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Abstract

This paper extends Maxwell’s classical electrodynamics using the Quantum Measurement
Units (QMU) framework, replacing empirical medium constants with geometry-first closures,
such as speed closure c = λCFq, channel conversion e2

eemax2 = 8πα, and Gauss-surface flux-square
occupancy fixed by the Aether seat-map factor Au

kC
= 16π2 [Thomson III, 2025b]. We extend this

ledger into a QMU-native constitutive theory by reconstructing the auxiliary fields D and H in
a way that respects the singular-to-distributed charge conversion rules and the explicit exception
class for perm, ptty, indc, capc, and cond [Thomson, 2025a]. Using the QMU tables as the
dimensional ground truth [Thomson, 2025b], we define a two-layer field dictionary (flux-density
vs strength) and derive constitutive maps that reduce to the twenty-equation vacuum case in the
uniform-rmfd limit while supporting anisotropic response in non-uniform Aether states. The
new framework provides experimental predictions for birefringence in non-uniform Aether and
lays the foundation for further exploration of electromagnetic wave propagation in quantum
geometry. All expressions are given in QMU.
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1 Aim and scope

The twenty-equation Maxwell ledger lists a QMU-valid set of pointwise field relations, dual-potential
definitions, gauge choices, and two global occupancy constraints [Thomson III, 2025b]. It closes
transport and cross-channel conversion without invoking empirical medium constants.

The present goal is different: to construct a constitutive layer that allows us to speak in the classical
language of (E, B) versus (D, H), but with Quantum Measurement Units (QMU) semantics:

(i) dual charge channels (electrostatic e2 vs magnetic eemax
2),

(ii) singular-to-distributed conversion with explicit exceptions,
(iii) a field dictionary that distinguishes flux-density variables from strength variables,
(iv) vacuum closure that reproduces the twenty-equation system,
(v) an extension path for anisotropic response driven by rotating magnetic field (rmfd) non-

uniformity.

2 Ledger identities and conversion rules

2.1 Geometry-first closures (used, not counted)

We adopt the three geometry-first identities emphasized in the Maxwell ledger [Thomson III, 2025b]:

Speed closure: c = λCFq, (1)

Channel conversion: e2

eemax2 = 8πα, (2)

Flux-square occupancy: Φ2
D

q 2
e

= Au,
Φ2

B

q 2
m

= Au, ΦD =
∮

S
D · dS, ΦB =

∮
S

B · dS. (3)

Here c is the photon propagation speed in the ledger, λC is the quantum length (Compton wavelength),
Fq is the quantum frequency, e2 is the electrostatic charge primitive, eemax

2 is the magnetic charge
primitive, and α is the fine-structure constant. The constant Au is the Aether flux-square occupancy
constant; its dimensionless seat-map factor is Au/kC = 16π2. The quantities qe and qm denote total
enclosed electric and magnetic charge, respectively, and S is a closed surface with outward area
element dS, so that ΦD =

∮
S D ·dS and ΦB =

∮
S B ·dS are the electric- and magnetic-channel fluxes

used in the occupancy constraints (with D the electric flux-density layer in the field dictionary of
Section 4.3).

These are structural statements of the Aether ledger; they fix propagation and constrain admissible
field solutions.

2.2 Charge conversion factor rules and the exception class

The charge conversion factor (CCF) rules specify how singular-charge quantities are ingested into
a ledger whose primitive charge book-keeping is distributed over the Aether geometry [Thomson,
2025a]. A key point for constitutive theory is the exception class:

{perm, ptty, indc, capc, cond} require no CCF on the unit. (4)
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In particular, the QMU ledger treats conductance as reciprocal magnetic flux,

cond = mflx−1, (5)

so the circuit/field bridge must be built QMU-first (not imported from SI heuristics) [Thomson,
2025a].

3 QMU field dictionary: flux-density vs strength

3.1 Why a dictionary is required

In the twenty-equation set, E and B appear in Gaussian normalization and are QMU-valid as
written [Thomson III, 2025b]. However, QMU distinguishes (at minimum) two operational layers:

(a) flux-density fields tied to surface/loop accounting (Gauss and Faraday observables),
(b) strength fields tied to local forcing and impedance-like response.

The QMU tables explicitly provide both layers for electric and magnetic fields [Thomson, 2025b].
We will use the following notation:

EF (electric flux-density layer), ES (electric strength layer), BF , BS likewise for the magnetic channel.

3.2 Table-grounded identifications

From the QMU tables [Thomson, 2025b], we adopt the canonical field units

[ES ] = elfs, [EF ] = dvef, [BF ] = mfxd, [BS ] = magr. (6)

The same tables imply the convenient λC-lifts

elfs = λC · dvef, magr = λC · mfxd, (7)

so a single geometric scale λC relates flux-density and strength layers.

