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Abstract

Standard ACDM assumes that gravitational waves and electromagnetic radiation propagate through the same effective
distance-redshift relation. The Temporal Equivalence Principle (TEP) predicts a parameter-free canonical bi-metric scaling
E(z) = dg’w/d%M = (1+2)"! and detector-frame mass scaling Maet(2) o< (1 + 2)31 governed by the interior
screening-tracking fraction € € [0, 1], alongside a perturbative conformal template Aleg(z) = exp[Bado((1 + 2)" —1)].
Both channels are tested across cumulative LIGO-Virgo—KAGRA catalogs (GWTC-1 through GWTC-5.0 and O4 Discovery
Papers), bright-siren spectroscopy, and GLADE+/DESI DR1 dark-siren host associations.

In the host-catalog-free binary black hole (BBH) population channel, introducing a pair-instability-motivated exponential
high-mass taper 3 breaks the scale-free power-law degeneracy and favors TEP over stationary General Relativity out of
sample, with the mass-taper channels alone peaking at the pinned boundary € = 0 and the composite mass-plus-spin
consistency profile peaking at &y = 0.25 (0.25-0.40 across 65-45 M, gap-boundary choices). At € =0, TEP is
preferred by AInL = +2.32 on chirp mass (N = 95), AlnL = 4+4.06 on the GWTC-5.0 secondary-mass slice (
N =104), and Aln L = +11.02 across the cumulative N = 266 secondary-mass (ms > 5 M) taper less affected by
primary-mass hierarchical growth (/BTEP =60.2 M vs BGR = 25.6 M, +11.18 under a pure detector-frame boundary
madet > 5.5 Mo, +5.13 10 +18.08 across selection-envelope exponents dYO-dM and +0.79 to +25.33 across
[0.90,1.20] Aepy amplitude perturbations). Evaluating a Mandel-Farr—Gair-style selection integral using a Finn—Chernoff
analytic antenna-detection approximation increases the preference to Aln Lypg = 4+20.00 at € = 0 (+10.22 at € = 0.25
for ©g = 2.68, or +8.41 and +8.62 for ©¢ = 2.34; and +16.84—+17.35ate = 0, +7.33—+7.76 ate = 0.25vs k =0
, or +2.48-+42.54 vs k = —1.0 when integrated across the full aLIGO Inspiral-Merger—Ringdown [IMR] noise PSD), while
80-draw  event-uncertainty ~marginalization yields Aln Lyjer = +22.55.  Refitting  redshift-evolving GR  tapers
B(2) = Bo(1 + 2)* across k € [—3, +1] leaves TEP (e = 0) ahead throughout (A1ln L > +11.02 for k > 0, and +1.11
to +8.44 for negative k < 0), while on mo > 8 My (N = 226) and cumulative chirp mass (N = 244) evolving GR
reaches an interior optimum at k=—1.0 and is outperformed by TEP (joint = 0.25) at every k € [—3,+1] (+0.78 and
+0.30 at k=—1.0 on the redshift split, and +1.55 [Aln Bpic = +4.09] on mgo > 8 Mg or +2.10 [
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Aln Bgig = +4.72] on my > 5 M, under chronological O1-O3 training — held-out O4 testing). Across N = 276
GWOSC BBHs with measured effective spins Xeff, a two-component 1G+2G mixture yields a broad-spin weight of

f2G = 48.7% across the N = 172 events at z1, > 0.3 (vs 21.8% below 65 M), matching the matched N = 172 TEP gap
occupation (51.2% at € = 0.25) vs 13.4% under GR (10%-20% in GR cluster synthesis), doubles from 10.8% to 22.1% in
the precision-matched (0, < median, N = 54 high-z) subset (24.1%-31.5% TEP gap vs 3.7% GR), predicts held-out O4
event-by-event Xfr dispersion without invoking fag = feap (Aln Ldoi;lp = +4.37 to +5.62 at € = 0.20-0.30, Levene
p = 0.0162-0.0067; 04b P(2G;) p = 0.0305), and restores 1G-remnant to 2G-primary spectral inheritance (
pxs = 0.402, BCyo-120 = 0.9963 at &joiny = 0.25 vs GR pks = 7.98 X 10_4) while reproducing NFW-halo-level GW-
recoil retention from baryons alone in nested temporal wells. Under the conditional spin—gap fraction-identification hypothesis
(f2c = feap). the composite mass-plus-spin  consistency score at €joint = 0.25 beats stationary GR by
Aln Liging = +11.31 on my > 5 M, (+14.48 Finn—Chernoff) and +9.84 on my > 8 M, and beats evolving GR at
k = —1.0 (the my > 8/ M > 8 interior optimum) by +6.55 (+7.61 Finn—Chernoff) and +5.04 (at the lower edge of the
parameterized field-spiral/dwarf host-transfer bracket €cts >~ 0.24-0.52), while joint taper profiling offers a quantitative
mechanism_for why fixed-cutoff spectral-siren pipelines shift toward Z¢ 2 1.2.

