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Abstract

This paper proposes a practical metrology program that treats curl as an operational torsion
handle in condensed matter. Within the Aether Physics Model (APM) and Quantum Measure-
ment Units (QMU), curl is a fundamental torsional geometry unit. The central experimental
question is whether ferromagnetic media exhibit an effective torsion constant curleff that differs
from vacuum curl and renormalizes with state variables (microstructure, stress, temperature, and
magnetic training). We define a dimensionless torsion renormalization factor κtor ≡ curleff/curl
and provide an extraction protocol based on rotating-field drive and harmonic-threshold analysis,
with acceptance criteria framed as curve-collapse invariants. The program explicitly addresses fre-
quency/rate dependence and geometry/sensor normalization, and it extends validation beyond a
single harmonic observable to include higher harmonics, phase-lag growth, and dissipative proxies.
The goal is to elevate curl from a definitional unit into a reproducible laboratory observable that
predicts nonlinear magnetic response and torsional yield behavior across material families. All
plots and example tables in Sec. 9 and App. A are generated from a synthetic demonstration
dataset for illustration only; no experimental claims are made in those examples.

1 Scope and motivation

APM/QMU is ledger-first: the foundational electromagnetic propagation constant is decomposed
into Aether rotation and torsion geometry. This motivates a direct metrology question: when
electromagnetic response is constrained inside matter, does the torsion ledger admit a material-
dependent renormalization that can be extracted consistently from data?

In mainstream magnetics, nonlinear response and hysteresis are explained using domain wall pinning,
irreversible rotation, anisotropy energy, and dissipative dynamics; the field also provides several
effective models that succeed empirically (e.g., Stoner–Wohlfarth coherent rotation, Jiles–Atherton
hysteresis, and loss-separation formalisms) [Stoner and Wohlfarth, 1948, Jiles and Atherton, 1986,
Bertotti, 1998]. In APM/QMU, those phenomena are not discarded; rather, they are reframed as
a question of whether a single effective torsion parameter can serve as a cross-cutting metrology
handle for rotating-field nonlinear onset.

2 Ledger basis and definitions

2.1 Ledger One as the torsion–propagation anchor

Define Ledger One as the APM fundamental QMU dimensional identity for Aether rotation:

Au curl = Fq
2 λC

2

Ledger One represents the Aether Rotational Self-Identity. It is the identity Au · curl = Fq
2λC

2.
Using the mainstream anchor FqλC = c, Ledger One may be recognized as Au · curl = c2. With the
Maxwell correspondence c2 = 1/(µ0ε0), Au · curl is the QMU decomposition of the electromagnetic
propagation constant into rotational (Aether unit) and torsional (curl) geometries.
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2.2 Curl, perm, and an effective torsion constant

In QMU, curl is defined as

curl = eemax
2

me λC
. (1)

Define the QMU torsion compliance unit perm as the reciprocal of curl:

perm ≡ 1
curl . (2)

Operationally, perm is the torsion compliance that pairs with curl as torsion stiffness. This pairing
is conceptually adjacent to the mainstream use of permittivity as an electrical compliance parameter;
however, QMU assigns the compliance to a dimensional torsion unit rather than to a purely
constitutive scalar.

The metrology thesis of this paper is that condensed matter may exhibit an effective torsional
response under driven electromagnetic rotation:

curleff ≡ κtor curl, κtor = κtor(s), (3)

where s denotes material state (composition, heat treatment, defect density, stress, temperature,
and training history). Equivalently, one may define permeff = perm/κtor.

2.3 A torsion yield marker: harmonic explosion threshold

Rotating magnetic-field drive is explicitly torsional. A robust, instrument-friendly yield marker is
the onset of strong nonlinearity in the response spectrum. Let the measured response signal be
x(t) (pick-up coil voltage, Hall signal, fluxgate output, or lock-in demodulated quadrature). Under
sinusoidal rotating drive at angular frequency ω, define the harmonic ratio

H3 ≡ |X(3ω)|
|X(ω)| , (4)

where X(nω) is the complex Fourier component at the n-th harmonic. Define the torsion-yield
threshold as the smallest forcing level at which

H3 ≥ H⋆
3 , (5)

with a fixed criterion H⋆
3 chosen for the instrument noise floor and reproducibility.