Unit names. Here elfs denotes the electric field strength unit, dvef the electric flux-density unit
(aka diverging electric field), mfxd the magnetic flux-density unit, and magr the magnetic field
strength (aka magnetic rigidity) unit, as tabulated in Thomson [2025b].

3.3 Where perm and ptty enter (QMU-native)

The QMU tables also imply the substrate decompositions

perm = 1
curl , ptty = 1

Au
, (8)

so the propagation closure is purely geometric:

perm · ptty = 1
Au curl = 1

c2 , c = λCFq, Aucurl = λC
2Fq

2. (9)



4 RECONSTRUCTING D AND H IN QMU 6

Equation (9) is the QMU replacement for the usual insertion of empirical vacuum constants; it is a
ledger identity.

Substrate names. Here perm denotes the QMU permeability (torsional response) and ptty the
QMU permittivity (rotational response); both belong to the no-CCF exception class and are treated
as substrate ratios in this paper.

4 Reconstructing D and H in QMU

4.1 Design criteria

We want D and H to satisfy:

(i) In the vacuum/uniform-rmfd limit, the twenty-equation system is recovered [Thomson III,
2025b].

(ii) D and H are defined in a way that respects the CCF exception class [Thomson, 2025a].
(iii) The constitutive map makes explicit which layer (flux-density vs strength) is being connected.

4.2 Proposed QMU constitutive quartet (first-pass)

We propose the following first-pass identifications:

D ≡ EF , B ≡ BF , E ≡ ES , H ≡ BS , (10)

i.e., (D, B) are the flux-density layer and (E, H) are the strength layer. Then the table-grounded
lifts (7) become the vacuum constitutive laws:

E = λC D, H = λC B. (11)

4.2.1 Two strength notions and their reconciliation

The QMU tables provide an operational strength notion (used in Section 5) and, independently,
a constitutive-conjugate strength notion that is convenient for boundary-value problems. To keep
these roles distinct we use:

• (E, H) for the operational strength layer (units elfs and magr), related to the flux-density
layer (D, B) by the geometric lift (11) in uniform Aether.

• (E⋆, H⋆) for the constitutive-conjugate strengths defined by the exception-class response
operators:

Di = pttyij(ω) E⋆
j , Bi = permij(ω) H⋆

j , (12)
so that ptty and perm play the standard “constitutive operator” role without importing SI
heuristics.

In the isotropic vacuum limit (ptty = 1/Au, perm = 1/curl), the two strength notions are related
algebraically:

E⋆ = ptty−1D = Au D = Au

λC
E, H⋆ = perm−1B = curl B = curl

λC
H. (13)
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Thus (E, H) are the “λC-lifted” strengths appropriate for local forcing units, while (E⋆, H⋆) are the
conjugate strengths paired directly with (D, B) by the substrate operators.

Table 1: Field dictionary with two strength notions (uniform-Aether relations shown).
Layer / role Symbols QMU units Uniform-Aether relation

Flux-density (Gauss/Faraday accounting) (D, B) (dvef, mfxd) —
Operational strength (local forcing scale) (E, H) (elfs, magr) E = λCD; H = λCB

Conjugate strength (constitutive operator pairing) (E⋆, H⋆) (set by ptty, perm) E⋆ = AuD; H⋆ =
curlB

For plane waves in uniform Aether, |D| = |B| (Eq. (34)), so |E| = |H| by the λC-lift, while the
conjugate ratio is controlled by the impedance-like factor:

|E⋆|
|H⋆|

= Au

curl =
(√perm

ptty

)2
= Z2 with Z defined in Eq. (45), (14)

consistent with the separation “product controls speed, ratio controls partitioning” developed in
Section 6.

The lift (11) is an operational identification: it states that the QMU strength proxies (E, H) are the
corresponding QMU flux-density fields (D, B) scaled by the fundamental quantum length λC (cf.
the table lifts (7)). Propagation, by contrast, is fixed by the substrate closures involving perm and
ptty (Section 5, Eq. (22)), which enter the wave operator when expressed in physical time t rather
than ledger light-time τ = ct. In short: λC fixes the flux-density ↔ strength map, while perm ptty
fixes the transport scale.

This is not the SI pattern D = εE and B = µH for the operational strengths (E, H); instead, QMU
makes the geometric scale λC explicit and keeps perm and ptty for the impedance/propagation
closures (9). Section 4.3 generalizes (11) to non-uniform Aether states.

Reconciliation of the two strength dictionaries. The paper uses two equally valid strength
layers. The operational strengths E ≡ λCD and H ≡ λCB (units elfs and magr) are a geometric lift of
the flux densities by the quantum length λC and are convenient for wave-impedance style comparisons.
The constitutive-conjugate strengths E⋆ ≡ ptty−1D and H⋆ ≡ perm−1B are the natural variables
paired to the exception-class response operators. In isotropic vacuum, E⋆ = AuD = (Au/λC)E and
H⋆ = curlB = (curl/λC)H, so the two layers differ only by vacuum substrate ratios and encode the
same physics in different operational coordinates.