In the distance-redshift channel across 73 non-circular sirens (1 bright siren GW170817 plus 72 catalog-associated dark
sirens; 34 circular GWOSC-fallback events quarantined as a v* = 0 null), Z(z) = (1 + 2)~! yields a small nominal
preference  (Ax? = +1.16) and reproduces the baseline fit (—2InL =944.31) at fixed canonical
Hy = 68.18 km s 'Mpc ! under self-consistent TEP-kernel host reassociation, while adversarial host-weight shuffles and
skymap injections show that ACDM-gated host selection absorbs 85%-88% of any conformal distance shift (T' ~ 12%-15%
). Environmental host-luminosity splitting yields Hy = 72.4 km sflMpcf1 in luminous massive hosts (N = 35) versus
69.3 km s_lMpcf1 in diffuse faint hosts (N = 36; 70.1 — 68.9 km s_lMpcf1 across pool weightings), consistent with
DELVE DR3 + GWTC-5.0 catalog de-biasing (67.41'%‘;’:3 kms 'Mpc ). The 4D MCMC posterior (
Hy="71.2+£33km sflMpC_l, n =1.474+0.86) resolves  factor-level  sign  non-identifiability  via
Goett = — By = +0.034 £ 0.069 (MAP +0.039, AXIZVIAP = 42.43, 71.4% mass on A(z) < 1), and host-association-
free bright sirens at fixed Hy = 68.18 km sflMpcf1 (10% fractional distance error) reach 5o discrimination in
N = 25,7,3, and 1 events (28, 8,4, and 2 in log-distance) at z = 0.1,0.2,0.3, and 0.5.

Keywords: Temporal Equivalence Principle, gravitational waves, standard sirens, bi-metric propagation, binary black hole

mass function, combined GWTC catalogs

1. Introduction

1.1 Bi-Metric Propagation and the Hubble Tension

Measurements from the cosmic microwave background (Planck, Hy = 67.4 km/s/Mpc under ACDM) and the local distance ladder
(SHOES, H = 73 km/s/Mpc) differ by approximately 5c. Paper 11 resolves the Hubble tension through an environment-dependent

Cepheid response in the endpoint observing chain, not an additional cosmic-web path-integrated shear. Its host-level corrected value
is Hy = 67.83 + 1.56 km/s/Mpc (0.26c from Planck), internally consistent with the TEP-CMB value 66.70 + 0.58 (Paper 26) at 0.68c;
that internal agreement is not independent confirmation. The endpoint environmental slope is detected at 2.33c at the canonical
velocity-scatter convention, the within-host period-coupled carrier reaches 2.28-2.79c across anchor conventions, and Paper 11
derives the Cepheid response scale \H%rfd()\o =1)| = 1.196 x 10° mag directly from the envelope density ratio
pr/(p)(10 d) = 8.45 x 10° at the unit-transport benchmark Ao = 1 with bare coupling |B4| =1 fixed by Paper 0 (
Ao = 0.995 £ 0.401). The present paper does not revisit the ladder fit: it tests the separate, falsifiable inter-sector prediction that
gravitational waves and electromagnetic radiation yield a redshift-dependent difference in inferred luminosity distance.

This modification is not exactly degenerate with a constant H shift or with dark energy over a sufficiently broad redshift range,

because it predicts a particular functional form for how GW luminosity distances deviate from the ACDM expectation as a function of
redshift. Over the limited redshift baseline of the current sample and with large GW distance errors, partial degeneracy with H|, can

remain significant. Rather than adding another /) measurement, the question is whether the GW data prefer TEP's bi-metric scaling

over the standard single-metric relation.

1.2 The TEP Bi-Metric Prediction

In the TEP framework, matter fields couple to the disformally and conformally related physical metric g, whereas gravitational
waves propagate on the Einstein-frame tensor sector g, Under the canonical two-metric endpoint identity 1 + z = Ao/ Aem (Paper
0 §2.2; Paper 26), this produces two parameter-free observational predictions for gravitational-wave astronomy. First, the ratio of the
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gravitational-wave luminosity distance to the electromagnetic luminosity distance at host redshift z follows the canonical endpoint
law

d$W(2) 1

= 7:Aem =
B = @iy ~ AP = 11

, Mz =ME (L +2)17%, (1)

where M is the intrinsic matter-frame chirp mass, Mggt{ is the detector-frame chirp mass, and € € [0, 1] is the interior screening-
tracking fraction of the progenitor host environment (¢ = 0 in the source-epoch-pinned limit, where Mge; o< (1 4 2) ! in contrast
to the standard GR scaling Mget (1 + 2)).

Second, to quantify continuous perturbative departures from ACDM and link the standard-siren distance scale to the historical
homogeneous scalar-field benchmark, the conformal factor is also evaluated under the two-parameter exponential family

dT)(2) = Aig(2) d2PM (2 Hy),  Awg(2) = exp[Bad(2)/Mp1],  ¢(2) = do[1+2)"—1]. (2

In the lab-fixed sensitivity benchmark, the parameters ¢ and # are not free: |py| = 0.013 follows from the exploratory Naivasha lab-
sector benchmark (now retired in favor of the parameter-free canonical map Z(2) = (1 + z) %), and n = 1 is derived in Section 2.1
from minimum-tracking of the density-dependent quartic effective potential, which gives @i, « p'ml/ 3 < (1+2) with a quantified
correction ngge = 0.982. Throughout this paper ¢ denotes the dimensionless ratio ¢/Mp). The deviation form [(1 + z)™ — 1] enforces
the ambient convention ¢(0) = 0, hence 4(0) = 1. The dimensionless bare conformal coupling is 4 = —1 (Paper 0 §2.2; Paper 11), so
¢(z) > 0 in the past and the conformal factor satisfies A(z) < 1 with the magnitude of the departure growing with redshift.

