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Abstract

Hannes Alfvén established key concepts in plasma physics: magnetohydrodynamic (MHD)
wave propagation, field–fluid coupling, and the circuit interpretation of space plasmas with
discrete closure elements such as double layers. This paper rewrites the Alfvénic program in
Quantum Measurement Units (QMU) and the Aether Physics Model (APM) using a single
ledger anchor, Au curl = Fq

2 λC
2, and a strict separation between flux-domain line stiffness

and port-domain (Φ/I) impedance. The result is a dimensionally explicit circuit segmentation
(generator–transmission–load), a QMU-form generalized Ohm law, and a falsifiable multi-proxy
closure test (Gate A4) based on three independent impedance routes that share the same QMU
resistance unit resn. All results are stated in QMU only (no SI units in the main text).

Keywords: QMU; APM; Alfvén waves; MHD; circuit closure; double layers; impedance; LedgerOne

1 Introduction

Institutional attribution follows the QADI reference identity Thomson III [2025]. QMU reference
tables and the charge conversion rules used throughout are archived in Thomson [2025b,a].

Alfvén’s plasma work is notable for at least three intertwined themes: (i) wave propagation in
conducting media (Alfvén waves) Alfvén [1942]; (ii) the disciplined use of currents and circuits as
organizing objects in cosmic plasmas Alfvén [1977]; (iii) discrete non-ideal closure elements (double
layers) treated as circuit components that mediate energy conversion Alfvén [1986, 1970].

The purpose of this paper is to express these themes in a ledger-first QMU form that (a) keeps every
step dimensionally closed and (b) exposes a key QMU distinction: the natural Alfvénic transmission
stiffness is flux-domain, while circuit closure on the (Φ, I) port is charge-converted and therefore
lives in resn.

2 QMU Scaling, Starred Variables, and LedgerOne

2.1 Base scales used in this paper

We adopt the QMU base quanta {me, λC , Fq, eemax
2, Au, curl} with the usual derived scales:

leng := λC , time := Fq
−1, velc := Fq λC , volm := λC

3, mass := me, masd := mass
volm .

We also use the standard magnetic flux density scale mfxd and identify B0 with the background
field scale, B0 ≡ mfxd (event-specific values are expressed as B∗

0). The magnetic flux unit mflx is
used in the flux-domain formulation.

2.2 LedgerOne

The canonical closure identity is
Au curl = Fq

2 λC
2,
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which may be rewritten in velocity language as

Au curl = velc2 (velc := FqλC).

LedgerOne provides the propagation anchor for Alfvénic transmission in QMU form.

Interpretation (propagation constant decomposition). LedgerOne asserts that the square
of the propagation speed velc2 is not taken as primitive; rather, it decomposes into a product of
a rotational factor (Au) and a torsional factor (curl). This is the APM/QMU bookkeeping that
replaces the common habit of treating “the speed constant” as an irreducible constant.

Maxwell correspondence (symbolic, for recognition only). For readers trained in conven-
tional electrodynamics, LedgerOne is the QMU decomposition of the standard vacuum propagation
identity into two geometric factors. If one denotes the conventional electromagnetic propagation
constant then the correspondence is

velc2 ←→ 1
µ0ϵ0

, Au · curl ←→ 1
µ0ϵ0

.

No SI constants are required in the QMU derivation; the point is simply that QMU expresses the
same propagation invariant as a ledger product rather than a single constant.

Why this matters for plasma MHD. In the Alfvénic program, one typically treats the
field as providing a transmission stiffness and the plasma as providing closure. LedgerOne fixes
the transmission anchor velc2 as a product Aucurl, which is then carried forward into the flux-
domain stiffness ZAPM =

√
Au/curl and, after charge conversion, into the port-domain baseline

ZΦI,base = ZAPM/chrg = resn. In other words: the same ledger anchor controls both propagation
and admissible circuit bookkeeping.

2.3 Starred variables

For any quantity X with QMU scale [X], define X∗ := X/[X]. In particular:

ℓ∗ := ℓ

leng , t∗ := t

time , u∗ := u
velc , B∗ := B

mfxd .

3 Flux-Domain vs Port-Domain Impedance: the QMU Circuit
Distinction

3.1 Flux-domain line stiffness

Define the ledger-native Alfvénic stiffness

ZAPM :=
√

Au

curl .



3 FLUX-DOMAIN VS PORT-DOMAIN IMPEDANCE: THE QMU CIRCUIT DISTINCTION3

Using the QMU definitions of Au and curl, this object has the same dimensions as the magnetic
flux unit:

ZAPM = mflx.

Thus ZAPM is a flux-domain impedance.

