Quantum
AetherDynamics

N\

Quantum AetherDynamics Institute (QADI)

Complementarity as Ledger Closure:
A QMU Interpretation of Recoil-Tagged
Interference

David W. Thomson III
Quantum AetherDynamics Institute (QADI), Alma, Illinois, USA
ORCID: 0000-0002-5830-5427

Version 1.0 — January 2, 2026

This article is published by the Quantum AetherDynamics Institute (QADI).

It develops the Aether Physics Model (APM)


https://orcid.org/0000-0002-5830-5427

CONTENTS

Abstract

Complementarity is commonly presented as a conceptual boundary between wave and particle
descriptions. In the Aether Physics Model (APM), it is instead an operational statement about
ledger closure: a single interaction cannot simultaneously close a global phase-coherence ledger
(two-path interference) and a localized recoil-record ledger (which-path tagging) at full strength.
We formulate complementarity as a trade between rotational coherence of the electromagnetic
propagation constant and torsional impulse bookkeeping in the detector (“slit”) degree of
freedom. Using a QMU-native parameterization, we express the recoil-tag control parameter 7
and fringe visibility V directly in terms of APM primitives and Ledger One, yielding a compact
calibration law for experimental design. We conclude with a laboratory program that promotes
recoil-tag interference into a QMU metrology standard for detector momentum budgets and
coherence-preserving closures.
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1 Scope and Notation

This paper is written QMU-first. We use the fundamental QMU quanta me, Ac, Fy, €2, eemax?, Au,
and curl as defined in the QADI class file. Composite labels such as mfix are used as shorthand for
QMU ledger primitives where needed.

We interpret “wave” behavior as the maintenance of phase-coherent closure across two paths, and
“particle” behavior as the formation of a distinguishable recoil record stored in a detector degree of
freedom. The APM claim is not that one story is “truer” than the other, but that the two closures
are incompatible beyond a quantifiable overlap factor. Historically, this tension is central to the
Einstein—Bohr debate and its later quantitative formulations of complementarity and duality [Bohr,
1949, Wootters and Zurek, 1979, Englert, 1996].

2 Ledger One and the Electromagnetic Propagation Constant

2.1 Ledger One (standard closure format)

We define Ledger One as the fundamental QMU dimensional identity for Aether rotation. This
identity represents the Aether Rotational Self-Identity. For clarity, we write this identity explicitly
as

Ay - curl = F2AN2 (1)

Because Iy Ac is the QMU anchor for the electromagnetic propagation speed, Ledger One may be
recognized as
A, -curl = (Fy\o)% (2)
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In Maxwell correspondence form, the propagation constant satisfies

1
F)? = —, 3
(Fpro) = - g

so A, - curl is the QMU decomposition of the electromagnetic propagation constant into a rotational
geometry (Ay) and a torsional geometry (curl).

2.2 Why Ledger One matters for complementarity

Two-path interference is a global closure problem: both paths must participate in a single, coherent
propagation ledger. Which-path tagging is a local record problem: it requires a detector degree of
freedom to store an impulse record that makes the two histories distinguishable. Ledger One sits
at the interface: it is the propagation constant that must remain coherent to support interference,
yet it is precisely the channel through which recoil impulses are exchanged when path tagging is
attempted.

3 Complementarity as a Closure Constraint

3.1 The two ledgers

In APM terms, complementarity is the statement:

A single interaction cannot simultaneously close (i) a two-branch rotational coherence
ledger and (ii) a distinguishable torsional impulse ledger, without paying an overlap
penalty that reduces the interference term.

We formalize the two closures as follows.

Wave ledger (rotational coherence). Interference requires that the combined two-path am-
plitude remains a single phase-consistent object. Operationally, this means the cross term in the
detection probability must survive ensemble averaging.

Particle ledger (recoil record). Which-path information requires that the detector states
correlated with each path are distinguishable. Operationally, this means the detector degree of
freedom must end in two states whose overlap is small.

