriving the Schrodinger equation from the electron Fokker—Planck
in Paper 1.

2

2. Malus’s law P(pass) = cos® « is derived from Brownian motion of the polar-

ization angle on the Poincaré sphere, without assuming quantum mechanics.



3. Photon randommness originates in the electromagnetic vacuum ZPF—the
same field of which the photon is itself a quantum. The intrinsic coherence
radius of a photon at formation equals 7™ = X\ (Eq. (51)), a distinct quan-
tity from the much smaller ensemble van Cittert—Zernike coherence radius of
sunlight observed at Earth; we show the two are reconciled once the diffusive-
to-diffractive crossover of Sec. 7.4 is taken into account.

The complete hierarchy of effective descriptions is: Schrédinger (spin-%, massive)

1
2

stochastic processes driven by the electromagnetic ZPF, differing only in the particle’s

— Dirac (spin-3, relativistic) — Maxwell (spin-1, massless)—all emerging from

mass and spin.
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1 Introduction
Paper 7 of this series [7] identified a fundamental open question:

The electron’s randomness originates in its Coulomb ZPF, giving D = h/2m
via the Abraham—Lorentz equation. The photon has no Coulomb field and no

rest mass. Where does photon randomness come from?

This question is not merely philosophical. It has concrete experimental manifestations:

1. A 45° polarized photon hitting a 0° polarizer passes or is absorbed with probability

exactly 50%—with no hidden variable determining the outcome.

2. The coherence length of sunlight (~ 1 ym) differs from that of a laser (~ 300 km) by

twelve orders of magnitude— despite both being photons.

3. A single photon produces an interference pattern in the double-slit experiment,

building up dot by dot on the screen.
All three phenomena require an explanation of photon randomness from first principles.

The present paper provides it.

1.1 The Strategy

For the electron, the chain was:

Einstein 1905 Boyer 1969 Casimir , AL equation h Nelson .
Coulomb field > ZPF y u(w) o< hw? > h D = — —— Schrédinger.
~—_—

2m
(1)

source

For the photon, we establish the analogous chain:

photon AL equation\ h Nelson (spin-1)

EM vacuum ZPF » Dy =
~ ~ ) 2mgﬁ

source

> Maxwell equations. (2)

The key difference is that the photon is a quantum of the electromagnetic field—its
“source field” is the same electromagnetic vacuum ZPF that provides the electron’s ZPF.

This self-referential structure gives the photon its unique properties.

1.2 Context in the Series

This is Paper 8 of the series Quantum Mechanics from the Coulomb Field. Full publication
details (ai.viXra and/or Zenodo identifiers, as applicable) for each paper are given in the

bibliography [1-7]. The papers in the series are:



Paper Title (abbreviated) Status

1 QM from Coulomb Field Published
2 Entanglement + Coulomb Force Published
3 Ergodicity Published
4 Dirac Equation Published
5 Schwinger term + Lamb shift Published
6 Hydrogen Hyperfine Splitting Published
7 Which Slit? Double-slit paradox Published
8 Stochastic Photon (this paper) New

2 The Photon as a ZPF Excitation

2.1 The Electron’s ZPF vs the Photon’s ZPF

The electron has a Coulomb field E(r) = e/4megr?. Its ZPF is the electromagnetic quantum
field arising from this Coulomb interaction, with spectral density (Paper 1 [1]):

hwfﬂ

6m2egc®

Se(w) (3)
The photon has no charge and therefore no Coulomb field. However, the photon is a
quantum of the electromagnetic field—it is a single excitation of a mode (kg, Ag) above
the vacuum. The vacuum itself has spectral density (3)—the same ZPF that the electron
interacts with.
The photon therefore propagates immersed in the electromagnetic vacuum ZPF. This
is its “source field”:
Eita = E, + Egprp . (4)
~ =
photon  vacuum
The photon shares all modes of the electromagnetic field with the vacuum ZPF. This

is the physical origin of photon randomness.

2.2 The Photon Wave Packet

A single photon of frequency wy propagating in the z-direction is a wave packet:

huwo
2€0V

E,(x,t) = € f(x — ctx) elkor=wot) | ¢ ¢ (5)

where kg = wp/c, € L X is the polarization unit vector, f is the envelope function, and V'

is the normalization volume.



The monochromatic limit is unphysical and is excluded. Equation (5) is written
with an explicit envelope f precisely because the opposite limit—a perfectly monochromatic
plane wave, f = 1 over all space and time—does not describe a physical single photon.
Such a wave is not normalizable (its total field energy, integrated over infinite volume,
diverges), and it does not correspond to a one-photon state in the usual sense: a field
mode of exactly one frequency, persisting for all time, corresponds to the classical limit
of a coherent superposition over photon number, not to a localized single quantum. A
real, detectable single photon always has a finite envelope f, hence a finite coherence
time 7. and coherence radius 7. (Section 7 below); the textbook “photon of definite
frequency w, delocalized over all space” is a convenient idealization for computing energy
and momentum eigenvalues, never a description of an actual emitted photon. This also
pre-empts an apparent tension with relativity: a literal infinite, delocalized monochromatic
state would assign equal detection probability to every point in the universe, which might
seem to conflict with causality. In fact it does not—an extended, stationary probability
amplitude carries no information and permits no superluminal signalling, exactly as for
an ordinary non-relativistic plane-wave eigenstate ¢ = e***=“*) in elementary quantum
mechanics, where the same delocalization is well known to be unproblematic. The point is
moot in any case for the present framework, since the physical photon states considered
throughout this paper are always the finite, normalizable wave packets of (5), never the
monochromatic limit.

The photon carries energy hwy and momentum hky = fuwwg/c. Its effective (relativistic)
mass is:

. hw
’YH _20' (6)

This is not a rest mass—the photon has m,e: = 0. It is the inertial mass associated

m
c

with the photon’s energy, resisting transverse acceleration. It plays the role of m in all

subsequent calculations.

2.3 The Photon Probability Density

For the electron, p = [¢|2. For the photon, the natural probability density is proportional

to the electromagnetic energy density:
2 Lo
py (X, 1) = upm(x, ) = €| BI” + M—\BI : (7)
0

This is the photon Born rule: the probability of detecting a photon at x is proportional
to the electromagnetic energy density there. In the present framework this is not a
postulate—it is the stationary distribution of the photon SDE, following from Nelson’s
ergodic theorem (Paper 3 [3]), exactly as [1|? follows for the electron.