Sign conventions for measured phase. We take fields ∝ ei(k·x−ωτ). A positive birefringent
splitting ∆vph > 0 implies a negative wavenumber shift ∆k = −(ω/v2

ph) ∆vph at fixed ω. Accordingly,
a measured path-integrated phase difference ∆Φ =

∫
∆k ds inherits this sign. Throughout, we

report both ∆vph (speed-splitting language) and ∆Φ (interferometric language) so that laboratory
observables are unambiguous.
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4.3 Constitutive operator form and rmfd non-uniformity

Following the Maxwell ledger’s rmfd extension mechanism [Thomson III, 2025b], we encode local
Aether non-uniformity by Θik ≡ ∇iUk and introduce QMU couplings normalized by Au. A minimal
constitutive update is then written at the strength-layer as

Ei = λC

(
δi

k + χE Θi
k

)
Dk, H i = λC

(
δi

k + χH Θi
k

)
Bk, (15)

which reduces to (11) when Θ = 0 and supports birefringent propagation when Θ ̸= 0 [Thomson III,
2025b]. The task of the remaining sections is to (i) derive the resulting wave equations and (ii)
express the observable dispersion/eigenmodes in purely QMU terms.

Notational discipline. The symbol α is reserved for the fine structure constant in the channel
conversion (2). The dimensionless response coefficients (χE , χH) introduced here parameterize
coupling of the field sector to rmfd non-uniformity Θ; they need not equal α, though a microscopic
reduction may plausibly express them as functions of α and other QMU invariants.

5 Wave equations and dispersion in QMU

5.1 Maxwell system in the reconstructed (D, B, E, H) language

The twenty-equation Maxwell ledger is written in Gaussian normalization and is QMU-valid as stated
[Thomson III, 2025b]. In Section 4.3 we proposed a QMU dictionary in which (D, B) denote the
flux-density layer and (E, H) denote the strength layer (10). For the wave analysis it is convenient
to write the source-form system in terms of the flux-density layer:

∇· D = 4πρe, (16)
∇· B = 4πρm, (17)

∇ × B − ∂τ D = 4πje, (18)
∇ × D + ∂τ B = −4πjm, (19)

where the ledger time coordinate is the light-time (length-like) variable

τ ≡ c t, c = λCFq. (20)

Thus ∂τ = (1/c)∂t and the standard wave operator is

□ ≡ ∇2 − ∂2
τ = ∇2 − 1

c2 ∂2
t . (21)

5.1.1 Vacuum factorization into perm and ptty

In QMU, permeability perm and permittivity ptty are part of the distributed-charge exception class
(permeability, permittivity, inductance, capacitance, and conductance), meaning they translate
without applying the charge conversion factor; this is consistent with the unit-ledger definitions
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[Thomson, 2025d]. A convenient and physically interpretable consequence is that the vacuum
propagation constant factorizes exactly:

perm ptty =
( me λC

eemax2

)( eemax
2

me λC
3 Fq

2

)
= 1

λC
2 Fq

2 = 1
c2 , (22)

where we used the QMU definitions of perm and ptty [Thomson, 2025c] and the QMU identity
c ≡ FqλC (photon velocity as quantum frequency times quantum length). Equivalently, since
Au ≡ 1/ptty and curl ≡ 1/perm in the QMU ledger [Thomson, 2025c], Ledger One yields

Au curl = 1
perm ptty = c2. (23)

Using (22), the standard wave operator (21) may be written in explicitly factorized form:

□ = ∇2 − perm ptty ∂2
t . (24)

This is the QMU statement that electromagnetic wave propagation is governed by a torsion–rotation
product: perm encodes the reciprocal torsion scale (turns, i.e. reciprocal curl), while ptty encodes
the reciprocal rotational scale (inverse Aether unit).

The dual continuity equations are

∂τ ρe + ∇· je = 0, ∂τ ρm + ∇· jm = 0, (25)

which are among the counted relations in the Maxwell ledger [Thomson III, 2025b].

5.2 Sourced wave equations for the flux-density layer

Apply ∇× to (19) and use (18) together with ∇ × (∇ × D) = ∇(∇ · D) − ∇2D and (16). One
obtains

□D = 4π
(
∇ρe + ∂τ je + ∇ × jm

)
. (26)

Likewise, apply ∇× to (18) and use (19) and (17) to obtain

□B = 4π
(
∇ρm + ∂τ jm − ∇ × je

)
. (27)

Equations (26)–(27) are the radiative completion of the flux-density layer in QMU form. In the
source-free limit, □D = 0 and □B = 0 with propagation speed fixed by c = λCFq.