3.2 Port-domain (Φ, I) impedance and the required charge conversion

Circuit closure is formulated on the port variables

Φ :=
∫

E∥ dℓ, I := dQ

dt
.

Define the current unit and resistance unit (QMU):

curr := eemax
2 Fq, resn := mflx

eemax2 .

Equivalently, writing chrg := eemax
2,

resn = mflx
chrg .

This is the dimensional rule: only objects with dimension resn may be added in a series Φ/I circuit
model.

3.3 Equivalent QMU factorizations of resn

The same impedance unit appears in multiple QMU factorizations:

resn = mflx
chrg = perm · chgv = chds ·mfxd = indc ·mcur.

This identity is the basis for Gate A4 (multi-proxy impedance consistency).

3.4 Ledger Domain Compatibility Rule (Flux mflx vs Port Φ/I)

A recurring source of confusion in SI-based plasma circuit discussions is the loose use of the word
“impedance” across inequivalent conjugate pairs. In QMU/APM, the remedy is a strict ledger rule.

Rule (Domain compatibility). Only quantities defined on the same conjugate port may be
combined algebraically in circuit laws. In this paper the circuit port is (Φ, I), with

Φ :=
∫

E∥ dℓ, I := dQ

dt
,

so any series combination must be an impedance of the form Φ/I, i.e. a quantity with QMU
dimension resn.
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Flux-domain vs port-domain objects. The ledger-native Alfvénic stiffness

ZAPM :=
√

Au

curl
is a flux-domain object with dimension mflx, not a port impedance. The port-domain conversion is
performed by the distributed charge unit chrg:

ZΦI := ZAPM
chrg ⇒ [ZΦI ] = mflx

chrg = resn.

Thus the statement “the transmission channel has impedance ZAPM” is incomplete unless the
domain is specified. The correct circuit statement is that the transmission channel has a (Φ, I)
port impedance proportional to ZAPM/chrg, with any additional geometric or regime factors made
explicit.

Immediate consequence. No quantity of dimension mflx may be added directly to a quantity
of dimension resn. A series closure law must always take the form

Φ = (ZΦI,trans + Rload) I

with both addends in resn units.

4 Alfvén MHD in LedgerOne Variables

4.1 MHD state variables in QMU form

A minimal MHD state uses (masd, u, B, p). In starred form we take

masd∗ := masd
mass/volm , p∗ := p

pres , pres := mass rson
leng (mass = me, leng = λC).

With this choice, the field-aligned pressure-gradient term appearing in the generalized Ohm law
obeys

∂∥pe = pres
leng ∂∗

∥p∗
e,

so the contribution to the closure voltage Φ∗ =
∫

E∗
∥ dℓ∗ is expressed entirely in QMU-starred

variables without introducing an ad hoc pressure scale.

4.2 Alfvén wave propagation (ledger statement)

Alfvén’s original insight is that a conducting medium with embedded field supports a coupled wave
mode Alfvén [1942]. In the APM/QMU circuit framing, the transmission region is a LedgerOne
channel in which the dominant stiffness is set by Au and curl, i.e. by ZAPM =

√
Au/curl in the flux

domain.

Operationally, when the circuit is formulated on (Φ, I), the transmission impedance must be the
charge-converted version:

ZΦI,base := ZAPM
chrg = resn.



6 DIMENSIONALLY CORRECT TRANSMISSION MODEL
(GENERATOR–TRANSMISSION–LOAD) 5

5 APM Generalized Ohm Law and Closure Integrals

5.1 Starred generalized Ohm law (operator split)

Write a generalized Ohm law as an ideal term plus non-ideal operators:

E∗ + u∗ ×B∗ = E∗
ni,

with a canonical decomposition

E∗
ni = η∗ J∗ + 1

n∗

(
J∗ ×B∗ −∇∗p∗

e

)
+ δ∗2

e

n∗
DJ∗

Dt∗ + 1
n∗ ∇∗ ·Π∗

e + E∗
op.

Here E∗
op denotes closure operators associated with discrete boundary elements (double layers and

related structures) emphasized by Alfvén Alfvén [1977, 1986].

Parameter meanings (dimensionless proxies). Here η∗ is the dimensionless resistive coefficient
(a port-domain dissipation proxy in resn-units under the chosen QMU scaling), and δ∗

e is the
dimensionless electron inertial length proxy (e.g., a skin-depth scale normalized by leng); thus the
term δ∗2

e DJ∗/Dt∗ represents electron-inertia (finite-mass) non-ideality in starred variables.