These are not independent requirements; they are linked by entanglement. The detector state
overlap is the suppression factor on the interference term [Englert, 1996, Storey et al., 1994].

3.2 Visibility as overlap

Let |¢1) and |12) be the detector states correlated with paths 1 and 2. Throughout this paper we
adopt the squared-overlap convention

Vo= [yl (4)
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Perfect path tagging corresponds to (11 |t)2) — 0, which suppresses interference. Perfect interference
corresponds to (1 |t2) — 1, which eliminates path information.

3.3 Trade form (visibility vs. distinguishability)

Many formulations state the duality relation in terms of an overlap-amplitude visibility u and a
which-way distinguishability D, e.g. D? + p? < 1 [Greenberger and Yasin, 1988, Jaeger et al., 1995,
Englert, 1996]. Because we use V = p?, the same statement becomes

D*+V <1, (5)

with equality in the ideal pure-detector limit.

Single interaction
(two-path excitation)

record
allocation

coherent
allocation

Overlap rule: V = ¢1W2>’2 and for Gaussian budgets

’ 2Apsht
Rotational coherence ledger Torsional record ledger
(global phase closure) (local recoil closure)
Aycurl +Ap, into slit DOF

Figure 1: Ledger-trade schematic for complementarity in the recoiling-slit setting. Closing the
interaction into a torsional recoil record (right branch) reduces the fraction available to close as a
single globally coherent propagation ledger (left branch). The interference term is suppressed by
the detector-state overlap.

3.4 Distinguishability from detector-state trace distance

Let the two paths imprint two (generally nonorthogonal) detector states |dy) and |d_) (e.g., recoiling
slit /tweezer momentum states). Define the overlap amplitude

o= |(deld)]. (6)

In much of the complementarity literature the fringe visibility is identified with p, whereas in this
paper we use the squared-overlap convention

Vo= p? = |(deld)). (7)

Operational which-way distinguishability is the optimal two-state discrimination advantage, equiva-
lently one-half the trace distance between the conditional detector states:

D = 3lpr—p-|,, p+ = |d)(d+]|. (8)

For equal priors and pure pi this reduces to

D= /1—p2=V1-V. (9)
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Therefore the Englert-type duality relation D? 4 p? < 1 becomes, under our convention,

D?*4+V <1, (10)
with equality for pure detector states (the recoiling-slit ideal limit) [Englert, 1996, Greenberger and
Yasin, 1988, Jaeger et al., 1995].

4 Recoiling-Slit Complementarity in QMU Form

4.1 Recoil-tagged slit states

In a recoiling-slit realization, which-path tagging is attempted by measuring recoil. The two paths
imprint opposite momentum displacements on the slit degree of freedom:

1) = [(p—Apy)),  [¥2) = [(p+ Apy)). (11)
The visibility is then controlled by the overlap of these shifted momentum-space wavefunctions:
V= [(0(p — Apy) [ (p+ Ap))I*. (12)

This is the same overlap suppression mechanism realized in molecular and single-atom implementa-
tions of the Einstein—Bohr recoiling-slit gedankenexperiment [Liu et al., 2015, Zhang et al., 2024,
2025].

4.2 Gaussian slit momentum budget and the control parameter 7

For a slit prepared with a Gaussian momentum distribution of width Apgit, the overlap evaluates to

Ap
V=2, n= X,
2 Apslit

(13)

The complementarity knob is therefore n: the recoil displacement measured in units of the slit
momentum budget.