2.4 Postulates, Definitions, and Derived Results

Before proceeding to the photon Abraham—Lorentz equation, it is important to be explicit

about the epistemic status of each ingredient used in this section and the next. Not

everything stated above is on the same logical footing: some items are genuine postulates

(assumed, not derived), some are definitions (notational conventions with no independent

physical content), and some are theorems (derived from more basic principles already

established elsewhere in this series). Conflating these categories would overstate what has

actually been proven. Table 1 summarizes the classification used throughout the rest of

this paper.
Table 1: Epistemic status of the propositions used to extend
the stochastic electrodynamic framework from the electron
(Papers 1-7) to the photon (this paper). Only the first row
is a postulate inherited from the rest of the series; the two
remaining postulates (photon-ZPF coupling and the photon
AL equation) are specific to the photon extension and are
flagged here so that the reader can judge which results below
rest on solid derivational ground and which rest on physically
motivated but unproven assumptions.
Proposition Status Remark
The electromagnetic field carries en- Postulate The single foundational postulate of
ergy in discrete quanta hw the entire series (Paper 1 [1]). Not
derived from anything more basic here.
The photon has a well-defined trans- Definition  r(t) is defined as the centroid of the
verse position r (t) transverse envelope f(x — c¢tx) in (5).
Treating the photon as a localized wave
packet with a sharp position is an ide-
alization; a massless spin-1 field does
not admit an exact position operator in
the usual (Newton-Wigner) sense. The
idealization is adopted for calculational
convenience and is expected to be valid
when the packet is narrow compared
to the scales of interest.
Constant longitudinal speed ¢ along the Derived Follows from the dispersion relation

propagation axis

w = cky for a massless quantum, itself a
consequence of the Maxwell equations
derived in Section 5 below. Not an

independent assumption.




Table 1 continued from previous page

Proposition

Status

Remark

Finite transverse speed, driven by the

vacuum ZPF

The photon’s transverse motion is
driven by the vacuum ZPF (photon—

photon interaction via the vacuum)

Effective mass mfff = hw/c?

The photon’s transverse motion obeys

an Abraham-Lorentz-type equation

Consequence

Postulate

Definition

Postulate /

ansatz

Not independent: follows automati-
cally once the ZPF driving force (be-
low) acts on a degree of freedom with
finite effective mass m?yff (6) through an
equation of motion. Listed separately
here only because it is often discussed
as if it were a distinct assumption.
This is the central new assumption of
this paper. Unlike the electron’s ZPF
driving (justified microscopically via
the Coulomb field in Paper 1), the pho-
ton has no charge to couple to the ZPF
through. The coupling mechanism as-
serted in Section 3 is motivated by anal-
ogy with the electron case and is not de-
rived from a more microscopic photon—
vacuum interaction. This should be
regarded as the least secure assump-
tion in the present framework and the
primary target for future microscopic
justification.

Pure relativistic bookkeeping (E =
mc? applied to E = hw), with no inde-
pendent physical content beyond nota-
tion.

Motivated by analogy and dimensional
analysis with the electron AL equa-
tion (Section 3), not derived from
the Maxwell equations and vacuum
ZPF from first principles. A rigor-
ous derivation, analogous to the elec-
tron AL derivation from the Coulomb
field, remains an open problem (see
Section 11.3).




Table 1 continued from previous page

Proposition Status Remark

The photon is a spin-1 (vector) field, Imported Not derived anywhere in this frame-
with generators S satisfying (S-V)F = fact work. This is an external input, jus-
iV x F (introduced in Section 5) tified either by Wigner’s classifica-
tion of massless representations of the
Poincaré group (helicity £1 for the
photon), or more elementarily by the
classical observation that E and B are
3-vectors, so their polarization trans-
forms under the spin-1 (vector) repre-
sentation of the rotation group. The
role played by S here is purely alge-
braic: it repackages the curl operator
acting on a transverse field in a form
parallel to the electron’s Pauli matri-
ces, exactly as in the Pauli identity
(o - p)? = p? used for the Dirac-Pauli
reduction. The postulate of Paper 1
(energy quanta hw) does not by itself
imply spin-1; that the photon carries

spin-1 is presupposed, not derived.

Provenance of the spin-1 assignment. Since this fact is imported rather than derived,
it is worth recording explicitly where it comes from. The theoretical determination is due to
Wigner’s 1939 classification of the unitary representations of the Poincaré group [15]: massless
particles are labelled by helicity, and requiring the electromagnetic field to transform as a Lorentz
four-vector (or equivalently, a rank-2 antisymmetric tensor F'*”) forces the photon’s helicity to be
+1—this is the rigorous reason the photon is spin-1 specifically, rather than some other allowed
massless representation. The physical existence of this angular momentum was anticipated earlier
and purely classically by Poynting (1909), who showed that circularly polarised light carries
angular momentum according to Maxwell’s equations alone, with no quantum input. It was
confirmed quantitatively—one unit of i per photon—first indirectly via atomic spectroscopic
selection rules (absorption/emission of a photon changes an atomic electron’s orbital angular
momentum by exactly %), and then directly and mechanically by Beth’s 1936 torsion-balance
experiment [16], which measured the torque exerted by a beam of circularly polarised light on
a birefringent wave plate and extracted exactly i of angular momentum per photon. None of
these results are derivable from the single postulate of Paper 1 (discrete energy quanta fuw);
they require either the full representation theory of the Poincaré group or an independent

classical /experimental input external to the present stochastic framework.



In short: of the eight propositions commonly invoked when extending this framework to
the photon, one is the series’ foundational postulate, two are pure definitions, one is a derived
theorem, one is a redundant restatement of consequences already implied by the others, two are
genuine new postulates whose justification is presently by analogy only, and one (spin-1) is an
external fact imported from outside this framework rather than derived or postulated within it.
The results in Sections 3 and 4 below should be read with this distinction in mind: the derivation
of Dy = h/ 2m,eyff (Section 3.3) is exact given the photon AL equation, but the AL equation itself

is an ansatz, not a theorem.

3 The Photon Abraham—Lorentz Equation

3.1 Why the Electron AL Equation Fails for the Photon

The electron Abraham-Lorentz equation:

2
mi = eEgpp () + ﬁoczﬁ X% (8)
has two terms:
1. ZPF driving: eEzpr — requires charge e.
2. Radiation reaction: < X — arises because the electron emits radiation when accelerated;

the emitted field acts back on the electron.

For the photon, e = 0 and myest = 0, so (8) cannot be applied directly. We must identify the

photon analogues of both terms.

3.2 The Photon AL Equation for Transverse Momentum

The photon propagates in the z-direction. Its longitudinal momentum p; = hko is fixed by
its frequency and cannot diffuse (the photon travels at ¢). The relevant dynamical degree of
freedom is the transverse position r| = (y, z), describing the spatial spreading of the wave packet
perpendicular to propagation.

The photon analogue of the Abraham—Lorentz equation is:

eff

mT§, = Fypp(t) + T?) T, (9)

where:

o miﬁ = hwp/c? is the photon effective mass (6),

e Fypr(t) is the radiation pressure of the vacuum ZPF on the photon’s electromagnetic field

(the photon analogue of eEzpr),

. (mfff Jwo) ¥'1 is the photon radiation reaction, with characteristic time 7 = 1/wg (one

optical cycle).

10



Physical justification of 7 = 1/wg. For the electron, the radiation reaction time is
10 = €2 /6regmc® = (2a/3)h/me? = (2a/3)w;1— a small fraction of the Compton period. The
factor 2a/3 ~ 5 x 1072 arises from the ratio of the electron’s classical radius r. = €2 /4regme? to
its Compton wavelength i/mc.