5.2 Field-aligned reduction and the closure voltage

Let b := B/|B|. Since b · (u×B) = 0 and b · (J×B) = 0, the Hall term is purely perpendicular
and does not directly contribute to the field-aligned drop. The aligned equation is

E∗
∥ = η∗J∗

∥ −
1
n∗ ∂∗

∥p∗
e + δ∗2

e

n∗

DJ∗
∥

Dt∗ + 1
n∗

(
∇∗ ·Π∗

e

)
∥ +

(
E∗

op
)

∥.

Define the starred closure voltage

Φ∗ :=
∫ L∗

0
E∗

∥(ℓ∗) dℓ∗.

5.3 Current, resistance, and the closure tuple

Let curr := chrg Fq be the QMU current unit and define I∗ := I/curr. The dimensionless resistance
is

R∗ := Φ∗

I∗ , RAPM := Φ
I

= R∗ resn.

This is the event-level closure tuple (I∗, Φ∗, R∗).

6 Dimensionally Correct Transmission Model (Generator–Transmission–
Load)
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6.1 Series closure on the (Φ, I) port

A generator–transmission–load segmentation is written as

Φgen = Φtrans + Φload, Φload = Rload I,

where Φ/I impedances are always in resn units (port domain).

6.2 Distributed transmission impedance density

Define a transmission segment T ⊂ [0, L] and a series impedance density zΦI(ℓ) such that

dΦtrans = zΦI(ℓ) I dℓ.

The natural QMU scale for zΦI is resn/leng. Define a dimensionless density ζ∗(ℓ∗) by

zΦI(ℓ) = ζ∗(ℓ∗) resn
leng , ℓ∗ = ℓ/leng.

Then, in starred form,
dΦ∗

trans
dℓ∗ = ζ∗(ℓ∗) I∗.

6.3 Transmission density ζ∗ as a non-ideality weight

The dimensionless transmission density ζ∗(ℓ∗) defined by

zΦI(ℓ) = ζ∗(ℓ∗) resn
leng ,

dΦ∗
trans

dℓ∗ = ζ∗(ℓ∗) I∗

should be interpreted as a non-ideality weight: it measures how much (Φ, I)-port impedance per unit
length is being realized in the transmission segment relative to the baseline ledger scale resn/leng.

Segment-averaged surrogate. A directly usable (event-level) surrogate is the segment average

ζ∗
T := 1

L∗
T

∫
T

ζ∗(ℓ∗) dℓ∗ = Z∗
trans
L∗

T
.

The ideal transmission baseline corresponds to ζ∗
T ≈ 1 (distributed impedance matches the

ledger scale resn/leng), while ζ∗
T ̸= 1 quantifies a regime-dependent departure from ideal Alfvénic

transmission.

Physical correlates (QMU-only statement). In follow-on work, ζ∗
T can be tested for correla-

tion with regime proxies for (i) intermittency/turbulence in u∗ and B∗, (ii) strong spatial gradients
(e.g., in n∗ or p∗

e along ℓ∗), or (iii) distributed operator activity in E∗
ni. This provides a quantitative

handle on when the transmission region behaves as a near-ideal LedgerOne channel (ζ∗
T ≈ 1) versus

when it contributes significant distributed port impedance.
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6.4 Lumped transmission impedance and dimensionally valid series addition

Integrating over the transmission segment T gives

Φ∗
trans = Z∗

trans I∗, Z∗
trans :=

∫
T

ζ∗(ℓ∗) dℓ∗.

In unstarred form,
Ztrans,APM := Z∗

trans resn, Φtrans = Ztrans,APM I.

Therefore the series model is dimensionally correct:

Φ∗
gen = (Z∗

trans + R∗
load) I∗, Z∗

trans, R∗
load ∈ R

because both represent Φ/I impedances normalized by resn. No flux-domain object (dimension
mflx) is added directly to a port-domain resistance.

6.5 Where ZAPM =
√

Au/curl enters correctly

The flux-domain stiffness ZAPM sets the baseline scale for transmission, but must be converted to
the port domain by division by chrg:

ZΦI,base := ZAPM
chrg = resn.

A minimal baseline choice is ζ∗(ℓ∗) ≈ 1 in an ideal transmission channel, so Z∗
trans ≈ L∗

T . Deviations
from ζ∗ ≡ 1 represent non-ideal distributed transmission effects.

7 QMU-Enabled Closure Tests (Gates) and Gate A4

7.1 Gate philosophy

Gates are falsifiable consistency conditions intended to distinguish (i) geometry/mapping failure, (ii)
inductive modeling failure, and (iii) operator-dominated closure. This paper records Gates A1–A4
explicitly; A1–A3 are prerequisites for applying A4 to real event catalogs.