4.3 QMU-native photon recoil momentum

We write the recoil momentum scale as a propagation-ledger impulse. Using the APM/QMU
propagation anchor F;,A\c and the action decomposition

h = eemax2 mflx, (14)
a frequency-tagged recoil momentum scale may be expressed QMU-first as

hireq Eemax > Mflx freq
PP FEAe T Foae

A (15)

No SI quantities are required; Fy\c is the propagation speed anchor and Cemax-mflx is the action
quantum.
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4.4 Dimensionless slit budget I, and a natural momentum unit

Introduce a natural QMU momentum unit

pomu = me(Fg Ac), (16)
and parameterize the slit momentum width as
Apgir = I, pomu = I, me(Fy Ac), (17)
where 11, is dimensionless and experimentally preparable (cooling, squeezing, trap stiffness).
Then the complementarity control parameter becomes

Comax > Mflx freq

_ , 18
T T, me(Fy )2 (18)

4.5 Ledger One substitution: A, curl = Fq2 A\o?
Using Ledger One in the explicit form (2),
(F,\0)? = Aycurl, (19)

we obtain a compact APM/QMU diagnostic:

e 2 mflx freq
_ _Cemax _ 9 2 ] 2
=3 11, me (Ay curl) | v exp( g ) (20)

Interpretation. The entire complementarity curve is governed by: (i) the action quantum
emax milx, (ii) the propagation constant decomposed as A curl, (iii) the prepared detector momen-
tum budget II,,, and (iv) the photon tagging frequency freq.

This is complementarity as a ledger statement: attempting to close a recoil-record ledger (via Ap-)
forces the coherence closure to pay an overlap penalty determined by how resolvable that record is
against Apglig.

5 APM Narrative: What “Wave” and “Particle” Mean Here

5.1 Wave behavior as rotational coherence

In APM, “wave” behavior is not a denial of corpuscular exchange. It is the regime where the
electromagnetic propagation ledger remains globally coherent, so that the two-path sum behaves as
one closure. Ledger One identifies the propagation constant as A,curl: interference requires that
the experiment preserve a stable phase relation associated with this constant across both branches.
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5.2 Particle behavior as torsional bookkeeping (record formation)

Which-path information is the opposite requirement: the detector must acquire a stable, distinguish-
able torsional bookkeeping entry. In the recoiling-slit picture, the detector record is a momentum
displacement +Ap,. When this displacement exceeds the intrinsic slit momentum width, the
detector state becomes path-distinguishable, and the interference cross term is suppressed.

5.3 Complementarity as “incompatible closure targets”

A single event can distribute its ledger closure between coherent propagation and record formation,
but it cannot allocate full closure to both targets simultaneously. The overlap factor in (12) is the
quantitative statement of this incompatibility: it is the remaining coherent fraction after conditioning
on the detector record space.

5.4 Thermal interpretation of the slit momentum budget II,

In QMU, temperature is defined by
temp = A\c2F,%. (21)

A physical preparation is therefore represented as a dimensionless level 9 relative to this unit:
tempgiae = U temp, (¥ dimensionless). (22)

A natural momentum-width model for a thermally prepared slit degree of freedom is

Apglit R \/Me tempPg; 10 = ﬂme(F aAC)- (23)

Since Apglit = II, me(FyAc), we obtain the operational bridge

I, ~ V¥, equivalently VS HIQJ. (24)

Cooling decreases ¥ (and thus II,), increasing n and suppressing V'; heating does the reverse. This
connects directly to standard “which-way washout” logic: a broadened meter momentum budget
cannot store reliable path information, so visibility increases as distinguishability decreases [Storey
et al., 1994]. The QMU definition of temp is treated operationally in [Thomson, 2024].

6 Experimental Program: Turning Complementarity into QMU
Metrology

6.1 Program objective

Use (20) as a calibration law: for a fixed freq, measure V' as a function of controlled slit preparation
IL,, and invert the relation to report the detector momentum budget in QMU-native form.
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6.2 Suggested experiments (publishable as standards)

(E1) Visibility-collapse curve as a QMU slit-budget standard. Prepare a range of II,
(cooling/heating and controlled squeezing). For each II,, measure V and fit to V = exp(—2n?).
Report the inferred II, and test for stability under changes of trap geometry, slit material, or
coupling configuration. Outcome: a QMU-native metrology of detector momentum budgets.