1.3 This Work

This paper tests both the parameter-free canonical bi-metric scaling Z(z) = (1 + z)*1 and the perturbative conformal template
Aleg(2) across cumulative GWTC-1 through GWTC-5.0 catalogs in two complementary channels: (i) the host-catalog-free BBH
mass-population and effective-spin distribution channel, and (ii) the standard-siren distance-redshift and environmental host-
association channel. Spectral-siren cosmology exploits characteristic features in compact-binary mass distributions to constrain the
mapping between gravitational-wave luminosity distance, redshift, and intrinsic source mass (Ezquiaga & Holz, 2022), while recent
GWTC-5.0 population analyses and semiparametric reconstructions show that inferred cosmological and modified-propagation
parameters depend strongly on the adopted mass-spectrum parameterization and redshift-evolution assumptions (LIGO Scientific,
Virgo, and KAGRA Collaborations, 2026b; Tagliazucchi et al., 2026; Pierra et al., 2024; Agapito et al., 2026). Both parameter-free
models (ACDM, canonical TEP Z(z) = (1 + 2) %, and lab-fixed Ajeq(2)) and the 4-parameter joint MCMC family (Hy, ¢o, n, B)
are therefore evaluated alongside bidirectional redshift-evolving GR mass tapers, continuous antenna-selection integrals, and end-to-
end dark-siren concordance-dilution controls.

The structure is as follows: Section 2 presents the canonical two-metric radiation identities and the quartic scalar-field tracking
derivation; Section 3 defines the cumulative GWTC catalog branches, precision filtering, and circularity-free redshift selection;
Section 4 formulates the distance, mass-population, and spin-mixture likelihoods; Section 5 reports the observational results across
the distance and BBH population channels; Section 6 discusses the physical implications and resolves the GWTC-5.0 Zp degeneracy;
and Section 7 concludes.

2. Theoretical Framework

2.1 Canonical Radiation Contract and Historical Template

The canonical endpoint identities on the unified matter metric
g;w = _A12oc(ugrav (x))UHUV + Azp(udrift (t’ x))HHV + B(¢) (Hzngva¢vﬂ¢ - 2(U : v¢)U(HHV)QVa¢) (
U,=-V,¢/V2X 1, =gu +UU,; Paper 0, §2.2) are A, = (1 + 2)~, M, = AM, Md(gi =AM, MSR = Ag]’\\l/,
and E = A,. They contain no fitted coupling amplitude. The universal 34 = —1 remains fixed. These identities define the target for

a joint source, waveform, distance and selection likelihood within the generalized modified-propagation framework (Nishizawa,
2018; Belgacem et al., 2018). Frame consistency of the mass identities is verified symbolically in Paper 0: a source-local observer
measuring with locally determined constants recovers the standard chirp mass (Mo, — M for screened systems), and the

dimensionless inspiral invariant Gioc M f/ e s preserved end-to-end, so the (1 + z)f1 map is a transport statement rather than
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nonstandard source physics. Its physical content is the epoch-dependence of the locally measured gravitational constant,
Gloe X A2(¢) (1+ azmb) — and that dependence feeds back on the discriminant itself (Paper 0): interior k-mouflage tracking gives
Groc(2) o< (14 2)2 inside source galaxies, so characteristic mass scales drift as M*(z) o< (1+ z)3%, yielding
M et o< (1 + 2)371 versus the GR (1 + 2). At the critical tracking € = 2/3 the two predictions coincide; at full tracking (¢ = 1)
TEP detector masses rise as (1 + 2)2 — the discriminant survives with reversed sign — and only pinned interiors (¢ = 0, the source-
epoch-pinned limit in which the binary orbit follows the emission-epoch coupling) return the naive A, = (1 + 2)~! mass map. The
same drift rescales SN Ia luminosity by (1 + z) 3¢ and the supernova ladder bounds it first for SN Ia progenitors (Paper 26 joint
profile bound € < 0.150 at 3o, AX2 = 805.8 at € = 1, conditional on the fixed-z = 5 M1 distance relation and Chandrasekhar
prescription, superseding the historical Paper 0 residual-floor bracket € < 0.05-0.10). How that SN-sector bound relates to BBH
interiors through the shared G —3/2 scaling is parameterized by the host-assembly brackets (Paper 0 §8; Section 5.6): under the SN-
sector bound € < 0.150 the discriminant runs as Maet o< (14 2) %%~(1 + 2) 7! (o< (1 +2) %% to (1 + 2) 75 across the
field-spiral/dwarf parameterized host-transfer bracket €q¢r ~ 0.24-0.52, with the empirical GWTC profile optimum at canonical
pinned € = 0), while near-full tracking reverses it to oc (1 4 2)3~1.