7.1.1 Gate A1: extraction robustness of R∗ = Φ∗/I∗

Let S be a finite set of reasonable analysis settings (windowing, filtering, coordinate mapping
conventions, numerical quadrature variants) that preserve the same underlying event. For each
setting s ∈ S, compute

R∗
s := Φ∗

s

I∗
s

.

Gate A1 passes if the dispersion across settings is small:

MAD
(
{R∗

s}s∈S
)

median
(
{R∗

s}s∈S
) ≤ εA1,

for a chosen tolerance εA1 that is fixed for the study (and reported).
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7.1.2 Gate A2: segmentation stability (transmission vs discrete closure)

Let P be a set of reasonable segmentation proposals (choices of T and D consistent with the
diagnostics used). For each proposal p ∈ P, compute

Z∗
trans,p :=

Φ∗
trans,p
I∗ , Z∗

DL,p :=
Φ∗

DL,p

I∗ , R∗
p = Z∗

trans,p + Z∗
DL,p.

Gate A2 passes if the extracted discrete contribution is stable (or demonstrably multi-modal in a
reproducible way):

MAD
(
{Z∗

DL,p}p∈P
)
≤ εA2 or {Z∗

DL,p} is reproducibly multi-modal across event classes.

In the latter case, multi-modality is treated as a signal (operator spectrum), not a failure.

7.1.3 Gate A3: proxy definability (precondition for A4)

Before enforcing proxy agreement (A4), each proxy must be definable and stable under small
perturbations of its inference method. Let Z∗

2,q and Z∗
3,r denote proxy values computed under

alternative but reasonable proxy-inference variants q ∈ Q, r ∈ R (e.g., alternative channel geometries,
alternative spectral peak-picking rules). Gate A3 passes if each proxy is internally stable:

MAD
(
{Z∗

2,q}q∈Q
)

median
(
{Z∗

2,q}q∈Q
) ≤ εA3,

MAD
(
{Z∗

3,r}r∈R
)

median
(
{Z∗

3,r}r∈R
) ≤ εA3.

Only events passing A1–A3 are considered admissible for Gate A4 consistency tests.

Rationale. A1–A3 separate numerical/analysis instability from physical instability. Without these
gates, A4 residuals can be dominated by analysis artifacts rather than falsifying physics.

7.2 Gate A4: Triple-Proxy Impedance Consistency

Motivation. QMU provides three independent routes to the same impedance unit resn:

resn = perm · chgv = chds ·mfxd = indc ·mcur = mflx
chrg .

Gate A4 tests whether the event-level closure impedance inferred from (Φ, I) co-varies consistently
with (a) a field/geometry proxy and (b) an inductive proxy, within regime bins.

A4.1 Define three dimensionless impedances in resn-units.

Z∗
1 := Φ/I

resn = R∗,

Z∗
2 := (chdseff ·mfxdeff)

resn ,

Z∗
3 := (indceff ·mcureff)

resn .
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Here chdseff , mfxdeff , indceff , mcureff are event-inferred effective quantities (geometry, background
field, inductive topology, and dominant magnetic-current frequency content). A baseline choice
with fixed QMU units would give Z∗

2 = Z∗
3 = 1; the gate is meaningful when effective event-level

estimates are used.

Starred vs unstarred closure impedance (no ambiguity). By definition of the starred port
variables, Φ = Φ∗[Φ] and I = I∗[I], so

Φ
I

= Φ∗

I∗
[Φ]
[I] .

With the QMU port normalization chosen in this paper, the impedance scale is

[Φ]
[I] = resn,

hence
Φ
I

=
(Φ∗

I∗

)
resn ⇒ Z∗

1 := Φ/I

resn = Φ∗

I∗ = R∗.

A4.2 Residuals. Define log-residuals

∆12 := ln Z∗
1 − ln Z∗

2 , ∆13 := ln Z∗
1 − ln Z∗

3 , ∆23 := ln Z∗
2 − ln Z∗

3 .

A4.3 Pass condition (within a regime bin R). Gate A4 passes if there exist constants c2(R),
c3(R) and a dispersion bound ε(R) such that for most events in R,

|∆12 − c2(R)| ≤ ε(R), |∆13 − c3(R)| ≤ ε(R),

and ε(R) is small compared with the total spread of ln Z∗
1 across all regimes.

A4.4 Strong form. In the strong form, a single fixed normalization convention yields c2(R) ≈
c3(R) ≈ 0 so that

Z∗
1 ≈ Z∗

2 ≈ Z∗
3

within each regime bin.

A4.5 Diagnostic failure modes.