5.3 Wave equations for the strength layer under the QMU constitutive operator

In uniform Aether states (Θ = 0), the strength layer is a purely geometric lift of the flux-density
layer (11), so

□E = λC □D, □H = λC □B, (28)

and the sourced strength-layer wave equations follow directly from (26)–(27).

In non-uniform Aether states we use the operator form (15):

Ei = λC Ei
kDk, H i = λC Hi

kBk, Ei
k ≡ δi

k + χE Θi
k, Hi

k ≡ δi
k + χH Θi

k. (29)
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If Θ varies slowly on the scale of a wavelength (the regime used in the pp-wave analysis in
[Thomson III, 2025b]), then to leading order one may treat E and H as locally constant and commute
them through □. In that approximation,

□Ei ≈ λC Ei
k □Dk, □H i ≈ λC Hi

k □Bk, (30)

and the non-uniformity enters by modifying the polarization eigenmodes (next subsection). Beyond
this approximation, derivatives of Θ generate additional coupling terms that are higher order in the
non-uniformity scale.

5.4 Source-free dispersion and polarization eigenmodes (local plane-wave limit)

Assume a locally homogeneous region with ρe = ρm = 0, je = jm = 0, and approximately constant
Θ. Seek plane-wave solutions

D(x, τ) = D0 ei(k·x−ωτ), B(x, τ) = B0 ei(k·x−ωτ). (31)

Then □ → −(k2 − ω2), and (26)–(27) imply the standard dispersion

ω2 = k2 ⇐⇒ ω2
t = c2k2, ωt ≡ ω c. (32)

Dispersion in explicit perm–ptty form. Using (22), the vacuum dispersion relation (32) may
be written as

ω2
t = 1

perm ptty k2. (33)

This form makes clear that any medium generalization in QMU can be posed as a controlled
deformation perm ptty 7→ permeffpttyeff (possibly tensorial and anisotropic), while keeping the
ledger structure of the wave operator (24) intact.

Transversality and amplitude relations. In the source-free vacuum limit, (16)–(19) enforce
the familiar constraints k · D0 = 0, k · B0 = 0 and

k × D0 = −ω B0, k × B0 = ω D0. (34)

Hence B0 = k̂ × D0 and |B0| = |D0|, and the QMU strength-layer fields satisfy E0 = λCD0 and
H0 = λCB0 by (10), implying |E0| = |H0| in vacuum. Operationally, this is the Gaussian-normalized
statement that the propagating mode carries equal electric and magnetic strength amplitudes, while
the propagation speed is set entirely by the torsion–rotation product perm ptty.

The constitutive operator (29) does not change the scalar dispersion at this order; instead, it splits
the transverse polarization eigenmodes by inducing anisotropy in the strength layer. Let P⊥ denote
the projector onto the plane orthogonal to k. The transverse symmetric response is governed by the
projected strain S⊥ ≡ P⊥SP⊥, whose eigenvectors give the polarization axes. To first order in the
couplings, the strength-layer phase velocities split as

v
(a)
ph ≈ c

[
1 − χE + χH

2 λa

(
S⊥

)]
, a = 1, 2, (35)

which is the local-plane-wave statement corresponding to the pp-wave birefringence derived in the
Maxwell paper [Thomson III, 2025b]. In QMU, the only speed scale is c = λCFq; the splitting is
controlled by Aether non-uniformity (Θ) and the coupling combination (χE + χH) normalized by
Au via (15).
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5.5 Metrological closure of the vacuum wave sector (QMU-only)

The wave-sector equations above are predictive only insofar as the vacuum constitutive operator
M0 and any non-uniform substrate response parameters are fixed by operational QMU realizations,
rather than treated as free coefficients. Two QADI metrology papers provide the appropriate closure
machinery:

1. Thomson III [2025c] specifies reference realizations for the QMU base set {me, λC , Fq, e2, eemax
2}

and the aether constants Au and ma, with explicit QMU-only calibration chains. The primary
stiffness closure is the Ledger One identity

Au curl = Fq
2 λC

2, (36)

which is the metrological anchor for the vacuum propagation scale in this paper.
2. Thomson [2025e] gives an operational extraction of Au via three blueprint experiments (AB-

type interferometer, structured-boundary cavity, Casimir-configured insert), treating the curl
as a defined constant curldef ≡ eemax

2/(meλC) and defining the dimensionless closure factor

ΓQ ≡ Au curldef

Fq
2 λC

2 , (37)

together with non-circular ratio and triad tests:

Au

kC

?= 16π2, (38)

Au curldef
?= Fq

2 λC
2. (39)

For the present analytic program (no laboratory), the role of these protocols is twofold:

• Parameter elimination. Any scalar “vacuum response” prefactors that appear in M0 are
not new physics parameters; they are shorthand for metrologically-defined QMU ratios built
from (Au, curl, Fq, λC , eemax

2, me). In particular, the propagation closure FqλC = c and the
stiffness closure Aucurl = Fq

2λC
2 remove the need to import external µ0, ε0-style constants in

the main ledger.
• Uncertainty discipline. When we later introduce non-uniform rmfd response (spatial

variation of M through the Θ-operator), the only admissible free functions are dimensionless
modulation profiles; their amplitudes should be reported against the metrological standards
above (e.g., a bounded δcurl/curl or δAu/Au), consistent with the QMU-only uncertainty
models in Thomson III [2025c].