This definition is intentionally operational: it does not depend on a particular domain model. It
identifies the transition from near-linear rotational response to irreversible, pinning-broken, strongly
nonlinear behavior.

3 Dimensionless forcing and the curl metrology handle

3.1 Operational definition of the dimensionless torsion forcing parameter

A metrology program requires that the forcing axis be reproducible and dimensionless. Accord-
ingly, we define Π as a normalized drive-amplitude coordinate constructed from instrument-native
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observables within a fixed laboratory geometry:

Π ≡ u

uref
, (6)

where u is the chosen scalar drive-control amplitude (e.g., commanded stator amplitude, drive
current amplitude, or drive voltage amplitude) and uref is a fixed reference amplitude obtained from
a designated reference state s0 under the same experimental configuration.

This definition is intentionally agnostic to the actuator implementation (two-axis quadrature drive,
three-phase stator, or other rotating-field source). It ensures that Π is dimensionless, monotone with
applied forcing in a given rig, and transferable through reference artifacts and reporting standards
(Sec. 6).

3.2 Curl renormalization as inverse threshold

For a given material state s, measure the threshold Π⋆(s) at which Eq. (5) is first satisfied. Using a
designated reference state s0, define

κtor(s) ≡ Π⋆(s0)
Π⋆(s) . (7)

By construction, κtor(s0) = 1. This ratio definition removes any need for absolute field calibration
and makes κtor a pure torsion renormalization handle within the APM/QMU framework.

3.3 Acceptance criterion: curve-collapse invariance

A single threshold number is helpful but not sufficient. The stronger claim—that curleff is a true
metrology handle—requires that κtor collapses entire families of response curves.

Let H3(Π; s) be measured across a sweep in Π. Define a rescaled forcing axis

Π̂ ≡ κtor(s) Π. (8)

The curl-handle hypothesis is supported if

H3(Π; s) ≈ F3(Π̂) for many states s, (9)

i.e., the curves collapse onto a common master curve F3 after a single horizontal rescaling.

To strengthen the single-handle claim, parallel collapse tests should be performed using additional
nonlinear features:

H5 ≡ |X(5ω)|
|X(ω)| , ∆ϕ ≡ arg X(ω) − arg U(ω),

and at least one dissipative proxy (Sec. 5.3).

4 Experimental protocol (rotating-field torsion metrology)

4.1 Hardware geometry (general)

A canonical setup has:
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1. a rotating-field stator or two-axis orthogonal drive (quadrature phase),
2. a fixed sample mount with controllable orientation (anisotropy axis),
3. a response sensor: pick-up coil, Hall probe, fluxgate, magneto-optic indicator, or lock-in

demodulated coil signals,
4. optional: stress fixture (uniaxial), temperature control, and controlled training cycles.

The key requirement is that the drive and the sensor chain remain stable over long sweeps so that
harmonic ratios are meaningful. Rotational magnetization measurement practice emphasizes field
uniformity, axis control, and correction of sensor misalignment; these considerations are directly
compatible with the present protocol [Guo et al., 2022].

4.2 Actuator normalization, ellipticity control, and artifact screening

Two implementation issues can inject artificial harmonic content: (i) ellipticity of the rotating drive
and (ii) phase/axis misalignment in sensors.

Define fundamental-axis components Ux(ω) and Uy(ω) of the applied drive reference (e.g., drive
current monitor or field probe) and define:

η ≡ |Ux(ω)|
|Uy(ω)| , δ ≡ arg Ux(ω) − arg Uy(ω) ∓ π

2 .

Ideal circular rotation corresponds to η = 1 and δ = 0. For metrology sweeps, (η, δ) should be held
within a declared tolerance band; if the drive is intentionally elliptical, (η, δ) are treated as part of
state s.

A simple artifact check is to run the sweep with no sample (or with a nonmagnetic dummy) to
verify that the harmonic floor remains below the chosen H⋆

3 threshold by a comfortable margin.