(E2) Squeezed-slit deformation test. Prepare the slit in momentum-squeezed vs position-
squeezed configurations. APM prediction: the same closure logic holds, but Apg;; is replaced
by the effective momentum width of the prepared state. Outcome: a direct demonstration that
complementarity is a state-preparation ledger, not an optical-geometry inevitability.

(E3) Curl-engineered detector program. Implement detector “slits” with different effective
torsional capacities (material and geometry variants). APM hypothesis: the mapping between
laboratory control knobs and II,, is systematically shifted by curl-capacity, but the fitted functional
form in (13) remains stable when expressed in II,. Outcome: a bridge between complementarity
tests and QMU material characterization.

6.3 Data products (QADI-ready)

A minimal dataset for each run:
{freqa Hp7 V}ij\ila

plus preparation metadata (cooling protocol, squeezing parameter proxy, detector geometry identi-
fier). Primary derived products (indexed without double-subscripts):

2
1 Cemax- Milx freq

naprm,;i = \/ —3 Vi),

Pt Mme (Aucurl) TIAPM, i '

These are QMU-first, ledger-consistent quantities.

7 Discussion: What This Adds Beyond a Standard Quantum
Narrative

7.1 Why the APM framing is useful

The standard account states that “which-path information destroys interference” by entanglement.
APM sharpens this into a metrology-ready statement:

The interference term is a coherence closure whose magnitude is numerically equal to
the overlap of the detector recoil states—a ledger overlap.

Because Ledger One isolates the propagation constant as A,curl, the complementarity curve becomes
a diagnostic for how an experiment partitions closure between rotational coherence and torsional
record formation.
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7.2 A concrete QMU correlation

Equation (20) exhibits a direct correlation between:

o the electromagnetic propagation constant A,curl (Ledger One),
e the action quantum eemax>mflx,

e the inertial anchor me,

« and the experimentally tuned detector momentum budget IL,.

This makes complementarity a practical arena for testing whether QMU ledger closures remain
invariant across different laboratory embodiments of the “slit”. Here II, is an operational, di-
mensionless preparation parameter that encodes the slit momentum budget, realizable through
cooling/heating and state engineering (e.g., squeezing), and therefore functions as the experimental
“which-path knob” in QMU syntax.

7.3 Closure re-allocation in place of discontinuous collapse

Where standard mechanics often describes a discontinuous “collapse” of the wavefunction upon
measurement, the APM description is continuous and ledger-conservative. The detector does not
magically erase interference; it closes part of the interaction into a torsional record ledger. The
reduction of fringe visibility is then the quantified remainder of the global rotational coherence ledger
after conditioning on that detector record space. In the recoiling-slit realization, the coherence
penalty is exactly the overlap of the two recoil-shifted slit states, and the trade is summarized by
V = exp(—2n?) with 1 given in (20). In this sense, complementarity is not a mystery principle but
a closure constraint: the more distinguishable the recoil record becomes, the less of the experiment
remains available to close as a single phase-coherent propagation ledger.

8 Conclusion

Complementarity in APM is a closure constraint, not a philosophical boundary. Interference requires
global rotational coherence closure; which-path information requires local torsional record closure.
A recoiling-slit realization exposes the trade quantitatively through a detector overlap factor, which
we cast into QMU-native form and compress via Ledger One into a practical calibration law:
V = exp(—2n?) with n given by (20). This reframes complementarity tests as metrology experiments
that can report detector momentum budgets and coherence partitions directly in QMU.

A Appendix: Derivation of the (Gaussian Overlap Visibility Law

Assume the slit momentum wavefunction is Gaussian:

() L. p< v )
= ———5——exp| ——— | .
(QWApzht ) 174 4Ap§m

Then the shifted overlap amplitude is

o Ap;
(o = Bp)lwlp+ Apy)) = [ dpu (= A )ulp+ Apy) = esp( ~555- ).
— 00 slit
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Squaring the magnitude gives

APQ Ap 2 9.2
V = exp <— Ap2?t> = exp (-2 <2Ap:1t> =e 2n )
sli 1

which matches (13).
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