• F1 (geometry/mapping failure): Z∗
1 tracks Z∗

3 but not Z∗
2 ⇒ chdseff inference is regime-

dependent or incorrect.
• F2 (inductive modeling failure): Z∗

1 tracks Z∗
2 but not Z∗

3 ⇒ indceff or mcureff proxy is
missing topology/coupling.

• F3 (operator-dominated closure): Z∗
1 fails against both proxies and R∗ shows multimodal-

ity ⇒ closure is dominated by E∗
op (double layers/boundary operators).

• F4 (regime mixing): A4 fails globally but passes after re-binning ⇒ the regime taxonomy
is incomplete; A4 can refine it.



7 QMU-ENABLED CLOSURE TESTS (GATES) AND GATE A4 10

7.3 Isolating double-layer impedance as a discrete operator contribution

Alfvén emphasized double layers as discrete circuit elements that mediate energy conversion. In
QMU/APM, this can be formalized as an impedance isolation procedure that is compatible with
Gate A4.

Segmentation of the closure voltage. Assume the field-aligned coordinate ℓ∗ ∈ [0, L∗] admits
an event-specific decomposition into a transmission segment T and one or more localized double-layer
intervals D (identified from localized signatures in E∗

∥ or other diagnostics). Then write

Φ∗ = Φ∗
trans + Φ∗

DL, Φ∗
trans :=

∫
T

E∗
∥(ℓ∗) dℓ∗, Φ∗

DL :=
∫

D
E∗

∥(ℓ∗) dℓ∗.

This is a definition, not an approximation: it turns the identification of D into a testable modeling
choice.

Impedance split on the (Φ, I) port. Dividing by I∗ yields the corresponding port-impedance
decomposition:

R∗ = Φ∗

I∗ = Φ∗
trans
I∗︸ ︷︷ ︸

Z∗
trans

+ Φ∗
DL
I∗︸ ︷︷ ︸

Z∗
DL

.

Here Z∗
DL is the dimensionless double-layer impedance in resn-units. In unstarred form,

RAPM = R∗ resn, ZDL,APM = Z∗
DL resn, Ztrans,APM = Z∗

trans resn.

Gate A4 as an isolation tool. Gate A4 compares the measured closure impedance Z∗
1 = R∗ to

two independent proxies Z∗
2 and Z∗

3 built from chdseff ·mfxdeff and indceff ·mcureff , respectively. In
the segmented picture, the intended interpretation is:

• Z∗
2 and Z∗

3 are expected to track the distributed transmission contribution Z∗
trans when the proxy

inferences are correct and the transmission region is the dominant distributed contributor.
• Discrete operator physics (double layers and related boundary elements) manifests as an

additional contribution Z∗
DL, potentially multi-modal across event classes.

Accordingly, a practical isolation criterion is:

Z∗
DL ≈ R∗ − Ẑ∗

trans,

where Ẑ∗
trans is an estimate of the transmission impedance obtained either directly from the segmented

integral Φ∗
trans/I∗ or indirectly from the proxy-consistent value implied by Gate A4 (e.g., a calibrated

combination of Z∗
2 and Z∗

3 within a regime bin).

Diagnostic use. If Gate A4 passes strongly for the transmission proxies (small residuals between
Ẑ∗

trans and the proxy values) while R∗ exhibits additional discrete modes, those modes can be
attributed to Z∗

DL as an operator-spectrum signature. Conversely, if segmentation is attempted
but the resulting Z∗

DL is unstable under reasonable changes of D, then the data do not support a
discrete-element interpretation for that event class.
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7.4 Worked example (symbolic): extracting Z∗
trans, Z∗

DL, and Gate A4 residuals

This subsection provides a compact worked example showing how the circuit segmentation and
Gate A4 computations are performed in purely QMU (starred) variables. No SI quantities are used.

7.4.1 Toy event setup

Consider a field-aligned domain ℓ∗ ∈ [0, L∗] with

L∗ = 10.

Assume each event admits a transmission segment

T := [0, 8]

and a localized double-layer interval
D := [8, 10].

Let the dimensionless current I∗ be constant along the channel within each event. Define the closure
voltage decomposition

Φ∗ = Φ∗
trans + Φ∗

DL, R∗ := Φ∗

I∗ , Z∗
trans := Φ∗

trans
I∗ , Z∗

DL := Φ∗
DL
I∗ .

Then R∗ = Z∗
trans + Z∗

DL holds identically by construction.

7.4.2 Transmission model (piecewise-constant ζ∗)

Assume the transmission density is approximately constant on T :

ζ∗(ℓ∗) ≡ ζ∗
T for ℓ∗ ∈ T .