4.3 Frequency and rate dependence (mandatory)

Nonlinear thresholds can shift with drive rate due to dynamic loss channels and eddy-current
mediated effects. Accordingly, the program includes an explicit frequency sweep.

Define the dimensionless drive frequency

ω̃ ≡ ω

Fq
.

For each state s, measure Π⋆(s; ω̃) across a declared frequency band [ω̃min, ω̃max] and report

κtor(s; ω̃) ≡ Π⋆(s0; ω̃)
Π⋆(s; ω̃) .

A strong metrology result is not merely repeatable κtor, but a controlled and reported rate dependence:

Γtor(s) ≡ d ln κtor(s; ω̃)
d ln ω̃

.

If Γtor is small over the operating band, κtor behaves as a quasi-static torsion handle; if not, Γtor
becomes an additional reported handle (torsion rate sensitivity).
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4.4 Measurement steps

For each material state s:

1. Stabilize: run a fixed number Ntrain of preconditioning cycles at a declared Πtrain to put the
sample into a defined trained state.

2. Sweep: increase Π in small increments; at each step record x(t) over many drive periods.
3. Extract harmonics: compute H3 (and optionally H5) via FFT or lock-in at ω, 3ω (and 5ω).
4. Threshold: identify Π⋆(s) where Eq. (5) is first satisfied (with hysteresis in Π noted by

up/down sweeps).
5. Frequency sweep: repeat the threshold extraction across ω̃ band per Sec. 4.3.
6. Repeatability: repeat runs to estimate drift; then vary a single state variable (e.g., stress

level) and repeat.

4.5 Recommended state-variable matrix

A minimal but informative matrix:

• at least one soft ferromagnet, one hard ferromagnet, and one ferrite;
• for each, two heat treatments (annealed vs quenched/aged) to alter pinning;
• optional: a controlled plastic strain state (work-hardened) to raise defect density;
• optional: a stress sweep to test torsion–magnetoelastic coupling;
• at least one geometry family (e.g., identical aspect ratio with multiple sizes) to assess demag-

netization/systematics.

5 Data reduction, uncertainty, and dissipative proxies

5.1 Compute κtor

Choose reference state s0 and define κtor(s0) = 1. Then compute

κtor(s) ≡ Π⋆(s0)
Π⋆(s) . (10)

This is a pure ratio and is the recommended reporting quantity. When frequency sweeps are
performed, report κtor(s; ω̃) and optionally Γtor(s).

5.2 Curve-collapse quality metrics

Quantify collapse by a residual:

R3 =
∑

s

∑
j

[H3(Πj ; s) − F3(κtor(s)Πj)]2 ,

and similarly R5 for H5 when available. A strong result is not merely small R; it is stability of
κtor under modest shifts in (η, δ) (within tolerance) and across sensor modalities when properly
normalized.
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5.3 Dissipative proxy observables

Rotational hysteresis and vector magnetics practice commonly uses loop-area and loss-separation
concepts [Bertotti, 1998, Guo et al., 2022]. To maintain a QMU-first, unit-clean approach, define a
dimensionless dissipative proxy from directly recorded signals.

One option is a normalized loop-area surrogate:

A ≡ Area{x(t) vs u(t)}
Area{x(t) vs u(t)}ref

.

Another is a normalized excess-harmonic power indicator:

Pharm ≡
∑

n∈{3,5,7,... } |X(nω)|2

|X(ω)|2 .

The single-handle claim is strengthened when A(Π; s) and/or Pharm(Π; s) also collapse under
Π̂ = κtorΠ.

5.4 Interpretation boundaries

The curl-handle program does not assert that a single κtor parameter captures all of magnetic
dynamics at all timescales. It asserts a narrower and testable claim: in the rotating-drive nonlinear
onset regime, a single horizontal scaling parameter extracted from thresholds and validated by
collapse can serve as an operational curleff , potentially augmented by a rate-sensitivity handle Γtor
when needed.

6 Traceability, reference artifacts, and reporting standard

The objective of this program is to make κtor comparable across time, instruments, and laboratories
without requiring an SI narrative. This is achieved through (i) a designated reference artifact, (ii) a
fixed operational definition of Π, and (iii) a minimal reporting standard.