For the photon, there is no charge and no classical radius in the same sense. The natural
timescale is the optical period 1) = 2w /wq (or 1/wy up to the factor 2m). This is because the
photon’s self-interaction completes in one oscillation cycle—the photon is the oscillation. The

precise relation is:

1 h h

= — = — 1
wo  hwo mgffc27 (10)

which has exactly the same form as the electron 79 = h/mc? (up to the factor 2c/3, which is
the electron’s self-coupling ratio; for the photon, the analogous coupling is O(1) since the photon

is its own field).

Physical justification of Fzpr. The vacuum ZPF exerts radiation pressure on the photon’s
electromagnetic field through transverse mode coupling. The spectral density of this force can
be computed from the cross-correlation of the photon field with the ZPF modes, but for the

purposes of the equilibrium argument below, only its spectral properties matter.

3.3 Derivation of D, = 73/2m§Ff from the Photon AL Equation
We follow the exact structure of Paper 1 Section 5.2: equate two independent expressions for
(r1)-

Step 1: (p?) from the ZPF (photon AL equation)

In the frequency domain, the photon AL equation (9) gives the transverse velocity spectrum:

- _ Fgpp(w)/met
Filw) = —iw(1 +iw/wp) (11)

The ZPF force has spectral density:

eff\2 2 eff\2, 24 .3 eff\2 3
_ (peffy2 2 (M) wpSe(w)  (m ) wihw®  (mS)*w
SF(W) - (ma/ ) wo Sv(w) - (hk‘o/m%ﬁ)Z - 671'26063 . (02)2/02 - 6%26003/h’ (12)

where we used Sg(w) = hw?/672¢oc3.

In equilibrium, equating energy input from ZPF with radiation reaction damping (as in
Paper 1 Section 5.1):
ot Tuwo _ (hwo)? (msf)%e

2 _ _
(plizer =mS' - == = Z 5= = —5—. (13)

This is the photon analogue of (p?)zpr = mhwg/2 for the electron oscillator.

11



Step 2: (p?) from the osmotic velocity
The photon osmotic velocity:
u, = D,Vinp, = D,VInugu. (14)
The osmotic transverse momentum:
eff

Plosm = My Uy = mzﬂvaL In ugn. (15)

For a Gaussian wave packet of minimum uncertainty width o, = A\/v/2 (where A = ¢/wp):

2 2w
(ViInugy)?) = el 0720. (16)
Therefore:
2 eff\2 2 2‘*’8
<pJ_>OSm = (m7 ) D7 ’ CT (17)
Step 3: Equate and solve
Setting <pi>zpp = <pi>osm: .
(me )262 . 2w2
72 _ (mwﬂ)ng 0720 (18)
4
c
D2 =___ 19
v 4w3 (19)
2 h
= — = 2
T 2w Qm‘%fF (20)

This is the central result of this section. The photon diffusion coefficient has exactly the same
form as the electron diffusion coefficient D = h/2m, with the photon effective mass mgﬂr = hwo/c?

replacing the electron rest mass m.

12



3.4 Comparison: Electron vs Photon

Quantity Electron Photon

Inertial mass m (rest mass) m,eyH = hwo/c?
Characteristic frequency we = mc?/h wo (own frequency)
Radiation reaction time 70 = (20/3)w;t 7o = wyt

ZPF driving eEypr Fzpr (rad. pressure)
Diffusion coefficient D = h/2m = c%/2w. D, =h/ 2m§ﬁ = c%/2uwq
Wave function P = \/,Beis/ h F = \/@eid’é

Wave equation Schrédinger /Dirac Maxwell

Spin 1/2 1

4 The Photon SDE and Fokker—Planck Equation

4.1 The Photon Stochastic Differential Equation

By exact analogy with Nelson’s SDE for the electron, the photon obeys:

dx, = ckdt +D,Vinp,dt++/2D,dW(t), (21)

propagation osmotic ZPFT(icks
where:

e ckdt is the mean forward propagation at speed c,

e D, Vinp, = D,VInugy is the osmotic velocity (transverse only),

e dW | is the transverse Wiener process (ZPF kicks perpendicular to R)

The diffusion coeflicient D, = h/ 2m%ff = ¢? /2wy is derived in Section 3, not assumed.

4.2 The Photon Fokker—Planck Equation

The Fokker—Planck equation for p, = ugm:

0 ~
% +V - |(ck+ DyVInp,)py | = D, V2, (22)

Expanding and noting that the osmotic and diffusion terms cancel:

ap .
87;+ck-Vp7:0 (23)

13



This is the photon transport equation: the electromagnetic energy density propagates at

speed ¢ in direction k. This is the Poynting theorem:

OurM
ot

+V. SPoynting = 07 SPoynting = C2EO(E X B)? (24)

which is a consequence of Maxwell’s equations—but here it emerges before Maxwell’s equations

are derived, directly from the photon Fokker—Planck.

5 Maxwell Equations from the Photon Fokker—Planck

5.1 The Riemann—Silberstein Vector as Photon Wave Function

For the electron, the Madelung transformation 1 = ﬁeis/ " linearised the nonlinear Fokker—
Planck equation into the linear Schrédinger equation.

For the photon, we introduce the Riemann—Silberstein vector [12, 13]:

F(x,t) = v/ B(x, t) + ﬁB(x,t). (25)

The Riemann—Silberstein vector is the photon wave function. Its properties:

1
F|> = eo|E* + —|BJ* = urm = p, (26)
Ko
1
§|F]2 x P(x,t) (photon probability density), (27)
ihoF = ¢(S - p)F, (28)

where S = (5;,5y,S.) are the spin-1 matrices.

The analogy with the electron is exact:

Electron Photon
Wave function ¢ = ﬁeis/h F = Jupy e'%é
|wi? [W]?=p F[? = upm = py
Spin matrices ~ Pauli o (spin-3) S (spin-1)
Wave equation ihds) = Hp ihOF = ¢(S-p)F

5.2 The Spin-1 Matrix Identity

The key algebraic identity connecting the spin-1 matrices to the curl is:
(S-V)F=iVxF (29)

for any transverse vector field F (satisfying V - F = 0). This identity is the photon analogue of

the Pauli identity (o - p)? = p? used in deriving the Pauli equation from the Dirac equation.

14



The spin-1 matrices are:

0 0 —
Se=10 0 —i|, Sy=10 00|, S:=1[]i 0 (30)
i 0 —1 0 0

5.3 Derivation of Maxwell Equations
Step 1: The photon Fokker—Planck as a vector equation

For a superposition of plane waves (general field), the transport equation (23) summed over all

propagation directions k with the transverse (spin-1) structure gives:

OF
= -V)F. 1
o ¢(S-V) (31)
Using the identity (29):
§£:—w¢VXF:waE (32)

However, the sign depends on helicity. For the positive-helicity component F* = /6 E +

iB/\/lg, the correct equation is: .
OF

45;<:—fV><F+. (33)

Step 2: Separate real and imaginary parts

Substituting F* = |/eoE + (i/,/m0)B:

Left side: - - . 9B
o B 0B o
ot ot /po Ot
Right side: .
ic
—cV xF" =—¢\/egVXE—- —V xB. 35
Vav < B o (35)
Real part (coefficients of |/€p):
OE ic 1
= _ B.- 36
€0 ot NOV X ; ( )
More carefully, equating real parts:
OE c
— = — B. 37
€0, Tov X (37)
Dividing by /€9 and using ¢ = 1/, /€gio:
E 1
9E _ VxB=cVxB (38)
ot eopio

This is Ampére’s law (in vacuum, no current). v/

15



Imaginary part (coefficients of i/,/1o):

1 0B
—_— = V x E.
Vo Ot VeV x
Multiplying by /po and using c¢,/€opo = 1:
0B
= E
5 V x

This is Faraday’s law. v

Step 3: Gauss’s laws from transversality

(39)

(40)

The ZPF consists of transverse modes (Lorentz invariance, Boyer 1969, Paper 1 Section 3.4).