The exponential function and density-tracking calculation retained below define the historical phenomenological benchmark, denoted
Alegacy (%) here (written A(z) in its numerical sections). Sharing the sign A < 1 and normalization A(0) = 1 does not make it
identical to the exact endpoint contract: at z = 1, the canonical ratio is 0.5, while the historical template with ¢g = 0.013 gives
approximately 0.987. Its fitted exponent and amplitude therefore characterize that benchmark, not a derivation or fit of the canonical
endpoint identity. A nonexpanding common-action background and the coupled radiation calculation must supply the canonical
likelihood; no new screening switch or independently adjustable bare coupling is introduced.

In this paper A(z) is not treated as an EM-GW arrival-time modification and does not evade GW170817 through a conformal
propagation delay. It is used as a standard-siren distance-reconstruction projection: a matter-frame calibration factor relating the
gravitational-wave inferred luminosity distance to the electromagnetic host-redshift frame under the TEP two-metric map. Differential
propagation and cone-tilt constraints remain controlled by the disformal sector B(¢) > 0, while the present test probes whether the
standard-siren distance scale contains a conformal-frame residual. The Naivasha lab-sector convention gives the exponential form

Screening projection notice. Screening in TEP is represented at the theory level by the environmental operator Sx(€). Quantities
such as pr, Rr(M), Se(r), compactness ®/ 2, local stellar density, thermal epoch, coherence length, proximity, and boundary
geometry are domain-specific projections of &, not independent screening mechanisms and not interchangeable universal thresholds.

A(z) = exp[Bado((1 +2)" —1)] (3)

where ¢o9 = +0.013 (= o 1eg, the legacy homogeneous-template slope parameter of Ajegacy (2), distinct from the full cosmological
endpoint map Z(z) = 1/(1 + z) and from the screened solar exterior charge SéG) in Paper 0 §2). The deviation form (1 + 2)" — 1
enforces the ambient convention ¢(0) = 0 and hence A(0) = 1; it does not multiply the ambient value itself. With B4 = —1 (bare
coupling, Paper 0 §2.2), the positive ¢ gives ¢(z) > 0 and A(z) < 1 at cosmological distances — the direction required by the
corpus endpoint identity 1 4+ z = A/ Aep, under which positive redshift corresponds to Ay < Ao (Paper 26). The same sign
structure holds locally: near a mass concentration ¢ > 0 and A < 1 (clocks slower), consistent with the sign convention of Paper 0,
so the earlier universe and the denser environment are both deeper temporal wells. The cosmological background A(z) and the
spatial perturbation sector are distinct: A(z) is the time-dependent homogeneous field, while the bidirectional spatial deviations (
A < 1 in overdensities, A > 1 in underdensities; Paper 0, §2.2) are perturbations relative to this background that average to the
smooth cosmological field along extended lines of sight.

The index m is not an independent assumption: it is fixed by the homogeneous dynamics of the same scalar sector. On the
cosmological background the field sits in the density-dependent effective potential

Vett(9) = V(9) + (A(¢) — 1) pm, (4)

the Einstein-frame form of the universal matter coupling for non-relativistic matter. For the corpus's confining quartic branch
V= )\¢4/ 4 — the density-dependent-mass candidate identified in Paper 26, consistent with the Paper 0/28 quartic-Gaussian
envelope near its minimum — the tracked minimum obeys

)‘¢§nin = —Pa A(¢min) Pm =  Pum = (7
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so that ¢min ﬁi,{3 to leading order. With py, o (1 + 2)3 this gives ¢ ox (1 + 2), i.e. n = 1 exactly in the |S4¢p| < 1 limit; the
factor A(¢)/3 = €P49/3 supplies an O(¢/3) correction. Solving the implicit minimum condition (5) exactly over z € [0, 3] and
fitting the deviation form returns nege = 0.982, so n & 1 is a quantified tracking statement rather than an ansatz. The tracking itself
is maintained: the curvature about the minimum satisfies mg/H 2 2.6 throughout the tested range, placing the field in the quasi-
adiabatic regime whose residual lag is of the same order as the fitted index departure. Matching the tracked amplitude to
¢o = +0.013 fixes A~ 2.3 x 107118 Mf,ll — the quartic normalization matched to this historical homogeneous-template
amplitude. This matching fixes a benchmark coefficient; it does not derive density-dependent running of the operative matter-domain

coupling. The same p1/3

response family underlies the pp saturation scaling of Paper 6, so the homogeneous and screened sectors
share the quartic response family rather than requiring separate response relations; the two normalizations characterize different
benchmark realizations of that response family; connecting them within one fixed master action requires a background solution rather
than identifying them as a derived running coupling (Paper 0 §8); the free-n joint fit (n = 1.47 &£ 0.86) is retained as a consistency

check and agrees with the derived index at the 0.60 level.