6.1 Reference artifact

Each laboratory designates a reference specimen and reference state s0 (composition, heat treatment,
geometry, and training protocol). All reported κtor values are ratios to this reference via Eq. (7).
Collaborations may exchange one or more reference specimens to align scales.

6.2 Training protocol as part of the state

Because magnetic media exhibit history dependence, the training protocol is part of the material
state definition:

s ≡ (material, microstructure, geometry, η, δ, ω̃, stress, temperature, Ntrain, Πtrain).

Reporting κtor without the training tuple is incomplete.
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6.3 Minimum reporting standard

For each reported dataset, record:

1. sample composition, geometry, and demagnetization-relevant dimensions,
2. heat treatment / processing state, and stress/temperature setpoints if used,
3. actuator topology (two-axis quadrature, three-phase stator, etc.) and the declared ω̃ band,
4. definition of the drive scalar u and the reference amplitude uref ,
5. ellipticity and quadrature tolerances (η, δ) and how they were measured,
6. harmonic extraction method (FFT windowing or lock-in settings), and the threshold criterion

H⋆
3 ,

7. up-sweep and down-sweep thresholds Π⋆
↑, Π⋆

↓ when hysteresis in Π is present.

7 Relation to established hysteresis and micromagnetic descrip-
tions

It is useful to map κtor to familiar constructs:

• Stoner–Wohlfarth: coherent rotation predicts sharp switching tied to anisotropy barriers;
κtor should correlate with barrier-dominated switching in single-domain-like samples [Stoner
and Wohlfarth, 1948].

• Jiles–Atherton: pinning and reversible/irreversible components govern loop shape; κtor is
expected to correlate with the irreversible pinning parameter(s) that control nonlinearity onset
[Jiles and Atherton, 1986].

• Loss separation and rotational excitation: rotational magnetization loci introduce vector
hysteresis and frequency-dependent loss components; rate sensitivity in Π⋆ and κtor(ω̃) is
therefore expected and should be reported as part of the metrology outcome [Bertotti, 1998,
Guo et al., 2022, Asef et al., 2019].

Micromagnetics uses dynamical equations (LL/LLG formalisms) to represent precession and damping;
in the present program, such models can be treated as mechanistic explainers after κtor is established
as a stable metrology observable.

8 Predictions and falsifiability

The program makes explicit, falsifiable predictions:

1. Existence: for a given lab geometry, κtor(s) exists and is repeatable for a material state s.
2. Monotonicity: states known to increase pinning/anisotropy should shift Π⋆ systematically

and thereby shift κtor in a consistent direction.
3. Collapse: rescaling Π by κtor(s) should collapse at least one nonlinear metric family (e.g.,

H3) across multiple states.
4. Cross-handle linkage: κtor extracted from harmonic thresholds should predict a second

torsion-linked measure (e.g., A or Pharm) within controlled uncertainty.
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5. Rate sensitivity handle: if κtor is not quasi-static, the extracted Γtor(s) should be repro-
ducible and should correlate with a known dynamic-loss propensity (material conductivity,
lamination thickness effects, or other rotational-loss indicators).

8.1 Domain of validity and strong-form discriminator

Perfect collapse across all observables is not expected in general magnetic media because distinct
loss channels can dominate in different regimes. Accordingly, the curl-handle program treats
multi-observable rescaling as a domain-of-validity determination.

Define the rescaling consistency condition:

H3(Π; s) ≈ F3(κtorΠ), H5(Π; s) ≈ F5(κtorΠ),

and similarly for at least one dissipative proxy (Sec. 5.3). The domain of validity for a single
effective curleff is the regime (in Π̂ and ω̃) where the same κtor yields consistent rescalings to within
declared tolerance. Outside that regime, the metrology outcome is not failure; it is identification of
boundary conditions indicating that the torsion state requires additional parameters beyond κtor
(and optionally Γtor).

9 Results template (laboratory reporting forms)

This section provides a fill-in reporting structure suitable for lab notebooks, internal replication,
and community datasets. The intent is to make κtor results portable while remaining QMU-first.

9.1 Specimen registry (one row per specimen)

ID Material / Processing Geometry (dims, orientation
marks)

Notes (stress fixture, temper-
ature hardware, etc.)