Each mode satisfies k- E =0 and k- B = 0. For a superposition of transverse modes:

IV.-E=0, V-B=0.

Gauss’s laws. v

5.4 Summary: Maxwell from Fokker—Planck

p
(‘3tE = C2v x B
F_ o F=/aoE+ =B | 9B =-VXE
- = -
o V-E=0
photon Fokker—Planck
V-B=0

Maxwell equations in vacuum

This is the exact photon analogue of Paper 1:

Op o Y=ypeS/h Ot n?_,

L4V (vp) =DV L ih s = V4V

5 TV (Vo) p ihar = =5 VU +Vy
electron Fc?krkerfPlanck Schréding?e? equation

(41)

(42)

(43)

6 Malus’s Law from Brownian Motion on the Poincaré

Sphere

6.1 Setup

A photon in polarization state o (angle from 0°) hits a linear polarizer at 0°. Standard quantum

mechanics gives P(pass) = cos? . We derive this from the photon SDE.

16



6.2 Polarization Space as the Poincaré Sphere

The polarization state of a photon is described by a point on the Poincaré sphere. For linear
polarizations, the relevant coordinate is the polarization angle 6 € [0°,90°), where 6§ = 0° is
horizontal (0° polarization) and 6§ = 90° is vertical.
The Poincaré sphere has a non-Euclidean metric in polarization space. For linear polarizations,
the natural arc length is:
ds =2df (44)

because linear polarizations have period 180° (not 360°).

6.3 The Polarizer as a ZPF Boundary Condition

The polarizer at 0° physically selects the x-component of the ZPF and absorbs the y-component.

Inside the polarizer, the effective energy density is:

ulP () = upgy cos? 0 (45)

(only the 0° component survives).

The osmotic velocity in polarization space:

up = Dvge Incos? § = —2D, tan 6. (46)

6.4 The Critical Timescale Argument

There are two timescales:
® TBrownian ~ 03 /D~ — time for random walk to reach a boundary, starting from 6.
® Tosmotic ~ 1/D~|0gIn cos? f] — time for osmotic velocity to develop a preference.

At 6y = 45°, both timescales are comparable. However, the key observation is:

Before the osmotic drift has time to develop, the photon performs pure Brownian
motion in polarization space, starting at 6y = 45°. The outcome (pass or absorb) is

determined by which boundary the Brownian motion hits first.

6.5 First-Passage Probability: 50/50 Result

For pure Brownian motion df = /2D~ dW on [0°,90°] with absorbing boundaries at § = 0°
(pass) and 6 = 90° (absorb), starting at 6y = 45°:

90° —45° 1
P(pass) = m = 5 (47)

The 50% probability follows from the symmetry of the starting position: 6y = 45° is exactly

midway between the two boundaries.
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6.6 General Angle: Deriving Malus’s Law

For a photon at angle « hitting a 0° polarizer, the starting position in polarization space is
0y = .

On the Poincaré sphere with metric (44), the natural coordinate is v = sin?6. In this
coordinate, the Brownian motion becomes uniform, and the first-passage probability from

ug = sin® a to {u = 0,u = 1} is:

1 — sin?
P(pass) = %noa = cos? a. (48)

P(pass) = cos® o (49)

This is Malus’s law—derived from Brownian motion on the Poincaré sphere, without any

quantum postulate.

6.7 Which Individual Photon Passes?

The outcome for each individual photon is determined by the specific realization of the Wiener
process dW (t)—the instantaneous ZPF configuration at the moment of interaction with the
polarizer. There is no hidden variable beyond the ZPF itself.

This answers the hundred-year question about photon randomness in the polarizer:

The ZPF configuration at the moment of interaction is the “hidden variable.” But it
is not a predetermined hidden variable in Bell’s sense—it is a real stochastic field
(the electromagnetic vacuum ZPF) whose value at each moment is genuinely random.

The randomness is physical, not epistemic.

7 The Coherence Volume from D,

7.1 Derivation of the Coherence Radius

The photon diffusion coefficient D, = c? /2wq determines how rapidly the photon wave packet

spreads transversely. After propagating for time ¢, the transverse spread is:

C2

(r?) = 2Dt = w—ot. (50)

The minimum coherence radius—for a single-mode photon over one optical period ¢t = 1/wy—

min / c? c 3\
Teoh — 2D7/w0 = ;(2) = ;0 =\ (51)

The minimum coherence radius equals the reduced wavelength A = c¢/wg = \/2w. This is

1s:

derived, not assumed.
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7.2 First-Principles Estimate of the Continuum Coherence Time

Equation (56) below requires a value of 7., as input, and for solar continuum (Bremsstrahlung)
radiation the literature value 7., &~ 3 fs is normally quoted without derivation [14]. This
subsection derives that timescale from classical electron—proton Coulomb collision physics, so

that Eq. (57) below rests on a first- principles estimate rather than solely on a cited figure.

Distance of closest approach. Consider a free electron and proton in a plasma at temper-
ature 7. The Coulomb interaction becomes strong enough to produce a large-angle deflection
when the potential energy at separation r is comparable to the thermal kinetic energy of relative

motion. Setting

e? e?

= 3kpT = =
4meg Te = e dmeg - 3kpT’

(52)

this is the standard 90° Coulomb impact parameter of plasma kinetic theory [21]. For the solar
photosphere (T = 6273 K, 3kgT ~ 1.62 eV, using e?/4mwey ~ 1.44 eV-nm),

N 1.44 eV -nm

TR ey 0.89 nm. (53)

Collision duration. The simplest estimate of the collision duration is the time to cross a
distance r. at the thermal speed vy, = \/3kgT/me ~ 5.3 x 10° m/s:

; r
ristraight) — € 1.7 fs. (54)

Uth
This underestimates the true duration because r. is, by construction, the impact parameter for a
large-angle deflection: the electron’s velocity vector rotates substantially during the encounter
rather than passing through in a straight line. A better geometric estimate treats the swept path

as a quarter-circle arc of radius 7. (a 90° turn),

_mre/2

Vth

Te

~ 2.6-2.7 fs, (55)

in close agreement with the literature figure of ~ 3 fs used in Eq. (57). (The true Coulomb
trajectory is a hyperbola of continuously varying curvature rather than a circular arc, so Eq. (55)
is a geometric refinement of Eq. (54), not an exact integral along the orbit; the agreement with the
independently-tabulated value is nonetheless a non-trivial, falsifiable check, since nothing forced
these two numbers, computed by unrelated methods, to land within the same few-femtosecond

window.)