The conformal amplitude factor A(z) enters the standard-siren reconstruction through the declared endpoint/frame map. It is distinct
from the incremental gradient/source response Sy(€), which must be evaluated on the selected kinetic field solution when a
dynamical screening prediction is required. Theorem 2 of Paper 0 leaves the direct conformal photon propagation contribution zero at
fixed metric; endpoint calibration and source evolution are separate observable channels. In this weak-field/long-baseline regime, the
global cosmological background acts as the empirical proxy for the continuous saturation of Temporal Topology, anchoring the
distance-reconstruction residuals independently of local astrophysical screening. The present test is agnostic about the microscopic
origin of the conformal amplitude; it asks only whether the standard-siren distance scale inferred from gravitational-wave events
shows a redshift-dependent residual consistent with the lab-sector projection.

2.2 Bi-Metric Propagation

The bi-metric framework distinguishes between the metric governing electromagnetic radiation (the observed matter metric) and the
metric governing gravitational waves (the effective gravitational metric). This distinction arises naturally from the environment-
dependent coupling of the scalar field, where the locally active response is governed by the environmental suppression operator
Sy(&).

2.3 Hubble Diagram Prediction

The TEP-adjusted Hubble diagram overlays the standard ACDM prediction and the TEP-scaled prediction on the GW standard-siren
data points. The TEP curve predicts a redshift-dependent suppression of the GW distance scale relative to ACDM, with amplitude
growing as |4(z) — 1| increases. This shift is tested directly against the data; it is an orthogonal probe of bi-metric propagation and is
not expected to align the GW data with any particular external /) measurement.

3. Data Selection

3.1 Combined GWTC Catalogs

All publicly available LVK event catalogs queried by the pipeline from the Gravitational-Wave Open Science Center (GWOSC) are
combined: GWTC-1-confident, GWTC-2, GWTC-2.1-confident, GWTC-3-confident, GWTC-4.0, GWTC-4.1, O4 Discovery Papers,
and GWTC-5.0. Deduplication is performed by commonname , with later catalogs taking precedence for updated parameter estimates.
Luminosity-distance central values and bounds are extracted from the GWOSC JSON API, and public GraceDB skymaps are used
where available for dark-siren host association.

3.2 Precision Filtering and Sample-Branch Accounting

Events are filtered across two complementary analysis branches according to the observables required by each channel. In the skymap
distance-redshift siren branch, events are filtered to a high-confidence subset of N = 107 events with signal-to-noise ratio (SNR) >
12, false-alarm rate (FAR) < 1 per year when available, and p,g,, > 0.9 when available. Of these 107 events, N = 73 carry non-
circular host-associated redshifts (the primary distance sample: 1 bright siren plus 72 GLADE+/DESI DR1 dark sirens), while the
remaining 34 events lack catalog host associations and carry GWOSC ACDM-derived redshifts quarantined as a cosmology-blind
pipeline null (y* = 0). The primary bright-siren anchor is GW170817, the confirmed binary neutron-star merger in NGC 4993 with
spectroscopic host redshift z = 0.0098 (heliocentric; zcms = 0.0092).
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In the host-catalog-free BBH population and spin branch, no galaxy catalog or skymap association is used. From the deduplicated
cumulative GWTC-1 through GWTC-5.0 catalog, N = 276 unique BBH events carry published effective inspiral spin measurements
Xeff and luminosity distances (used in the two-component 1G+2G spin-mixture test), N = 267 carry component mass estimates
(m1,ms) with Mg > 5 M (used in the exploratory discrete chirp-mass ladder coherence test; N = 266 satisfy mq > 5 My,
and N = 226 satisfy ma > 8 M in the secondary-mass pair-instability cutoff tests), and [N = 244 carry directly reported source
chirp masses Mge > 8 M. Within the GWTC-5.0 catalog extract, [N = 95 BBH events satisfy Mge > 8 M, with complete
chirp-mass bounds (45 low-redshift anchors at zy < 0.4 and 50 high-redshift scored events at zy > 0.4; N = 104 with
ma > 5 M), and N = 43 high-SNR BBHs form the primary-component 721 PISN-window diagnostic subset.

3.3 Independent Redshifts — Circularity Avoidance

To avoid the circularity problem that invalidates cosmological tests using GWOSC-derived redshifts (which are computed from
luminosity distances assuming ACDM), redshifts are obtained from two independent sources:

Bright sirens. Events with confirmed electromagnetic counterparts and spectroscopic host-galaxy redshifts from the literature. Only
GW170817 satisfies this criterion in the current sample.

Dark sirens. For events without electromagnetic counterparts, candidate host-galaxy association is performed using public GraceDB
HEALPix skymaps where available and a merged redshift-bearing galaxy list. The baseline catalog is GLADE+ from VizieR VII/291
for z < 0.1; DESI DRI fastspec spectroscopic redshifts provide a deep fallback for higher-z events where GLADE+ is incomplete.
Candidates are first filtered by a broad GW-distance compatibility window and then ranked by sky probability and the skymap
distance posterior. Distance consistency is recorded and used as a quality control; this makes the dark-siren sample suitable for a
pipeline demonstration and sensitivity test, while the bright-siren subset remains the cleanest non-circular anchor. The cone
interrogates a peak-centred disc of the 90%-region equivalent area (compare joint catalog-population dark-siren formalisms in Gray et
al., 2023; Chen, Gray & Baker, 2024); the resulting sky-probability coverage, a per-event host-misassociation bound, and the residual
ACDM-concordance dilution of the selection chain are quantified by a dedicated injection test in §5.8.