Then
Φ∗

trans =
∫

T
E∗

∥ dℓ∗ =
∫

T
ζ∗(ℓ∗) I∗ dℓ∗ = ζ∗

T I∗
∫ 8

0
dℓ∗ = 8 ζ∗

T I∗,

so
Z∗

trans = 8 ζ∗
T .

7.4.3 Double layer model (localized voltage drop)

Assume the double layer contributes a localized drop that is well-approximated by a single event-level
parameter V ∗

DL:
Φ∗

DL :=
∫

D
E∗

∥(ℓ∗) dℓ∗ ≡ V ∗
DL.

Then

Z∗
DL = V ∗

DL
I∗ .

This captures Alfvén’s discrete-element intuition: V ∗
DL is an operator-localized contribution, not a

distributed transmission effect.
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7.4.4 Three toy events (two transmission regimes + one double-layer mode flip)

Define three events with the following starred inputs:

(I∗, ζ∗
T , V ∗

DL) ∈ R>0 × R>0 × R≥0.

Event 1 (baseline transmission, weak double layer).

I∗ = 1.00, ζ∗
T = 1.00, V ∗

DL = 0.50.

Then
Z∗

trans = 8(1.00) = 8.00, Z∗
DL = 0.50

1.00 = 0.50,

R∗ = Z∗
trans + Z∗

DL = 8.50, Φ∗ = R∗I∗ = 8.50.

Event 2 (slightly non-ideal transmission, weak double layer).

I∗ = 0.96, ζ∗
T = 1.05, V ∗

DL = 0.48.

Then
Z∗

trans = 8(1.05) = 8.40, Z∗
DL = 0.48

0.96 = 0.50,

R∗ = 8.40 + 0.50 = 8.90, Φ∗ = R∗I∗ = 8.90(0.96) = 8.544.

Event 3 (baseline transmission, strong double layer).

I∗ = 1.04, ζ∗
T = 1.00, V ∗

DL = 2.08.

Then
Z∗

trans = 8(1.00) = 8.00, Z∗
DL = 2.08

1.04 = 2.00,

R∗ = 10.00, Φ∗ = R∗I∗ = 10.40.

7.4.5 Gate A4 proxies (symbolic calibration)

Gate A4 compares Z∗
1 := R∗ to two proxy impedances Z∗

2 and Z∗
3 . To keep the example purely

QMU and algebraic, define effective proxy values by

Z∗
2 := chdseffmfxdeff

resn , Z∗
3 := indceffmcureff

resn .

Assume that in this toy dataset, both proxies are designed to estimate the distributed transmission
contribution and are therefore calibrated to satisfy

Z∗
2 ≈ Z∗

3 ≈ Z∗
trans,

up to regime-dependent offsets that are constant within a bin. (In real datasets, these offsets are
exactly what the A4 residuals diagnose.)
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For illustration, choose the simplest “perfect proxy” setting:

Z∗
2 := Z∗

trans, Z∗
3 := Z∗

trans.

Then the A4 residuals are

∆12 = ln Z∗
1 − ln Z∗

2 = ln
( R∗

Z∗
trans

)
, ∆13 = ln

( R∗

Z∗
trans

)
, ∆23 = 0.

Since R∗ = Z∗
trans + Z∗

DL,
R∗

Z∗
trans

= 1 + Z∗
DL

Z∗
trans

.

Thus ∆12 and ∆13 directly measure the fractional discrete (double-layer) contribution in log form.

Residuals for the three events.

Event 1: ∆12 = ln(8.50/8.00) = ln(1.0625),
Event 2: ∆12 = ln(8.90/8.40) = ln(1.059523 . . .),
Event 3: ∆12 = ln(10.00/8.00) = ln(1.25).

Events 1–2 form a “weak double layer” class with small residuals, while Event 3 is a “strong double
layer” class with a larger residual. In a real dataset, this residual multimodality is evidence for a
discrete operator contribution Z∗

DL beyond distributed transmission.

7.4.6 Isolating Z∗
DL from Gate A4-consistent transmission estimates

Suppose we do not have explicit D segmentation but Gate A4 provides a transmission estimate
Ẑ∗

trans via proxy consensus (e.g., a calibrated combination of Z∗
2 and Z∗

3 ). Then define

Ẑ∗
DL := R∗ − Ẑ∗

trans.

In this toy example, Ẑ∗
trans = Z∗

trans, so

Ẑ∗
DL = Z∗

DL.

In real data, the stability of Ẑ∗
DL under reasonable proxy and binning changes is itself a falsifiable

test of the discrete-element interpretation.