Wave-packet length is set by acceleration duration. It is worth stating explicitly why
T.—the duration of a single, uninterrupted accelerating encounter—is the correct input for 7cop,
rather than the mean free time between successive encounters. By the standard Liénard—Wiechert
result of classical electrodynamics [22], the radiation (acceleration) field is a direct, undistorted
map of the source acceleration, E.q4(t) o< a(t — r/c): the pulse exists only while a # 0, i.e. only

during the close encounter itself. Once the encounter ends and the electron resumes free motion,
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it stops radiating entirely, and the next encounter—occurring, on average, one mean free path
L, = 1/(no) later—produces a new, causally independent pulse. The mean free path therefore
governs the repetition rate of independent emission events (and hence the source’s overall duty
cycle and radiated power), not the duration or coherence length of any single one of them. This
distinction matters because a formula of the form /o o Lyp—valid for the decoherence of
a particle undergoing repeated scattering while traversing a medium [21]—answers a different
physical question and should not be applied to a photon created in one free-free emission event
that subsequently escapes without further scattering, as is the case for continuum radiation
reaching Earth from the photosphere. It would, however, be the appropriate tool for a photon
still undergoing radiative diffusion deeper in the optically thick solar interior, where repeated

absorption and re-emission is the operative physical process.

7.3 Coherence Volume and the Emission Process

The actual coherence volume of a photon depends on the emission process through the coherence

time Teop:
7’coh(Tcoh) =/ 2-Dchoh = x\/ WO Tcoh- (56)

For sunlight (7eon ~ 3 fs, wg ~ 3 x 10'° rad/s):

600 nm

™

psun) /—\\/3 % 10-15 x 3 x 1015 — 3\ ~ 3 x

coh

~~ 286 nm. (57)

This gives the intrinsic single-photon coherence radius. The observed transverse coherence
radius of sunlight at Earth is a distinct, much larger quantity, set not by 7.,n but by the
van Cittert—Zernike geometric factor from the finite angular size of the Sun [14]. The full
transverse coherence diameter is
(sun) _ A21

== (58)

dcoh D@ ’

where z; = 1.496 x 10! m is the Sun-Earth distance and Dy = 1.391 x 10 m is the solar
diameter. For A = 0.52 um this gives

(sum) _ (0.52 x 1079)(1.496 x 10'!)
dcoh = 9
1.391 x 10

~~ 56 pm. (59)

(sun,obs)

The corresponding coherence radius is half this value, 7.

~ 28 um, in close agreement with
the standard quoted figure of ~ 27 um for the spatial coherence radius of sunlight [14].

For a single-mode laser (7con ~ 1073 s):
P2 — Xv/3 % 1012 &~ 109 X ~ mm, (60)

consistent with the observed millimetre-scale coherence radius of a well-collimated laser beam.
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7.4 Propagation to Earth: Diffusive-to-Diffractive Crossover

Equation (50) describes diffusive growth, (r?) oc ¢, and this raises an immediate question: if a

photon’s transverse coherence radius keeps growing diffusively for the full ~ 8.3-minute transit

(sun,obs)

coh ~ 28 um observed

from the Sun, it should arrive at Earth enormously larger than the r

van Cittert—Zernike radius. Taking 7 = z;1/c ~ 499 s as the diffusion time directly in Eq. (56)

gives
Teon (T = 21/¢) = A/wp 21/ &~ 79.6 nm x /3.77 x 1015 x 499 ~ 1 x 10% m, (61)
six orders of magnitude larger than ré?ﬁnpbs). This is not a contradiction; it is a signal that

Eq. (50) applies only within a bounded near-field region set by the formation-stage aperture,
beyond which the wave packet propagates as an ordinary diffracting wave rather than continuing
to diffuse.

The crossover. The diffusive growth law of Sec. 3.3 describes the ZPF-driven build-up of the
wave packet during formation, seeded by an aperture of radius wy = reoh(Teon) from Eq. (56).
Once formed, the packet is a solution of the free Maxwell equations (Sec. 5) and must propagate
by ordinary diffraction, with Rayleigh range

2
TWq

PRy (62)

Using the sunlight continuum aperture already established in Eq. (57), wg = r((:ilfln) /A 286 nm,
zr ~ 0.43 pm; for a narrow spectral line (7.on &~ 50 ps, giving via Eq. (56) wy = Xm ~
38 um), zr ~ 7.5 mm. In both cases zp < z; = 1 AU, so the diffusive regime of Eq. (50) is
confined to a region within a fraction of a micrometre to a centimetre of the emitting atom;
essentially the entire Sun—Earth path lies in the diffractive far field, where the transverse radius

grows linearly with distance rather than as v/%:

A
w(d) =~ 0d, 0~ — d> zR. (63)
TW(

Size at Earth. Applying Eq. (63) at the Sun-Earth distance d = z; = 1.496 x 10'! m:

continuum: 6 = 0.67 rad, w(z1) ~ 1.0 x 101 m (~ 0.67 AU), (64)
line: 0~ 5.0x1072rad, w(z)~7.5x10® m (~ 2 x Earth-Moon distance). (65)

These are estimates of the single-photon coherent wavefront radius at Earth, and they are

(sun,obs)

coh ~ 28 um—but for a reason that removes, rather than deepens,

(sun)

coh

enormous compared with r
the apparent tension. The quantity d of Eq. (58) is not the coherence extent of a single
photon’s wavefront at all. It is a van Cittert—Zernike quantity, obtained by incoherently summing
the fields of ~ 10?Y independent, randomly-phased emitters distributed over the solar disk; it
is precisely this averaging over uncorrelated sources that shrinks the ensemble coherence patch
relative to any single photon’s own diffracted wavefront. A single photon, by contrast, undergoes

no such averaging: it is one continuous solution of the free-space Maxwell equations, spreading
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outward from a single atomic emission event, and nothing in ordinary wave optics prevents that

wavefront from becoming macroscopic over an astronomical propagation distance.

This is correspondence, not new physics. The large sizes in Egs. (64)—(65) are Bohr-
correspondence behaviour, not a signature of the ZPF mechanism proposed here. A Liénard—
Wiechert field from a single accelerating charge is, in the far zone, a smooth spherical wavefront,
and nothing in classical or quantum electrodynamics restricts how far such a wavefront may
spread; any orthodox treatment of the free-photon wave equation, given the same small formation-
scale aperture wg, would predict the same diffraction-limited growth. The prediction that is

unique to this framework is the formation-scale aperture itself,

wo = Tcoh(Tcoh) = >\\/ W0Tcoh; (66)

derived here from D, = h/ 2mfff rather than assumed—not the subsequent diffractive growth,
which is inherited, unremarkable wave optics once wy is fixed. Equation (58) and the results
of this subsection should therefore be read as descriptions of two distinct physical quantities
at two disparate length scales, not as competing predictions for the same observable. (The
numerical coefficients in Eq. (63) follow the standard Gaussian-beam divergence convention and
are order-of-magnitude estimates; Sec. 7.5 below re-derives the diffusive-to-diffractive transition
directly from the photon SDE, confirming the qualitative picture and giving the exact analogue

of Eq. (63) up to this convention-dependent factor.)