S-001
S-002
S-003

Table 1: Specimen registry. Geometry should include demagnetization-relevant dimensions and an
orientation mark for the anisotropy axis (if applicable).
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9.2 State tuple declaration (one per run-series)

Field Entry
Reference state s0
Drive topology (two-axis quadrature / three-phase stator / other)
Drive scalar u definition (commanded amplitude / current amplitude / voltage amplitude / other)
Reference amplitude uref (how obtained; fixed setting)
Training protocol Ntrain = , Πtrain = , duration per cycle
Ellipticity / quadrature tolerance band for η and δ; measurement method
Frequency band [ω̃min, ω̃max] = [ , ]
Threshold criterion H⋆

3 = and rationale (noise floor margin)
Sensor modality (coil / Hall / fluxgate / MO / lock-in)

Table 2: Run-series state declaration. This table is intended to make replication straightforward.

9.3 Threshold extraction sheet (per specimen, per frequency)

Specimen ω̃ Π⋆
↑ Π⋆

↓ κtor(ω̃) Notes (artifact checks, drift, anoma-
lies)

s0_ref_soft (synthetic) 0.813 0.813 1.000 Synthetic reference
s1_annealed (synthetic) 1.039 1.039 0.783 Synthetic state
s2_work_hardened (synthetic) 0.598 0.598 1.360 Synthetic state
s3_stressed (synthetic) 0.692 0.692 1.176 Synthetic state
s4_hard (synthetic) 0.503 0.503 1.617 Synthetic state

Table 3: Threshold extraction and derived κtor. Compute κtor(ω̃) via Eq. (7).

9.4 Rate sensitivity sheet (per specimen)

Specimen Fit range in ω̃ Γtor Fit notes (linear in log-log? breakpoints?)
S-001
S-002

Table 4: Rate sensitivity handle Γtor = d ln κtor/d ln ω̃.
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9.5 Collapse verification sheet (per observable family)

Observable Collapse residual metric Acceptance tolerance Pass/Fail (per band) Notes (do-
main limits
in Π̂, ω̃)

H3 R3
H5 R5
A (define)
Pharm (define)

Table 5: Collapse verification across observables. Record the regime where a single κtor is consistent.

9.6 Synthetic demonstration visuals (Zimg placeholders)

The following figures are included as synthetic demonstrations of the intended analysis outputs.
They are not experimental results.

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

H
3

=
|X

(3
)|/

|X
(

)|

Synthetic example: harmonic-explosion knee (reference state)
(Data are synthetic, generated for demonstration)

Figure 1: Synthetic “harmonic explosion” knee: example plot of H3 vs. Π showing the onset
threshold Π⋆. Data are synthetic.
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Synthetic example: multiple states before collapse
(Data are synthetic, generated for demonstration)
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s2_work_hardened
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s4_hard

Figure 2: Synthetic pre-collapse view: H3(Π) curves for multiple states s. Data are synthetic.
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(Data are synthetic, generated for demonstration)

s0_ref_soft
s1_annealed
s2_work_hardened
s3_stressed
s4_hard

Figure 3: Synthetic post-collapse view: the same curves after rescaling by Π̂ = κtorΠ. Data are
synthetic.
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Synthetic example: torsion rate sensitivity
(Data are synthetic, generated for demonstration)

Figure 4: Synthetic rate-sensitivity example: κtor(ω̃) over a synthetic ω̃ sweep. Data are synthetic.

10 Conclusion

Curl is presently defined in QMU as a fundamental torsion unit and is paired with a reciprocal
torsion compliance unit perm. This paper proposes a concrete route to make curl an experimental
handle through an effective torsion constant curleff extracted from rotating-drive nonlinear onset and
validated by curve-collapse invariants. The deliverable is a dimensionless torsion renormalization
factor κtor (and, when required, a torsion rate-sensitivity handle Γtor) that can be reported, compared,
and used predictively across material states without dependence on SI-unit narratives. If successful,
the program upgrades torsion from a conceptual descriptor into a metrology axis that interfaces
directly with real materials engineering.

