
V131 Unified Causal Field — Quantum Foundations
& Measurement Sector Supplement (v2.3-QFound)

Supplement to the V131 cosmology reports (concept DOI 10.5281/zenodo.21153115, v2.1 record
10.5281/zenodo.21180901; site: milkyway.center/cosmology). The four field equations (1′)–(4′) are
unchanged. Labels: [EST] = established mathematics/physics, attributed; [V131] = framework-specific
claim; [SPEC] = not quantitatively closed. Corrections are kept on record per the framework's calibration

principle (reported confidence = measured hit rate). Engineering implementations of the results below
(timing constraints, decision-gate architectures, loss functions) are intentionally not disclosed here.

v2.3 changelog (2026-07-04): (i) new §6 — a concrete ensemble-calorimetry protocol for the F5′
falsification line, with quantitative feasibility budget; (ii) the 9-dimensional ε-dual index decomposition
announced in v2.2 §6 is now complete — the axial 1-form of §3 is given its exact covariant definition; (iii)

honest-boundaries section updated accordingly. Postulates, theorems, and falsification lines are
unchanged.

1. Postulate structure

V131's measurement sector rests on exactly two postulates; everything else in this document is a
theorem given standard mathematics.

P1 (threshold trigger). Causal fixing fires when the Bures/Fisher angle Θ accumulated along
an irreversible record reaches Θ_c = π/2 (orthogonality).
P2 (contractive fixing). Fixing is generated by a GKSL (Lindblad) dissipator — completely

positive, trace-preserving, contractive, irreversible.

2. Kinematic theorems

T-A (speed-limit bound). For any recorder, the accumulation rate obeys the Mandelstam–Tamm

bound [EST: Mandelstam–Tamm 1945; Fubini–Study speed], with the counter-rotating branch
convention giving dΘ/ds ≤ 2ΔE/ħ. Hence

an axiom-level inequality; equality holds for ideal recorders (maximal-variance pointer states).
[V131: the claim that fixing fires at the threshold; the equality case; the ΔE-scaling of collapse

completion.]

T-B (no-record theorem / discrimination orthogonality). If the environment branch states
remain indistinguishable (fidelity 1), the loop is closable, Θ = 0, and fixing never triggers — at any

mass. Consequently V131 predicts zero intrinsic decoherence in coherence-preserving
interferometry (any mass) and zero spontaneous heating for energy eigenstates (ΔE = 0). The null
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results of LISA Pathfinder and γ-ray heating searches [EST: LPF; Donadi et al. 2021] are structural
exemptions for V131, not parameter squeezes; the trigger is informational (records), strictly

orthogonal to mechanical triggers (mass, position, gravitational self-energy) of GRW/CSL/DP. A
confirmed mass-scaled intrinsic contrast loss, with environmental decoherence excluded, falsifies

P1 outright.

T-C (statistical irreversibility). The global branch angle is unitary-invariant; the record angle is
monotone under data processing [EST: fidelity monotonicity]; erasure requires re-coupling all
record fragments, and with N-fold redundancy [EST: Zurek's quantum Darwinism] partial erasure of
m < N fragments leaves Θ ≥ arccos(cos^{N−m}). Irreversibility of fixing is a statistical theorem, not

a postulate.

T-D (Born rule as a theorem). Pointer-basis GKSL dynamics unravels with Fisher-innovation noise
dp_k = 2√D p_k(a_k − ⟨A⟩)dW [EST: Belavkin / quantum-state diffusion]; population processes are

martingales; combined with the Fisher-measure lemma (Bures-angle weights cos²θ_k = |c_k|²) [EST
ingredients: Wootters 1981; Gleason 1957], single-outcome statistics reproduce |⟨k|Ψ⟩|². Within
V131, Born is derived, not postulated.

3. Geometric dictionary [V131]

The open-system generalization of the framework's holonomy angle is the Uhlmann holonomy
[EST: Uhlmann 1986] — Bures parallel transport on the purification bundle; the closed-system

trace-torsion holonomy is its pure-state limit. The two irreducible parts of torsion are claimed by
the two components of the quantum geometric tensor:

torsion irrep geometric object role

trace torsion Re Q (Bures/Fubini–Study metric); along
the history flow, twice the Bures speed

rate channel ("how fast"): the
fixing clock, Θ of P1

axial torsion Uhlmann connection (pure-state limit:
Berry); curvature 

sign/phase channel ("which way"):
entanglement holonomy,

chirality/CP biases

Arc (metric channel) and phase (connection channel) coincide in magnitude only on geodesic
loops (verified exactly on CP¹); on general histories they split — accordingly the framework's

entanglement-holonomy exponent is carried by the axial 1-form (a notation correction recorded in
the internal derivation documents; physical content unchanged). Numerically, the mixed-state

Uhlmann phase exhibits the known topological purity transition; below critical purity the phase
channel trivializes while the rate channel continues to accumulate — an independent corroboration
of the two-channel assignment.