7.5 Exact Time Evolution: The Crossover Derived from the
Photon SDE

Section 7.4 argued for the diffusive-to-diffractive crossover by analogy with classical Gaussian-
beam optics. This subsection derives the same crossover directly from the photon SDE of Eq. (21),

with no imported optics formula.

The transverse dynamics is a free Schrodinger equation. Equation (21) is, by
construction, the exact photon analogue of Nelson’s electron SDE: the same osmotic-velocity
structure D,V In p, and the same ZPF-driven Wiener noise \/ﬁ dW., restricted to the plane
transverse to k (the propagation direction is deterministic, at speed ¢, and carries no diffusive
spread of its own). Equation (43) already shows that the Madelung transform ¢ = ﬁeis/ h
converts the electron’s Nelson SDE into the free Schrodinger equation. Applying the identical
transform to the transverse marginal of the photon Fokker—Planck equation (22), in the frame
co-moving with the pulse at speed c along 1A<, gives by the same algebra

o 0Yy h’ 2

th—r = ot Vi, (67)
a genuine two-dimensional free-particle Schrodinger equation for the transverse envelope, with

the photon’s effective mass mf/ﬂ = hwp/c? playing the role of m. No new postulate is introduced:
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Eq. (67) is forced by the same Madelung transform already used elsewhere in this paper, applied
to the transverse sector of the same SDE that produced D, in the first place.

Exact solution for a Gaussian aperture. Equation (67) is the standard free Schrodinger
equation, whose exact solution for an initial Gaussian envelope of width wy (set at the end of
formation, wy = rcon(Teon) from Eq. (56), taking ¢ = 0 at the end of the formation stage) is well

known:

2

lwv(rl,t)\z X exp [_21Z(lt)2] , w(t)2 = w%

t 2 w?
1 — =0 68
- <7R> ] ’ T Dv ( )

This is obtained from Eq. (67) exactly the same way the ordinary free-particle Gaussian wave-
packet spreading formula is obtained from the electron’s free Schrodinger equation, with D — D,
and m — m%ﬁ.

The two limits. Equation (68) contains both regimes of Sec. 7.4 as exact limits of a single

formula, with no ad-hoc matching at zg:

e Near zone, t < Tr: w(t) = wp, constant. The transverse size stays pinned near its
formation value—this is the regime in which the diffusive language of Eq. (50) is meaningful,
and it is now seen to be transient rather than exact even there (the true w(t)? is quadratic

in ¢ near ¢t = 0, not linear).

e Far zone, t > 7r: w(t) = (D,/wo)t, linear in t. This is precisely the ballistic, spherical-
wave-like growth invoked in Sec. 7.4 on the basis of the Liénard—Wiechert far-zone field
and ordinary diffraction—but it is now obtained directly from solving the photon SDE,

with no appeal to classical optics.

The crossover time 7 = w3/ D, plays exactly the role of the Rayleigh range zr used previously
(zgxaCt) = c7p), differing from the optics-convention value of Eq. (62) only by an O(1) factor that
depends on the (differing) conventions for relating a Gaussian’s standard deviation to a “beam
waist”; numerically, zgxaa) ~ 4x the value used in Sec. 7.4, for both the continuum and line
cases, confirming that this factor is a fixed convention artifact rather than a physical discrepancy.
The qualitative and parametric content—a near-field plateau followed by a crossover into growth

linear in ¢—is exact and convention-independent.

Conclusion. The spherical-wave, correspondence-principle behaviour of Sec. 7.4 is not an
assumption imported from classical optics; it is what Eq. (21) itself predicts once solved exactly
rather than truncated to its short-time diffusive limit. This closes the gap left open above: the
diffusive-to-diffractive transition is now a direct consequence of the same stochastic equations

used throughout this paper, rather than an analogy grafted onto them.
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7.6 Physical Interpretation

The coherence volume Vo, = m’zoh - CTeon 18 the region of the electromagnetic vacuum ZPF that

is correlated with the photon. It is the photon’s analogue of the electron’s Coulomb field extent:

Electron Photon

“Field extent”  Coulomb field (x 1/r2, infinite) ~Coherence volume (Voy, finite)

Set by Rest mass m Emission process (7¢on)
Minimum scale Compton wavelength i/mc Reduced wavelength A\ = ¢/wp
ZPF extent Infinite (Coulomb) Veoh (wave packet)

7.7 Two Meanings of \d/D: Aperture Diffraction versus Van Cittert—

Zernike

Equations (63) and (58) share the identical algebraic form, size ~ Ad/D, and it is worth stating
explicitly that they describe two physically opposite mechanisms, distinguished by what D

represents:

e Aperture diffraction (D = wy, a single coherent emitter’s own formation-scale size, as
in Sec. 7.4): one coherent wavefront necessarily diverges with angle 8 ~ \/wy, so a smaller
coherent aperture produces faster angular spreading and hence a larger spot at distance d.

This is a single wave spreading outward; no averaging over independent sources is involved.

e Van Cittert—Zernike (D = D), the diameter of an extended incoherent source, as in
Eq. (58)): here a larger source diameter produces a smaller coherence patch at distance d,
because the mechanism is destructive interference between the randomly-phased contribu-
tions of many independent emitters spread across D—the opposite physical process from

aperture diffraction, even though the resulting formula looks the same.

The two are not competing predictions for the same quantity: the first answers “how large is
the coherent wavefront of one photon at distance d” and the second answers “over what patch
do many independent photons from an extended source remain mutually coherent.” Both are
needed to correctly interpret coherence measurements of extended thermal sources such as the

Sun.

7.8 Classical Propagation, Quantum Emission and Detection

The results of this section are derived entirely from classical Maxwell theory (the Liénard-
Wiechert field, ordinary diffraction), yet they are used throughout this paper to describe the
coherence properties of single photons. This is not an extension of classical results into the
quantum domain by analogy: it is a consequence of the fact that the Riemann—Silberstein
vector, which is the single-photon wave function in this framework (Secs. 4-5), obeys the free
Maxwell equations exactly, whether it carries the amplitude for a single photon or the field

of a macroscopic, many-photon beam. Propagation—diffraction, interference, coherence-area
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formulas—is governed by the same linear wave equation regardless of photon number; nothing in
that equation changes when the number of quanta is reduced to one.

This is well established experimentally. Single-photon interference was first demonstrated
by Taylor using extremely attenuated light [19], and modern heralded single-photon double-slit
experiments build up, one detection event at a time, exactly the fringe pattern predicted by
classical diffraction theory. Photon-counting intensity interferometry [20] likewise confirms
that van Cittert—Zernike coherence-area predictions from classical optics correctly describe
single-photon correlation statistics at astronomical sources. The one phenomenon classical
electrodynamics alone cannot supply—and the one place genuinely quantum behaviour enters—is
the discreteness of detection: individual, randomly-positioned clicks that only statistically build
up the classical intensity pattern, together with phenomena such as photon antibunching that
have no classical field analogue whatsoever.

The clean statement, consistent with the emission/detection stochastic picture developed
in Sec. 8 and Sec. 6.7, is therefore: propagation is classical Mazwell theory, exactly; the only
quantum steps are which discrete quantum of energy is created at emission, and which single,
stochastically-selected detector absorbs it. Every coherence and diffraction formula in this paper

is exact for that reason, not merely valid as a semiclassical approximation.