GWOSC redshift fields are used only as a fallback for events where GLADE+ cannot identify a plausible host (e.g., distance-
inconsistent candidates or missing skymaps). This affects 34 of 107 events. The remaining 73 events carry host-associated redshifts
that do not use the GWOSC redshift field (72 from GLADE+/DESI plus GW170817), and GW170817 provides the bright-siren
anchor. Events using GWOSC fallback are explicitly tagged with quality="fallback" and excluded from the primary HO fit to
avoid ACDM circularity. The primary analysis uses the 73 independent-redshift events only; the full sample of 107 events (including
fallback redshifts) is reported as a secondary robustness check.

4. Computation

4.1 Pipeline Architecture

The reproducible analysis pipeline is implemented in Python and executed sequentially. Each step writes a JSON output to
results/outputs/ and a detailed log to 1logs/ . Steps are fail-fast: execution halts on the first failure so that downstream steps do
not consume stale data.

4.2 GR Distance Extraction

The standard General Relativity luminosity distance dL(GR) and its upper/lower uncertainties are extracted from the GWOSC JSON

API for each filtered event. Per-event fractional uncertainties are computed from the published distance bounds. Independent redshifts
are taken from bright-siren spectroscopy and GLADE+/DESI DR1 dark-siren Bayesian host association; GWOSC redshift fields are
used only as a fallback when no catalog host can be identified.

4.3 TEP Distance Transformation

The primary likelihood model uses the lab-fixed TEP conformal scaling factor 4(z) as an endpoint rescaling of the ACDM luminosity
distance:

4 (2) = A(2) %M (z; Hy) (6)
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The TEP-CO Jordan-frame audit additionally treats the pipeline redshift as the physical matter-frame redshift and modifies the
distance integral itself:

Hj(z) A(z) dlnA
= 5 (0] = 5
Hacom(z) 1—ay 47 dlna,

V4 dz’
o His(z)

AV () = A(z) (1 + 2)e (8)

For observed GW-inferred distances, the corresponding endpoint-only matter-frame corrected distance is d%R /A(z). Downstream
fits use the propagated per-event distance uncertainties from the GWOSC bounds and redshift uncertainty in distance space. The
pipeline fails rather than silently reverting to a default uncertainty if the required uncertainty fields are missing from an upstream step.

4.4 Catalog-Free Population and Spin-Mixture Likelihoods

GR
det

gravitational-wave luminosity distance dgw, without reference to any galaxy catalog or skymap. Let zy, denote the standard ACDM
redshift inferred from d$W and 27 denote the matter-frame redshift solving 5™ (27) /(1 + 27) = d$W under the canonical two-
metric endpoint law E(z7) = (14 2z7) . For an interior screening-tracking fraction € € [0, 1], the intrinsic matter-frame mass

In the host-catalog-free BBH population channel, each event is characterized purely by its measured detector-frame mass m ;- and

coordinate 7 (z7; €) and its detector-to-intrinsic coordinate Jacobian are

= (1 +27)t73%, (9)

whereas standard General Relativity assigns the physical source-frame mass mg‘}}(z L) = mg’e]?(l + z1) ! with detector-to-source
Jacobian (1 + zz)~* (and for a redshift-evolving GR taper 8(zr) = Bo(1 + z1)¥, defines the rescaled population coordinate
zar(zr; k) =mSR(1 + 21)F = deeFt{(l + 21)71* with Jacobian (1 + 27)!~¥; because the per-event detection threshold
satisfies Mlg’iii > my, = 5 Mg, evaluating the likelihood in xggr is mathematically identical for all k <0 to evaluating
p(mSR | z1) oc (MER) > exp[-mSR/(Bo(1 + 21)*)] above the fixed physical floor my, = 5 Mg). To break the scale-free
power-law degeneracy inherent to spectral-siren mass inference (Ezquiaga & Holz, 2022; Pierra et al., 2024; Tagliazucchi et al., 2026;
LIGO Scientific, Virgo, and KAGRA Collaborations, 2026b), both frames are modeled by an exponentially tapered power-law mass
function with characteristic pair-instability-motivated taper scale 8 above my, = 5 M,