5.6 Two polarization observables: local birefringence and global duality rotation

The extended-QMU Maxwell system supports two distinct polarization effects that are easy to
conflate in conventional notation but separate cleanly in the ledger:

(i) Local birefringence from non-uniform rmfd response. When the substrate response
varies, encoded here by a nontrivial Θ-operator acting on the material tensor M, the plane-wave
eigenproblem for the transverse fields yields polarization-dependent phase speeds. These phase
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speeds split due to spatial variations in the constitutive response, leading to birefringence. In
the QMU framework, this effect is dimensionless and proportional to the rmfd shear rate and the
combined coupling (χE + χH), where χE and χH represent the coefficients describing the electric
and magnetic coupling, respectively. The key insight for this paper is that birefringence arises as
a dispersion/eigenmode phenomenon—specifically, it results from spatially varying constitutive
response, as demonstrated in the twenty-equation Maxwell ledger [Thomson III, 2025b].

(ii) Global duality rotation from a topological F ∧ F tilt. Independently, a homogeneous
pseudoscalar tilt produces a frequency-independent rotation of linear polarization without requiring
anisotropic phase speeds. In QMU terms, the CMB paper derives a parameter-free duality angle

β0 = 1
16π2 , (40)

as the unit Pontryagin index normalization on an S2 × S2 boundary, and shows the standard EFT
mapping in which a topological term ∆L = κ F ∧F [Carroll et al., 1990, Minami and Komatsu, 2020]
corresponds to a duality rotation by β = κ for homogeneous late-time κ [Thomson and Bourassa,
2025]. This effect is not birefringence: it is a global mixing of the electric and magnetic sectors.

Why these belong together in an extended EM theory. Both mechanisms point to the
same geometric constant that pervades the APM ledger: 16π2 is simultaneously (a) the seat-map
factor entering the Maxwell (1864) QMU normalization, (b) the ratio Au/kC in the aether-stiffness
geometry, and (c) the topological normalization that sets β0 in the CMB duality-tilt derivation
[Thomson III, 2025b, Thomson, 2025e, Thomson and Bourassa, 2025]. Accordingly, the “extended
EM” program can be sharpened to a concrete, falsifiable design rule:

Any additional coupling that mixes (E, B) or distorts their wave eigenmodes must be
expressible as a dimensionless functional of the metrologically-closed QMU invariants
(notably Aucurl/Fq

2λC
2 and Au/kC), and it must predict both a laboratory-scale bire-

fringence signature under engineered rmfd gradients and the astrophysical duality angle
β0 in the homogeneous limit.

In the next section we implement this rule by writing the most general linear, local constitutive law
as a (2 × 2) operator on the (D, B) pair with an allowed pseudoscalar off-diagonal, and we track
how its QMU reduction yields either (i) birefringent dispersion when the operator varies in space,
or (ii) pure duality rotation when the operator is homogeneous.

6 Material generalization: tensor perm and ptty, and impedance-
like ratios

6.1 Why QMU does not reuse the SI constitutive pairing

In SI practice Born and Wolf [1999], one typically writes D = εE and B = µH and then treats ε and
µ as the primary constitutive inputs. In QMU this identification is not the correct starting point.
The reason is structural: QMU distinguishes singular-charge bookkeeping (electric channel) from
distributed-charge bookkeeping (magnetic channel), and the charge-conversion rules apply except
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for the unit class {perm, ptty, indc, capc, cond}. As a result, perm and ptty are not introduced as
empirical proportionalities between field variables; they are substrate ratios fixed by geometry and
by the Aether ledger.

Accordingly, this paper treats (D, B) and (E, H) as two operational layers (Section 4.3), with the
vacuum bridge set by the geometric lift E = λCD and H = λCB in the uniform-Aether limit. The
substrate scalars perm and ptty enter primarily by factorizing propagation and impedance-like
ratios.

6.2 Propagation closure written in perm–ptty form

From the QMU tables and ledger closure we use

perm = 1
curl , ptty = 1

Au
, Au curl = c2, c = λCFq, (41)

so that
perm ptty = 1

c2 . (42)

Therefore the wave operator may be written equivalently as

□ = ∇2 − 1
c2 ∂2

t = ∇2 − perm ptty ∂2
t , (43)

and the source-free dispersion becomes

ω2
t = 1

perm ptty k2 = c2k2. (44)

Equations (43)–(44) highlight the QMU interpretation: propagation speed is controlled by the
geometric product perm ptty (equivalently Au curl), not by an SI-style constitutive proportionality
between D and E.