Exact 9-dimensional definition of the axial 1-form (completing the v2.2 deferral). On the full 9-
manifold the torsion decomposes as 324 = 9 (trace vector) ⊕ 84 (totally antisymmetric 3-form) ⊕
231 (mixed traceless), with trace coefficient 1/(D−1) = 1/8; the Hodge dual of the axial 3-form is a

6-form (double dual = +1 Euclidean, −1 Lorentzian — "axial torsion vector" is strictly 4-
dimensional language). Splitting by internal legs relative to the physical slice, 84 = 4 ⊕ 30 ⊕ 40 ⊕
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10; the 1-form of the table is the zero-internal-leg block, and the ε in its definition is the induced
slice ε: equivalently,  — the internal-5-volume contraction of the 9-

dimensional dual (proportionality constant −1 in both signatures, fixed numerically to machine
precision; all projector identities, dimension counts, and dual signs verified). The 80 mixed-leg axial

components and the 231 mixed components do not enter the entanglement holonomy; they are
explicitly flagged as unactivated sectors.

4. Energy-gap division of labor [V131]

With the v2.1 propagating-torsion bound α < 2×10⁻⁴⁵ m², the torsion mass gap is ħc/√α ≳ 4×10⁶
GeV. Below the gap (all laboratory physics), in-medium torsion is an enslaved field; integrating it
out returns only the gravitational-strength contact interaction — no laboratory-scale intrinsic

collapse channel exists (this strengthens T-B to a gap theorem). Above the gap (the early universe:
reheating through freeze-out, ≥10¹³ × the gap), the torsion bath is a valid Markovian driver — the

regime in which the framework's cosmological pipeline operates. One gap, two self-consistent
regimes, no crossover process in between.

5. Falsification lines (measurement sector)

F5′ (Landauer ledger). Each fixing event dissipates ≥ kT ln 2 per bit, time-locked to collapse

completion (at 20 mK: 1.2 μeV/bit). A calibrated calorimetric deficit at measurement events
kills the ledger. (Single-shot sensitivity is 2–3 orders beyond current calorimetry; ensemble
protocols are feasible.)

F7′ (scaling discriminator). Collapse completion time scales as 1/ΔE_pointer (quantum-
speed-limit saturation), not with mass or gravitational self-energy. A confirmed mass-scaled

intrinsic decoherence kills P1; sustained interferometric coherence at growing mass
progressively excludes mechanical-collapse parameter space while leaving V131 untouched.

6. Ensemble calorimetric protocol for F5′ [V131 experiment design]

The discriminating edge. Mainstream quantum thermodynamics [EST: Bennett 1982; Landauer

1961] holds that measurement itself can in principle be reversible (zero heat) — only erasure of the
record costs kT ln 2 per bit. V131's ledger (P2 + B9 accounting) asserts the opposite: the fixing
event itself is a GKSL contraction and must dissipate ≥ kT ln 2 per fixed bit at the
measurement interface, time-locked to collapse completion. The decisive experiment therefore
audits the heat floor of a measure-and-keep cycle (records retained, nothing erased). This is a

two-sided kill line: a persistent floor ≥ kT ln 2 · χ supports the ledger and pressures the reversible-
measurement reading; an engineered deficit (calibrated heat below the floor) kills the V131 ledger
outright. (A deficit must not be re-read as an "efficiency bonus" for the framework — the

framework has no such bonus to claim.)

Platform. Flux-tunable superconducting qubit (~5 GHz) read out via a QND chain, thermally

anchored nanocalorimeter (normal-metal absorber + NIS thermometry) at T = 20 mK, where E_bit
= kT ln 2 = 1.195 μeV/bit.

Aa = −(∗(9)A)(∂a, ε⊥)



Stage 1 — deficit audit. Prepare |0⟩ (no relaxation energy available to dump), QND-measure,
retain the record; calorimetrically audit heat per cycle at the measurement interface. Single-shot

resolution (~10⁻²² J) sits ~2.7 orders above E_bit, so the protocol is ensemble-based: direct
averaging needs N ≈ 7×10⁶ cycles (≈11 min per point at 10 kHz), or equivalently a lock-in

measurement of the signal power E_bit × rate ≈ 1.9×10⁻²¹ W (≈11 min at NEP 10⁻²⁰ W/√Hz; ≈19 h
at 10⁻¹⁹) — feasible with current technology.