p(ﬁl|a,ﬂ)ocﬁ1“exp(—%), L= Y I

ichigh-z ff;?nin,i(f) p(m | Qlow, IéIOW) dmn

p(ﬁu(e)\&bw,ﬁlow) ‘ g i

GR
amdet,i

where (&10“,, Blow) are calibrated by maximum likelihood on the low-redshift anchor subsample (21, < 0.4) — and explicitly refitted
from scratch on the low-redshift training subsample for every tested tracking parameter € and every tested GR evolution exponent k
in B(z) = Bo(1 + 21)* — before scoring strictly out of sample on the high-redshift subsample (z;, > 0.4) above the detector-
mass selection envelope Mdet,mini = maX[Aenv(d%}’V)ﬁ/ 5 Mo (1+ 2 L,i)]. Five structural audits protect the secondary-mass (
my > 5 M) taper score against selection-boundary and point-mass systematics: (i) on the high-redshift scored sample (z, > 0.4,
Nhpign = 131), Aenv(df.j”gv)ﬁ/5 exceeds Myt (1 + 21,;) on every single event (0/131 bound by the catalog cut), and replacing
Mot (1 + 2 L,i) across the entire catalog with a purely detector-frame threshold 75 ge¢ = 5.5 M, (containing zero reference to zz,)
increases the out-of-sample preference from AlnL = +11.02 to Aln L = +11.18 (In Ltgp = —491.79 vs —502.97); (ii)
replacing the hard step-function truncation with a Mandel, Farr & Gair (2019)-style selection-weighted denominator
a;(a, ) = f;‘; p( | o, B) PEC( | dp ;) d using the piecewise-clamped Finn & Chernoff (1993) analytic antenna-projection
survival approximation P(f;? (0 > Owm) = 2—é6(4 — ®tm)4(1 + O¢r) for O € [0,4] (and P‘f;? =0 for O >4, ie.
) ming < (©0/4)%/°) with threshold orientation © ghr (2, d ;) = O (Mmin,i /) increases the out-of-sample preference to
Aln Lypg = +20.00ate = 0 (In L = —284.72 vs —304.72) and A In Lyjpg = +10.22 at € = 0.25 (—294.50 vs —304.72;
and +13.12 at e = 0 or +3.35 at € = 0.25 against evolving GR at k = —1.0) for O = 2.68 (PL(0) = 4.36% orientation
survival at 7 = Mumin;i), Wwhile anchoring at ©¢ = 2.336 (Pi?(@o) =10.0% survival at M = Mmin;) yields
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Aln Lypg = +8.41 at e = 0 and +8.62 at € = 0.25 (where € = 0.25 exceeds € = 0 on the mass taper itself and gives a
composite mass+spin score of +12.88); (iii) performing an 80-draw event-uncertainty marginalization — where for each event
K = 80 draws (m2,det,ik, d1.,ik) are generated from the published GWOSC split-normal luminosity-distance interval (scaled by 0.5
along the SNR distance-mass degeneracy) and SNR-scaled detector-mass uncertainty o(Inmsg get) = 0.05 (12/SNR;) subject to
q=m2 / mi < 1, and averaged in likelihood space at the event's baseline threshold — yields A ln Lpjer = +22.55 at € = 0 (
In Ly = —477.21 vs —499.77; +4.58 at € = 0.25, stable within < 0.3 In L units at K = 160 and 320); (iv) varying the
envelope power-law exponent across d'0—d'* yields AIn L = +5.13, +11.02, and +18.08 at € = 0 (and perturbing A, across
[0.90,1.20] Aeny maintains Aln L € [+0.79, +25.33]); and (v) because ¢ = ma/m1 < 1, posterior scatter at ¢ ~ 1 is one-
sided toward lower s, with symmetric detector-frame Monte Carlo resampling yielding a median A In L = +13.32 (68% interval
[+8.82, +17.68], 100% positive).

To test whether the high-redshift BBH population occupying the 65-130 M, pair-instability supernova (PISN) mass gap under the
€ = 0 map carries the kinematic signature of multi-generation (2G+) hierarchical mergers, the catalog posterior-median effective
inspiral spins efr,; across all N = 276 GWOSC BBH:s are fitted with a two-component Gaussian mixture likelihood:

(et | foc) = (1= foc) N (Xettis 16, 036) + faa N (Xetts Hocs 05c)s (11)

where the narrow first-generation (1G) natal component has (u1g,01¢) = (0.05,0.08) and the isotropic hierarchical (2G+)
remnant component has (uoq,o2a) = (0.0,0.25) arising from dimensionless remnant spins ag, ~ 0.68. To ensure that broader
Xeff posteriors at lower signal-to-noise do not bias the inferred mixture, the fit is verified both on the precision-matched half of the
catalog (0y,; < median(0.146), N = 140, where o, ; = %(|a';z| + |0;i )/1.645) and by integrating the posterior-expected

spin magnitude E | xe¢f|;] over each event's individual split-normal uncertainty o, ;.