8 The Quantum Eraser for Photons

8.1 Setup

The quantum eraser was originally proposed as a thought experiment by Scully and Driihl [10].
The first real experimental realisation with photons was achieved by Kim et al. [11], who
demonstrated the delayed-choice version with entangled photon pairs. The experiment provides
the most direct test of whether randomness is controlled by the physical ZPF state or by the

observer’s knowledge. The setup is:

1. A photon passes through a double slit. A which-path marker entangles the signal photon’s
path with the polarization of an idler photon: slit A — |V )idier, slit B = | H )idier-

2. The joint state is:

1
’\I}> = ﬁ(‘¢A>signal|V>idler + ‘wB>signa1’H>idler) . (69)

3. Measuring the idler in the V/H basis reveals which path — no interference. Measuring in

the +45° basis erases which-path information — interference restored in each sub-ensemble.
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8.2 Explanation in the ZPF Framework

Why the marker destroys fringes

The marker interaction at the slit physically entangles the signal photon’s ZPF with the idler
photon. The signal photon’s probability density is no longer |¢)4 + 15|? but the mixed state:

gl (%) = 516409 + S0P (70)
The osmotic velocity becomes:

u(x) = DyVin(3lal® + 3lvsl*) . (71)
which has no interference term. No fringes.

Why erasure restores fringes

Measuring the idler in the £45° basis gives outcomes:
1
V2

For the +45° outcome, the signal photon’s state is post-selected to:

| £45%) = —= (V) £ [H)). (72)

psignal(x | +45O) = W}A (X) + B (X)|2' (73)

The osmotic velocity restores to u = D,V In |y + Yp|%. Interference fringes reappear. For
the —45° outcome the fringes are shifted by m, so the two sub-ensembles show complementary

patterns that cancel when added—confirming no-signalling.

8.3 Does the Idler Measurement Instantly Affect the Signal
Photon?

This is the key question. The answer in the present framework is:

No. The idler measurement does not physically disturb the signal photon’s ZPF. It
is a Bayes update of the joint probability distribution—a change in our knowledge of

a pre-existing correlation, not a physical influence.

The joint probability density p(Xsignal, Sidler) Was established at the moment of marker
interaction. Measuring the idler and finding +45° applies Bayes’ theorem:
p(Xsignala +45o)

= |va +¥5[% (74)
/p(x, +45°) dx

p(xsignal ‘ +45O) ==

No-signalling. The marginal distribution of the signal photon is unchanged by any idler
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measurement: . .
p(xsignal) = /p(xsignab Sidler) dsidler = §|¢A|2 + 5|¢B|2 (75)

No fringes, no dependence on the idler measurement. Only after the idler result is classically

communicated and the signal data post-selected do sub-ensemble fringes appear.

Situation Signal photon ZPF Result
No marker p = |Ya + ¥p|? undis- Interference fringes
turbed

Marker, idler unmea- p = %|¢A|2+%|¢B|2a mixed No fringes

sured

Marker, idler = V/H Post-selected to [¢4]?> or No fringes (single-slit)
[¥5]”

Marker, idler = +45° Post-selected to [1)4 £ p|*> Fringes in sub-ensemble

The quantum eraser thus confirms the central claim of the present paper: fringes are controlled
by the physical ZPF state, not by the observer’s knowledge. The “instant non-local collapse”
is an artefact of the Copenhagen language—in the ZPF framework it is simply Bayes’ theorem

applied to a pre-existing joint distribution.

8.4 The Delayed-Choice Quantum Eraser

The delayed-choice quantum eraser [11] is the most striking version of the experiment. The
decision of whether to erase the which-path information is made after the signal photon has
already arrived at the screen. This appears to imply retrocausality: a future choice determines a

past event.
Why there is no retrocausality
The present framework resolves the apparent paradox completely through a single observation:

The full signal photon data—all events recorded at the screen—never shows interfer-
ence fringes, regardless of what the idler measurement will be. Fringes appear only
i a sub-ensemble post-selected on the idler outcome. Post-selection at a later time

does not change the past; it sorts data that was always structured that way.

Timeline and ZPF state:
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t Event ZPF framework

to Photon pair created  Joint ZPF correlation p(xs, s;) established

t1 Signal hits screen Full data recorded. Marginal p(x,) = |ta|*+

31UB|* — no fringes

to>t; Choice: erase or not? Classical decision; no physical effect on p(xs)

t3>ty Idler measured; data Bayes post-selection reveals sub-ensemble

sorted structure that was always present in p(xs, $;)

Mathematical proof of no retrocausality.

For all times t > tg, the signal photon marginal satisfies:

ploc) = [ ploce sy dsi = dualoe) P+ Slom(x) (76)
This is independent of:
e When the idler is measured (t2 can be years after 1),
e Whether the idler is measured at all,
o Which basis is chosen for the idler.
The post-selected sub-ensembles:

p(xs | +45°) = [ha(xs) + ¥p(xs)[*  (fringes), (77)
p(xs | —45°%) = [1ha(xs) — ¢B(Xs)]2 (complementary fringes). (78)

Adding (77) and (78) with equal weight recovers (76):
slva +vpl® + 3lva — vpl* = [val* + v (79)

The two sub-ensemble fringe patterns are exactly complementary and cancel—which is why
the full (unsorted) data never shows fringes.
The paradox dissolved.

The delayed-choice quantum eraser does not show retrocausality. It shows that:
1. The joint ZPF correlation p(xs, s;) was fully determined at t.
2. The signal data at t; already contained the sub-ensemble structure—it was not yet sorted.

3. Sorting at t3 reveals structure that was always present. The future does not change the

past.
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9 QED from Electron-Photon Stochastic Coupling

9.1 The Two Stochastic Processes

The electron SDE (Paper 4 [4]):

€ h
dut = EF;PFUV dr + 4/ - AW coeon (T)- (80)
The photon SDE (this paper):

dx, = ckdt + D,V Inugy dt + /2Dy AW, (t). (81)

9.2 The Coupling

The electromagnetic field F)p, in the electron SDE includes both the vacuum ZPF and the
photon field:
Fl FW::uum ZPF + Fh (82)

total — *'va photon*

The coupling between the two SDEs is:

Hint = ejF A, =e Py A, . (83)
N—

electron current photon field

This is the QED interaction vertex—emerging naturally from the coupling of the electron
and photon stochastic processes. The Feynman rules of QED correspond to the perturbative

expansion of this stochastic coupling in powers of €2 = 4rahec.

9.3 Propagators from the SDEs

Electron propagator. The Green’s function of the electron SDE gives the Feynman electron

propagator:
i(p+m

—_— 84
p? —m? +ie (84)

Photon propagator. The cross-correlation SSQ) (x1,%2,w) derived in Paper 2 [2] is the

photon propagator:

wri2

— i
S](Em) = Sp(w) - sinc( ) +~ DM (k) = Y9

= . 85
k% + e (85)

The sinc factor is the position-space photon propagator. The coherence volume of the photon

equals the spatial extent of this propagator.