7.4.7 Gate A4 failure-mode illustration (optional)

To illustrate diagnostic power, perturb one proxy to mimic a geometry inference error:

Z∗
2 := κ Z∗

trans, κ ̸= 1 constant in the regime.

Then
∆12 = ln

( R∗

κZ∗
trans

)
= ln

( R∗

Z∗
trans

)
− ln κ,

so the regime-level offset c2(R) in Gate A4 absorbs ln κ while the remaining dispersion diagnoses
whether κ is truly constant within the bin. If κ drifts event-by-event, A4 flags a geometry/mapping
failure (F1).
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Summary. This worked example demonstrates (i) how R∗ decomposes into distributed and
discrete impedances, (ii) how Gate A4 residuals encode the fractional discrete contribution when
proxies track transmission, and (iii) how the gate offsets separate systematic calibration from
regime-dependent dispersion.

7.5 Gate A4 operational notes and reporting standard

To ensure Gate A4 remains falsifiable, each study should report explicitly how the “effective” proxies
are inferred.

Minimum proxy specification (per regime). For each regime bin R, report:

1. the procedure used to infer chdseff (e.g., mapping rule from observed current-channel cross-
section or charge-support geometry into chds-units),

2. the definition of mfxdeff (e.g., background B0 sample/average window expressed in mfxd-units),
3. the model used to infer indceff (topology of current channel and return path; any assumptions

about coupling/multi-channel structure),
4. the spectral rule used to infer mcureff (dominant modulation frequency content expressed in

mcur-units),
5. the calibration convention (the offsets c2(R), c3(R) or their strong-form choice c2 ≈ c3 ≈ 0).

Regime-level summary. A compact summary for each R is:(
median(Z∗

1 ), median(Z∗
2 ), median(Z∗

3 ), MAD(∆12), MAD(∆13)
)
,

where MAD is a robust dispersion estimator. Gate A4 is then stated as a numerical claim about
bounded residual dispersion within each regime bin.

7.6 QMU-enabled predictions for double-layer formation energy and stability

One may ask whether QMU offers new predictions for double-layer formation energy or stability.
QMU does not merely re-label SI quantities; it enforces a domain rule that separates distributed
transmission impedance from discrete operator impedance, yielding testable predictions about mode
structure and stability.

7.6.1 Prediction P1: discrete-mode structure in Z∗
DL

If double layers behave as operator-localized closure elements, then the extracted impedance

Z∗
DL = Φ∗

DL
I∗

should exhibit reproducible mode structure (multi-modality) across events within a regime bin,
while the distributed transmission contribution Z∗

trans remains comparatively smooth. This yields a
falsifiable claim:
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P1 (operator spectrum). Within a fixed regime bin R, the empirical distribution of Z∗
DL is

multi-modal with stable peak locations under A2-stable segmentation, whereas Z∗
trans/L∗

T = ζ∗
T is

unimodal (or weakly varying).

7.6.2 Prediction P2: power partition in starred variables

Define the starred power delivered to the double layer by

P ∗
DL := I∗ Φ∗

DL = I∗2 Z∗
DL.

Because the Hall term does not contribute directly to Φ∗, the double-layer power is expected to
correlate primarily with the aligned non-ideal contributions, and in particular with the operator-
localized term (E∗

op)∥. A falsifiable partition test is:

P ∗
DL

?≈ I∗
∫

D

(
E∗

op
)

∥ dℓ∗ with bounded corrections from − 1
n∗ ∂∗

∥p∗
e,

δ∗2
e

n∗

DJ∗
∥

Dt∗ , . . .

In regimes where the pressure-gradient integral dominates the localized drop, one expects Φ∗
DL to

correlate with integrated ∂∗
∥p∗

e/n∗; where it does not, the operator term is empirically required.

7.6.3 Prediction P3: stability criterion as impedance stationarity

Treat double-layer stability as stationarity of its extracted impedance under small perturbations of
the event window and segmentation:

MAD
(
{Z∗

DL,p}p∈P
)

small ⇐⇒ stable double-layer element in that event class.

Conversely, if Z∗
DL is not stable under A2-acceptable segmentation perturbations, the data do not

support a discrete-element model for that class (or the diagnostics are insufficient).

7.6.4 Prediction P4: Gate A4 isolates discrete closure without SI “effective resistivity”

When Gate A4 passes strongly for transmission proxies (small residual dispersion between proxy-
consistent Ẑ∗

trans and measured transmission integrals), but R∗ still exhibits excess multi-modality,
then that multi-modality is attributable to Z∗

DL rather than to a distributed “effective resistivity”
hypothesis. This is a QMU-enabled prediction because it depends on the ledger domain rule and
the multi-proxy triangulation of resn.