A Synthetic demonstration dataset (illustration only)

This appendix documents the synthetic dataset used to produce the example figures and example
table entries in Sec. 9. These data are synthetic and are not measurements. They are included
solely to demonstrate the threshold and curve-collapse workflow and to provide compilation-ready
figures.
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A.1 Design goals

The synthetic generator was designed to:

1. produce a clear “knee” (nonlinear onset) in H3(Π),
2. enforce a known collapse law H3(Π; s) = F3(κtor(s)Π) so that the collapse procedure is

demonstrable,
3. include small stochastic variability to mimic measurement scatter without asserting any

physical noise model.

A.2 Master curve and state scaling

A master curve F3(Π̂) was selected as a smooth logistic rise with a small baseline floor:

H3(Π̂) = F3(Π̂) ≡ H3,floor + H3,max

1 + exp{−a(Π̂ − Π̂0)}
, (11)

where the rescaled forcing coordinate is

Π̂ ≡ κtor(s) Π. (12)

For the demonstration bundle, the parameter values were:

H3,floor = 0.003, H3,max = 0.35, a = 10, Π̂0 = 1.

The synthetic state set was:

{κtor(s)} = {1.00, 0.78, 1.35, 1.18, 1.62},

labeled in the bundle as s0_ref_soft, s1_annealed, s2_work_hardened, s3_stressed, s4_hard.
These labels are mnemonic only.

A.3 Sampling grid and threshold criterion

The forcing grid was uniformly sampled as:

Π ∈ [0.2, 2.0] with 120 points.

The demonstration threshold criterion used in the summary file was:

H⋆
3 = 0.05,

and the corresponding Π⋆(s) values were obtained by linear interpolation between the first adjacent
grid points that bracket H⋆

3 .
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A.4 Synthetic noise model and additional observables

To emulate measurement scatter (without implying a physical noise origin), the synthetic curves
were perturbed by small additive noise:

Hsyn
3 (Π; s) = F3(κtor(s)Π) + ϵ3, (13)

where ϵ3 was drawn from a zero-mean normal distribution with a mild amplitude dependence:

ϵ3 ∼ N
(
0, σ2

3

)
, σ3 = 0.002 + 0.002F3(κtorΠ)

max F3
.

Values were clipped to nonnegative.

A fifth-harmonic proxy was generated as a monotone function of H3 with small additive noise:

Hsyn
5 = c5 (Hsyn

3 )1.25 + ϵ5, c5 = 0.35, ϵ5 ∼ N (0, 0.0012),

with nonnegative clipping.

A phase-lag proxy was generated to increase with nonlinearity:

∆ϕsyn = 0.02 + 0.35
(

Hsyn
3

max Hsyn
3

)1.1

+ ϵϕ, ϵϕ ∼ N (0, 0.0052),

with nonnegative clipping.

A.5 Rate-sensitivity synthetic example

To illustrate reporting of torsion rate sensitivity, one synthetic specimen (s2_work_hardened) was
assigned a power-law dependence:

κtor(ω̃) = κ0

(
ω̃

ω̃0

)Γtor

, (14)

with

κ0 = 1.35, Γtor = 0.12, ω̃ ∈ [10−6, 10−3] (10 log-spaced points), ω̃0 = min(ω̃).

This is purely illustrative; it is not derived from a physical eddy-current model.

A.6 Reproducibility seed and implementation note

The demonstration bundle was generated with a fixed pseudo-random generator seed:

seed = 7.

The generator implementation used a standard numerical workflow (logistic master curve + additive
noise + clipping + CSV export). The seed is provided so that the synthetic bundle can be
exactly reproduced if desired; however, any reproduction remains synthetic and non-empirical by
construction.
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A.7 Synthetic files and figures

The synthetic bundle provides:

• data/s0_ref_soft.csv, data/s1_annealed.csv, . . . containing columns Π, κtrue
tor , Π̂, H3, H5, ∆ϕ,

• synthetic_threshold_summary.csv containing synthetic Π⋆ values for the fixed H⋆
3 ,

• synthetic_rate_sensitivity_s2_work_hardened.csv containing the synthetic κtor(ω̃) ex-
ample,

• figures in Zimg/ plotted directly from these CSV files.
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