6.3 Impedance-like ratios as the complementary factor perm/ptty

Once the speed is fixed by the product perm ptty, the remaining independent scalar combination is
the ratio

Z ≡
√perm

ptty =
√

Au

curl . (45)

This Z is the QMU analogue of an impedance-like scale: it is the unique scalar built from perm
and ptty that is independent of the propagation speed. In uniform Aether, Z is a fixed geometry
ratio; in non-uniform Aether it becomes a local functional when perm and ptty are promoted to
response operators (next subsection).

6.4 Tensor and dispersive generalization

For materials and for non-uniform Aether states, we generalize the substrate ratios to (possibly
dispersive) tensors:

perm → permij(ω), ptty → pttyij(ω), (46)
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subject to the QMU constraint that the principal part of the wave speed remains controlled by the
product perm ptty (vacuum limit) and reduces to (42) when the medium response is removed.

A minimal Aether-driven anisotropic model consistent with the Maxwell ledger extension mechanism
is

permij(ω) = perm
(
δij + χH(ω) Θij

)
, pttyij(ω) = ptty

(
δij + χE(ω) Θij

)
, (47)

where Θij = ∇iUj encodes the rmfd non-uniformity. This representation makes explicit which observ-
ables are controlled by product effects (speed/dispersion) and which by ratio effects (impedance/polarization
coupling).

Mapping of couplings across the two constitutive representations. The same dimensionless
response coefficients (χE , χH) are used in two equivalent coordinate representations of the linear
constitutive deformation: (i) the strength-layer lift update Ei = λC(δi

k + χEΘi
k)Dk and H i =

λC(δi
k + χHΘi

k)Bk (Eq. (15)), and (ii) the exception-class substrate tensors pttyij = ptty(δij +
χEΘij) and permij = perm(δij + χHΘij) (Eq. (47)). Thus no additional anisotropy parameters are
introduced by switching between the (E, H) and (E⋆, H⋆) formalisms; both descriptions reduce to
the same first-order eigenmode splitting controlled by the combination (χE + χH).

6.5 Eigenmode statement for the strength layer

In the local plane-wave limit, the sourced wave equations of Section 5 reduce (in source-free form)
to an eigenproblem that determines polarization axes. In QMU it is natural to express the splitting
in terms of the transverse action of Θ (projected orthogonal to k) together with the coupling
combination (χE + χH) that already appears in the pp-wave analysis. The operational summary is:

For fixed k and fixed local Aether state, the transverse eigenvectors of P⊥ΘP⊥ define
the polarization axes; the corresponding phase speeds are shifted at leading order by
the projected eigenvalues, with the overall scale set by c = λCFq and the coupling
combination (χE + χH).

This eigenmode viewpoint will be used in the next revision to derive a compact set of measurable
invariants of Θ (shear/rotation/expansion sectors) that map directly to polarization observables.

7 Tensor wave equation and eigenproblem for (D, B) with constitutive-
conjugate strengths

7.1 Purpose and variable conventions

This section formulates the frequency-domain polarization eigenproblem in a form suitable for
boundary-value problems and material generalizations. To avoid conflating the two strength notions
introduced in Section 4.3, we use the following convention:

• (D, B) remain the flux-density layer (Gauss/Faraday accounting), as in (16)–(19).
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• (E⋆, H⋆) denote the constitutive-conjugate strengths paired to the exception-class response
operators ptty and perm.

• The operational strengths (E, H) (units elfs, magr) are related to (D, B) by the geometric
lift (uniform-Aether) E = λCD and H = λCB; their relation to (E⋆, H⋆) in vacuum is given
explicitly in (50).

7.2 Constitutive reconstruction using the exception-class tensors

We take the constitutive primitives to be the exception-class tensors

Di = pttyij(ω) E⋆
j , Bi = permij(ω) H⋆

j , (48)

where pttyij and permij may be dispersive and anisotropic. In the uniform-Aether vacuum limit
they reduce to the QMU substrate ratios

ptty = 1
Au

, perm = 1
curl , perm ptty = 1

c2 , c = λCFq, (49)

so the propagation scale is governed by the torsion–rotation product as in (9).

7.3 Vacuum reconciliation of operational and conjugate strengths

In isotropic vacuum, (11) and (48) imply

E⋆ = ptty−1D = Au D = Au

λC
E, H⋆ = perm−1B = curl B = curl

λC
H, (50)

so (E⋆, H⋆) are the natural variables for constitutive pairing, while (E, H) remain the natural
variables for operational “strength-layer” discussion and wave impedance-style comparisons.