9.4 Loop Corrections

The one-loop QED corrections—Lamb shift (Paper 5 [5]), anomalous magnetic moment g —

= a/m—arise from the leading non-Markovian correction to the Markovian (Fokker—Planck)
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approximation. Papers 5 and 6 have already derived these corrections within the stochastic

framework, confirming the consistency of the electron-photon coupling described here.

10 The Complete Hierarchy

The eight papers of this series establish a complete hierarchy of effective descriptions, all derived

from the single postulate of Paper 1 (electromagnetic field energy is carried in discrete quanta):

Scale Particle Process Equation

Sub- Electron (A7 < Non-Markovian None (QFT regime)

Compton  h/mc?) ALD

Compton— Electron (A7 > 4D Brownian, Dirac equation

Dirac h/mc?) spin-1

Schréodinger Electron (v < ¢) 3D Brownian, Schroédinger equa-
spin—% tion

Optical Photon (At > 1/wp) Brownian, spin-1 Maxwell equations

QED Electron 4+ Photon Coupled SDEs QED (Feynman

rules)

All effective descriptions emerge from the same stochastic framework. The differences are:

e Spin: ; (electron) vs 1 (photon) — Pauli matrices vs spin-1 matrices — gradient vs curl.

e Mass: m (electron rest mass) vs mf’yﬁ = hwp/c? (photon effective mass) — D = h/2m vs

Dy = h/2mSt.

e Propagation: diffusion in 3D or 4D (electron) vs directed at ¢ with transverse diffusion

(photon).

11 Discussion

11.1 Why D, = i/2m" Has the Same Form as D = h/2m

This is not a coincidence. Both follow from the same underlying structure:

D_

2Minertial

h

where Minertial 1S the inertial mass resisting transverse acceleration:

e For the electron: mipertial = m (rest mass).

30



e For the photon: Mipertial = mgﬁ = hwp/c? (relativistic mass).

Equation (86) is the universal relation between the diffusion coefficient and the inertial mass
of a ZPF-driven stochastic process. It holds for any particle—massive or massless— once the

appropriate inertial mass is identified.

11.2 What Determines the Photon’s Coherence Length?

What 7., is, and what it is not. It is important to be precise about the physical meaning
of Teon, since a careless reading invites a real objection: if 7., were literally the duration of the
emission event itself—the time during which the atom is “partway through” emitting—this would
imply a partial quantum of energy existing mid-emission, in direct conflict with the postulate that
the electromagnetic field carries energy only in complete, discrete units fiw. That is not what 7con
means. The photon’s energy is hw, complete and indivisible, at every instant from emission to
detection; there is no intermediate state of fractional energy. What 7., actually characterizes is
the temporal extent of the emitted wave packet’s envelope f in (5)—equivalently, the time delay
beyond which the photon’s field can no longer interfere with a time-shifted copy of itself. This
finite extent arises not from a gradual emission process but from the energy—time uncertainty
relation applied to the decaying excited atomic state that does the emitting: an excited state
with finite lifetime 7 (set by the spontaneous emission rate, the Einstein A coefficient) does not
have a perfectly sharp energy, and the resulting energy spread AE ~ h/7 Fourier-transforms into
a finite spectral linewidth Aw ~ 1/7 for the emitted photon. The coherence time 7cop ~ 1/Aw is
therefore best understood as the coherence time of the emitted wave train, numerically tied to
the excited state’s lifetime, not as a literal stretching-out of an instantaneous quantum event.
Each individual emission produces one complete photon of energy hwg for some frequency wy
drawn from the Lorentzian line shape; 7.o, describes the resulting wavepacket envelope and
the linewidth of the distribution of emitted frequencies across repeated emissions, not a single
emission’s duration.

The coherence length I, = cTeon is set by the emission process:

e Thermal source (sunlight): each photon is emitted by a single atomic transition from an
excited state of lifetime 7 ~ 1/Aw, giving a coherence time e ~ 1/Aw, where Aw is the
linewidth. The linewidth is set by the natural linewidth (spontaneous emission rate) and

collisional broadening.

e Laser: stimulated emission into a single mode gives 7o, limited only by cavity losses and

laser linewidth—many orders of magnitude longer.

e Single photon from a two-level atom: 7., = 1/A., where A4 is the Einstein A

coefficient.

In each case, Teon is set by the emission dynamics, and 7eon = A/WoTeon follows from

equation (56).
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11.3 Open Questions

The photon AL equation from first principles. Section 3 motivates the photon AL
equation by analogy and dimensional analysis. A rigorous derivation from the Maxwell equations
and vacuum ZPF—analogous to the electron AL derivation from the Coulomb field—remains to

be completed.

QED beyond one loop. The present framework gives the Feynman rules of QED at tree
level and one loop. The extension to higher loops, and the treatment of infrared divergences

(soft photon emission), requires a more complete treatment of the non-Markovian corrections.

The photon in a medium. The present treatment is for the photon in vacuum. Extension to
photons in a dielectric medium (refractive index n, group velocity vy < ¢) would require replacing

¢ — vg in the photon SDE, which would give a modified diffusion coefficient D, = 02 /2wyp.

12 Conclusion

We have extended the stochastic electrodynamic framework of Papers 1-7 to the photon, deriving

three major results without any quantum postulate:

1. The photon diffusion coefficient:

C2 h off h/(JJO

= — = m, = —F.
T 2w 2met? v c2

(20)
Derived by equating two independent expressions for <pﬁ_> from the photon Abraham-—
Lorentz equation. Same form as D = i/2m for the electron.

2. Maxwell equations from the photon Fokker—Planck:

F=,/GE+—=B 1
Photon Fokker Planck ———°» VxE=-9B, VxB= 9B  (42)
C

The Madelung transformation using the Riemann—Silberstein vector linearises the Fokker—
Planck into Maxwell’s equations—the photon analogue of deriving Schrodinger from the
electron Fokker—Planck.

3. Malus’s law from Brownian motion:
P(pass) = cos . (49)

Derived from first-passage probability of Brownian motion on the Poincaré sphere. The

50/50 randomness at o = 45° follows from the symmetry of the starting position.

4. Photon randomness: The photon’s randomness originates in the electromagnetic vacuum

ZPF—the same field of which the photon is a quantum. There is no hidden variable beyond
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the ZPF itself. The coherence volume at formation equals Veop, = A2 - ¢Teon. This intrinsic
single-photon quantity is distinct from the observed van Cittert—Zernike coherence radius
of sunlight at Earth (Sec. 7); we show (Sec. 7.4) that the diffusive growth law governing
formation gives way to ordinary diffractive spreading beyond the Rayleigh range, so that a
single photon’s coherent wavefront at Earth is in fact many orders of magnitude larger than
the ensemble van Cittert—Zernike radius—the two describe different physical quantities,

not competing predictions of the same observable.

QED: The coupling of the electron and photon SDEs gives the QED interaction vertex

ej"A,, with propagators given by the electron SDE Green’s function and the photon

)

cross-correlation 51(512 of Paper 2.

The universal relation D = hi/2mjpertia) holds for both the electron (mipertia) = m) and the

photon (Minertial = Awo/c?). The difference between Schrodinger and Maxwell is spin: % gives

the gradient operator; 1 gives the curl.
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