Practical consequence. In a successful application, one obtains simultaneously: (i) a calibrated
distributed transmission profile ζ∗

T , (ii) a discrete impedance catalog {Z∗
DL} with regime-stable

modes, and (iii) a diagnostic separation between geometry failure (F1), inductive failure (F2), and
operator-dominated closure (F3).
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8 Implementation roadmap: initial regime bins and ζ∗T calibration

Grok asks what regime bins are envisioned first and how turbulence proxies might inform calibration
of ζ∗

T . This section records a practical starting point for applying the gates to laboratory and
space-plasma event catalogs in QMU-only language.

8.1 First-pass regime bins (QMU-only taxonomy)

Define each event by the minimal observed tuple

E :=
(
masd∗, B∗

0, u∗, I∗, Φ∗)
,

with optional additions (n∗, p∗
e, spectral summaries) when available. A first-pass binning can be

implemented without SI by using thresholding on dimensionless summaries, for example:

• Field-dominated vs inertia-dominated: use |B∗
0| and masd∗ as primary axes.

• Quasi-steady vs bursty: use a time-variability index of I∗(t∗) and/or Φ∗(t∗) (see below).
• Distributed vs discrete closure: use multimodality in R∗ = Φ∗/I∗ and segmentation

stability of Z∗
DL.

In space-plasma applications, natural early bins include (names given for intuition only): (i)
field-aligned current channels with strong localized E∗

∥ signatures, (ii) more distributed Alfvénic
transmission intervals with weak localization, and (iii) mixed events where segmentation is ambiguous.
In laboratory applications, early bins include (i) quasi-steady driven discharges, (ii) pulsed/relaxation
events, and (iii) strongly intermittent regimes.

8.2 Turbulence/intermittency surrogates for ζ∗
T

The segment-averaged transmission non-ideality

ζ∗
T = Z∗

trans
L∗

T

is the primary distributed-impedance diagnostic. To test whether ζ∗
T ̸= 1 correlates with turbulence

or strong gradients, define QMU-only surrogates that can be computed directly from time series in
starred variables.

Example surrogate: normalized increment energy (intermittency index). Let δτ B∗(t∗) :=
B∗(t∗ + τ∗)−B∗(t∗) and similarly for u∗. Define

I∗
B(τ∗) := median

(
∥δτ B∗∥2

)
, I∗

u(τ∗) := median
(
∥δτ u∗∥2

)
,

and a combined intermittency score

I∗(τ∗) := I∗
B(τ∗) + I∗

u(τ∗).

One then tests empirically whether ζ∗
T rises with I∗(τ∗) within a regime bin:

ζ∗
T

?= fR
(
I∗(τ∗)

)
,

for some monotone or piecewise monotone function fR that is fit and then validated out-of-sample.
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Example surrogate: closure roughness. Define a roughness score for the closure channel itself:

I∗
Φ(τ∗) := median

(
|Φ∗(t∗ + τ∗)− Φ∗(t∗)|

)
, I∗

I (τ∗) := median
(
|I∗(t∗ + τ∗)− I∗(t∗)|

)
,

and test whether large closure roughness aligns with ζ∗
T ̸= 1.

Interpretation. If ζ∗
T ≈ 1 persists even when intermittency indices are large, then distributed

non-ideality is not turbulence-driven in that regime (suggesting operator-localized closure dominates).
Conversely, if ζ∗

T systematically increases with intermittency, then the transmission region itself
contributes measurable port impedance in a manner that SI formulations often bury inside unit
conversions and heuristic “effective resistivity” arguments.

9 Discussion: What QMU Adds to the Alfvénic Program

9.1 Why flux-domain stiffness must be charge-converted for circuits

A central QMU clarification is that the ledger-native transmission stiffness
√

Au/curl is a flux-domain
object (mflx), while circuit closure requires a port-domain impedance Φ/I (resn). The conversion

resn = mflx
chrg

is therefore not a matter of “making operators dimensionless”; it is the physical bookkeeping required
to compare and add impedances in the same port domain.

9.2 Implications for plasma interpretation

Alfvén’s circuit viewpoint becomes more rigidly testable in QMU because multiple independent
proxies for resn exist:

perm · chgv, chds ·mfxd, indc ·mcur, Φ/I.

Gate A4 operationalizes the statement that closure impedance is a single physical object: if the
proxies cannot be made consistent within regimes, the failure indicates which modeling layer breaks.

9.3 Outlook

A companion paper may implement Gate A4 on (i) laboratory plasma circuits and (ii) space-plasma
field-aligned current events. The present paper supplies the QMU dimensional framework and the
dimensionally correct transmission model.
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