7.4 Source-free Maxwell system and frequency-domain reduction

In a source-free region (ρe = ρm = 0 and je = jm = 0), the ledger equations may be written in the
familiar (E⋆, H⋆) form

∇· D = 0, ∇· B = 0, (51)
∇ × H⋆ − ∂τ D = 0, ∇ × E⋆ + ∂τ B = 0, (52)

with τ ≡ ct (Section 5). Seek local plane-wave solutions

E⋆(x, τ) = E⋆
0 ei(k·x−ωτ), H⋆(x, τ) = H⋆

0 ei(k·x−ωτ). (53)

Then ∇ → ik and ∂τ → −iω, and (52) becomes

k × H⋆ = −ωD, k × E⋆ = ωB, (54)

together with the transversality constraints k · D = 0 and k · B = 0.
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7.5 Electric eigenproblem (tensor perm and ptty)

Using (48) to eliminate B and D from (54) yields the QMU eigenproblem for E⋆:

k ×
(
perm−1(ω) · (k × E⋆)

)
= ω2 ptty(ω) · E⋆, k ·

(
ptty(ω) · E⋆)

= 0. (55)

This is the direct QMU analogue of the standard anisotropic eigenproblem, expressed purely in the
exception-class response operators. In the vacuum limit, (55) reduces to the dispersion ω2 = k2

(equivalently ω2
t = c2k2 with ωt = cω).

7.6 Magnetic eigenproblem

Similarly, eliminating E⋆ yields the companion eigenproblem for H⋆:

k ×
(
ptty−1(ω) · (k × H⋆)

)
= ω2 perm(ω) · H⋆, k ·

(
perm(ω) · H⋆)

= 0. (56)

7.7 Isotropic limit: product controls speed; ratio controls impedance-like scale

If permij = perm δij and pttyij = ptty δij , then (55) reduces to

k × (k × E⋆) = ω2 perm ptty E⋆, (57)

so transverse modes satisfy ω2 = (perm ptty) k2 and hence ω2
t = (perm ptty)−1k2 = c2k2 (Section 6).

The complementary independent scalar combination

Z ≡
√perm

ptty =
√

Au

curl (58)

sets impedance-like ratios and boundary partitioning between E⋆- and H⋆-type amplitudes.

7.8 Aether-driven anisotropy as a perturbation of the eigenproblem

With the minimal rmfd-driven model (47), treat (χE + χH)Θ as small. Then (55) becomes a
degenerate perturbation problem on the transverse polarization subspace. To first order, the
polarization axes are the eigenvectors of the transverse operator P⊥ΘP⊥, and the two phase
speeds split with an overall coefficient proportional to (χE + χH), matching the pp-wave result in
Thomson III [2025b].

8 Decomposition of Θ and first-order birefringence

8.1 Kinematic decomposition

The rmfd non-uniformity tensor Θij = ∇iUj can be decomposed into symmetric and antisymmetric
parts,

Θij = Sij + Aij , Sij ≡ 1
2

(
Θij + Θji

)
, Aij ≡ 1

2
(
Θij − Θji

)
. (59)
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The symmetric part Sij further decomposes into expansion (trace) and shear (traceless) sectors:

θ ≡ Si
i, σij ≡ Sij − 1

3θ δij , σi
i = 0. (60)

In the local plane-wave limit, the observable polarization effects are controlled by the transverse
restriction of these tensors relative to the propagation direction.

8.2 Transverse projection

Let k̂ be the unit propagation direction and define the transverse projector

(P⊥)ij ≡ δij − k̂ik̂j . (61)

The projected non-uniformity is

Θ⊥ ≡ P⊥ Θ P⊥, S⊥ ≡ P⊥ S P⊥, A⊥ ≡ P⊥ A P⊥. (62)

The polarization eigenaxes are governed by the symmetric projected operator S⊥. The antisymmetric
part A⊥ induces rotation (optical activity) of the polarization basis but does not split the two
transverse phase speeds at leading order in the weak-anisotropy regime (it is a similarity action on
the transverse subspace).

8.3 First-order dispersion shifts from the tensor eigenproblem

Using the constitutive primitives (48) and the electric eigenproblem (55), we consider the minimal
rmfd-driven perturbation model

permij = perm
(
δij + χH Θij

)
, pttyij = ptty

(
δij + χE Θij

)
, (63)

with ∥χEΘ∥, ∥χHΘ∥ ≪ 1 and slowly varying Θ on the wavelength scale. To first order, the two
transverse polarization eigenmodes are the eigenvectors of the 2 × 2 symmetric matrix S⊥, and their
physical angular frequencies obey

ω
(a)
t ≈ c k

[
1 − χE + χH

2 λa

(
S⊥

)]
, a = 1, 2, (64)

equivalently, for fixed ωt the wavenumbers split as

k(a) ≈ ωt

c

[
1 + χE + χH

2 λa

(
S⊥

)]
, a = 1, 2. (65)

Here λa(S⊥) are the eigenvalues of the transverse symmetric operator. The isotropic contribu-
tion from the transverse trace produces a common-mode shift, while the shear sector produces
birefringence.