Stage 2 — the full heat–information curve. Sweep the measurement strength (record-state Bures

angle φ). The heat floor must track the accessible information, E(φ) ≥ E_bit · χ(φ) with χ =
H₂((1+cos φ)/2) [EST: Holevo bound]: 0.28 μeV at φ = π/8, 0.72 at π/4, 1.07 at 3π/8, 1.195 at π/2

(one full bit at orthogonality — the P1 threshold). A whole predicted curve is a far sharper
discriminator than a single point. (The information measure is Holevo χ, not the coherence-
suppression exponent −ln|cos φ|, which diverges at π/2 and is not an entropy bound.)

Stage 3 — time-locking (restricted form). The intrinsic lock τ_fix = πħ/4ΔE ≈ 25 ps at 5 GHz is
beyond thermal time resolution; honestly downgraded to μs-gated coincidence (heat pulse inside
the measurement window) plus the 1/ΔE scaling of the minimum readout duration — bridging to

F7′.

Confound budget (quantified, mandatory). Qubit relaxation quantum = 17 × E_bit (suppressed

by QND + ground-state preparation); readout-cavity photon dump ≈ 48 × E_bit (photon recycling
+ on/off differential calibration); amplifier back-action (isolator cascade + differential); 1/f burst
heating (report P95/P99 quantiles, never means — correlated noise inflates tails, not medians).

Honest scope. A confirmed floor is not exclusive evidence for V131 (Landauer bookkeeping is
mainstream); the framework-specific content is pay-at-measurement + time-locking. The kill

asymmetry stands: a deficit kills the ledger unilaterally. This section is a design document; no
experimental group is engaged, and ps-level locking is explicitly out of current reach.

7. Honest boundaries

Ideal-recorder saturation of T-A is an approximation in real devices; the ε-dual index bookkeeping

deferral of v2.2 is now closed (§3); laboratory execution of the §6 protocol awaits an experimental
platform (the design is within current calorimetric technology). This is a speculative framework: the

theorems above are conditional on P1–P2, and P1–P2 are exactly where the experiments of §5–§6
aim.

8. 中文摘要

V131 测量扇区的最终结构：两条公设（π/2 阈值触发；固定=GKSL 收缩），其余皆定理——速度极限下界

τ_fix ≥ πħ/4ΔE（Mandelstam–Tamm）、无记录定理（本征退相干与自发加热严格为零，对 LISA
Pathfinder/γ 射线零结果为结构豁免，与 GRW/CSL/DP 的力学触发严格正交）、不可逆性为统计定理（量
子达尔文主义冗余）、玻恩定则为定理（Belavkin 解开 + Fisher 测度）。几何字典：挠率两个不可约部分

逐分量认领量子几何张量——迹挠率↔Bures 度规（速率通道，"多快"），轴挠率↔Uhlmann 联络（相位/
符号通道，"哪边"）。能隙分工：α<2×10⁻⁴⁵ m² ⇒ 挠率质量隙 ≳4×10⁶ GeV，实验室为记录驱动区、早期



宇宙为挠率浴驱动区，一条能隙、两个自洽区。证伪线 F5′（Landauer 热账本）与 F7′（ΔE 标度判别）锚
定实验室时标。v2.3 新增：F5′ 系综量热实验方案——判别锋刃为"测量后不擦除"循环的热地板（主流=测

量原则上可逆、擦除才付账 vs V131=固定即付账；测得欠账则账本证伪，双向死线）；三阶段协议（欠账
审计 / 热-信息全曲线 E≥kT·ln2·χ(φ)，Holevo 界 / 时间锁定受限版），20 mK 下 E_bit=1.195 μeV/bit，

系综路径 ~11 分钟/数据点，现役技术可及；混淆源（弛豫 17×、腔光子 48×、1/f 突发）逐项量化并给出
压制手段。九维 ε 对偶指标分解已完成（324=9⊕84⊕231；轴部对偶为 6-形式；(4′) 轴挠率 1-形式=切片
诱导 ε 对偶，等价于 9 维对偶的内部 5-体积缩并）。工程实现（时序约束、决策门架构、损失函数）本文

有意不披露。
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