8 DECOMPOSITION OF Θ AND FIRST-ORDER BIREFRINGENCE 18

8.4 Circuit-facing observables (QMU-native)

For lab integration, we distinguish (i) product effects that control propagation (speed/dispersion)
and (ii) ratio effects that control partitioning (impedance/polarization). In the isotropic limit the
product perm ptty = 1/c2 fixes the wave speed, while the independent scalar ratio

Z ≡
√perm

ptty =
√

Au

curl (66)

sets boundary partitioning between electric- and magnetic-dominant amplitudes. Circuit observables
connect through the QMU conductance primitive cond ≡ mflx−1, and the phase observable

∆Φ(ω) =
∫

∆k(ω) ds (67)

is the most direct discriminator for rmfd-driven birefringence because it does not require any SI
reconstruction: it is a pure ratio measurement against a reference arm or reference state.

8.5 Explicit 2D invariants for birefringence

Choose coordinates so that k̂ is along the third axis. Then S⊥ is a 2 × 2 symmetric matrix with
components S11, S22, S12 = S21. Define the transverse trace and shear invariants

θ⊥ ≡ S11 + S22, σ+ ≡ 1
2(S11 − S22), σ× ≡ S12. (68)

Then the eigenvalues are
λ1,2(S⊥) = θ⊥

2 ±
√

σ2
+ + σ2

×, (69)

so the birefringent splitting depends only on the transverse shear magnitude

∆λ ≡ λ1 − λ2 = 2
√

σ2
+ + σ2

×. (70)

From (64), the corresponding first-order phase-speed splitting is

v
(1)
ph − v

(2)
ph

c
≈ −χE + χH

2 ∆λ = −(χE + χH)
√

σ2
+ + σ2

×. (71)

This provides a compact, QMU-native birefringence law: the splitting is controlled by the coupling
combination (χE + χH) and the transverse shear magnitude of the Aether non-uniformity tensor.

8.6 Path-integrated phase observable

At fixed ωt, the sign of (k(1) − k(2)) is opposite to the sign of the phase-speed split in Eq. (71); the
observable in interferometry is the accumulated phase ∆Φ itself. For a monochromatic wave of fixed
physical angular frequency ωt traversing a path of length L through a region where the transverse
invariants are approximately constant, the accumulated relative phase is

∆Φ ≡
(
k(1) − k(2))L ≈ ωt

c
(χE + χH)

√
σ2

+ + σ2
× L, (72)

with c = λCFq and with the understanding that σ+, σ× are the transverse shear invariants of Θij .
Equation (72) is the general local-plane-wave counterpart of the pp-wave phase observable derived
in the Maxwell paper [Thomson III, 2025b].
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9 Discussion and integration with circuit observables (planned)

9.1 Exception-class conductance and quantum Hall quantization (QMU-only)

The exception-class identity cond = mflx−1 (5) must be consistent with the empirical robustness of
conductance quantization in quantum Hall systems. [v. Klitzing et al., 1980] In QMU, the magnetic
flux quantum is naturally written as

mflx = h

eemax2 , (73)

so that
cond = mflx−1 = eemax

2

h
. (74)

The usual Hall conductance quantum is proportional to e2/h. Using the channel conversion
e2/eemax

2 = 8πα (2), one finds the purely dimensionless reduction

e2

h
= e2

eemax2
eemax

2

h
= (8πα) cond. (75)

Thus Hall quantization is naturally expressed as integer (or rational) multiples of the QMU
conductance unit, with the expected 8πα channel factor carrying the entirety of the electric–
magnetic bookkeeping. This provides a concrete, QMU-native rationale for why cond belongs to
the no-CCF exception class: the topological quantization resides in the flux/action sector (h and
mflx), while charge-channel conversion enters only through a dimensionless factor.

This section will tie the constitutive reconstruction to the CCF exception class and circuit primitives,
including the identity cond = mflx−1 and the QMU interpretation of impedance-like ratios.
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A Conventional-constant crosswalk (translation only)

Purpose. This appendix is a reader-facing dictionary between QMU substrate ratios and the
conventional vacuum constants. It is not used in the constitutive derivations in the main text.

Gaussian-to-conventional normalization. Adopting the Gaussian-style 4π normalization used
throughout the Maxwell ledger, the vacuum substrate ratios map to the conventional constants by

perm = 4π µ0, ptty = ϵ0
4π

. (76)

With this choice,
perm ptty = µ0ϵ0 = 1

c2 , (77)

https://zenodo.org/communities/aetherphysics
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which matches the QMU propagation closure perm ptty = 1/c2. Moreover, the complementary ratio
becomes perm

ptty = 16π2 µ0
ϵ0

, (78)

making explicit the appearance of the 16π2 seat-map factor in impedance-like partitioning.
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