5. Results

5.1 Hubble Diagram and Bi-Metric Distance Trajectories

Figure la overlays the primary independent-redshift standard-siren sample (IN = 73: 1 spectroscopic bright siren GW170817 plus 72
GLADE+/DESI DRI dark sirens) and the 34 quarantined GWOSC ACDM-fallback controls (y* = 0) against three distance-redshift
models: the ACDM baseline (Hy = 72.0kms 'Mpc '), the perturbative lab-fixed TEP template Al (2)  (
Hy = 72.2km s 'Mpc ™!, Ax? = +0.20), and the parameter-free canonical two-metric prediction Z(z) = (1 + 2) ! at fixed
canonical Hy = 68.18 km s~'Mpc ! (Paper 18). Whereas Aleg(z) departs from ACDM at the sub-percent level over z < 0.5, the
canonical endpoint law =(z) = (1 + 2)71 predicts a substantial suppression of d%w relative to dEM at fixed redshift — or
equivalently, as indicated by the horizontal reassociation arrows in Figure la, shifts the inferred host-galaxy redshift z¢.; — 2Trp
upward when dark-siren candidate pools are evaluated under a self-consistent TEP distance kernel.
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Figure 1. Standard-siren Hubble diagram and environmental H\ synthesis. (a) Gravitational-wave luminosity distance dgw versus redshift for the primary
independent sample (N = T3: bright siren GW170817 in NGC 4993 at Zfiow = 0.0092 [zhe1 = 0.0098/ plus N = 72 GLADE+/DESI dark sirens, filled blue
circles) and the quarantined GWOSC distance-derived fallback sample (N = 34, +* =0, open grey circles). Curves show the ACDM baseline (
Hy =72.0 km SilMpcilr dashed), the lab-fixed perturbative template Ajeg(z) (Ho = 72.2 km sflMpcfl, Ax? = 40.20, solid blue), and the parameter-
firee canonical TEP prediction 2(z) = (1 + z)*l at fixed Hy = 68.18 km sflMpcf1 (solid red), where horizontal dotted arrows illustrate the self-consistent
TEP host-kernel shift Zcay — 2TEP recovering —21In L = 944.31. (b) Synthesis of inferred Hy across the primary sample, 4D MCMC posterior, host-weighting
kernels, and environmental luminosity splits, showing the systematic shift from luminous massive top hosts (72.4 km sflMpcfl, N = 3b) to faint diffuse hosts (
69.3 km s 'Mpc L, N = 36) and inverse-L, diffuse candidate pools (68.9 km s *Mpc ™, N = 72), converging toward the de-biased DELVE DR3 + GWTC-
5.0 dark-siren constraint (67.4%?& km s 'Mpc '), the Planck CMB baseline (67.4 =+ 0.5km s *Mpc 1), and the canonical Paper 18 baseline (
68.18 km s 'Mpc ).

5.2 Bi-Metric Distance Scale and H( Synthesis

The Hubble constant is evaluated across the standard-siren sample under three nested frameworks (Figure 1b; Table 1): (1) ACDM
with Hy free; (2) TEP with the canonical endpoint map Z(z) = (1 + z) ! or the Naivasha lab-sector convention (¢g = +0.013,
n =1, B4 = —1) at equal parameter count; and (3) a 4-parameter joint MCMC fit with (Ho, ¢o,n, 3) free. All sign conventions
are defined as Ax2 = X%\CDM — X%‘EP’ so positive values favor TEP.

Primary analysis (73 events without GWOSC distance-derived redshifts). Under the unnormalized x? grid search, ACDM gives
Hy=72.0km s 'Mpc ' (x2 = 931.83) and lab-fixed TEP gives Hy = 72.2 km s "Mpc " (x2 = 931.63, Ax?2 = 40.20,
|ABIC| < 2), a marginal preference at equal parameter count. Under the properly normalized split-normal likelihood (
Onorm = 3(0_ 4+ 04)), the parameter-free canonical map E(2) = (142)"' yields —2InL =943.14 at free
Hy =56.0km s 'Mpc ! against —2In L = 944.31 at Hy = 70.0 km s 'Mpc ! for ACDM (Ax? = +1.16 in TEP's favor
at equal degrees of freedom). Because the 72 dark-siren candidate hosts are pre-selected by a ACDM distance gate
d3CPM(z0p; Ho &~ 70) ~ d$W fitting d§WV = d¥™ (2¢at; Hp) /(1 + 2eas) to ACDM-selected redshifts mechanically scales a
free Hy by (14 ze) ') = 0.7878, 70.0 x 0.7878 = 55.1 km s *Mpc™! (matching the fitted
56.0 km SflMpcfl). Remapping each event's redshift posterior onto the self-consistent TEP association kernel at the fixed
canonical Hy = 68.18 km s 'Mpc ! (Paper 18) recovers —2In L = 944.31 without shifting Hy (Figure 1a,b), while on the non-
circular bright siren GW170817 (z = 0.0098) fixed Hy = 68.18 km s 'Mpc ! yields —21In L = 4.94 (TEP) versus 4.95 (A
CDM).

predicting

Secondary diagnostic (full sample, 107 events). Including the 34 circular GWOSC fallback redshifts shifts both unnormalized fits to
Hy=72.4kms Mpc ! (Ax? = 40.06), anchored by the fiducial ACDM cosmology used by GWOSC to derive those
fallback redshifts. The fallback-only control (N = 34) yields Ax? = +0.003 and exact zero canonical signal transmission (7* = 0
), demonstrating that distance-inferred redshifts act as a cosmology-blind machinery null.

5.3 Frequentist and Information-Criterion Model Comparison

Frequentist model comparison (2, AIC, BIC) penalizes the 4-parameter joint TEP fit by kln N for its k = 2 effective additional
degrees of freedom (C = B¢o and n, since 5 and ¢g enter the likelihood only through their product). On the primary 73-event
sample, the joint MAP fit improves on ACDM by Ax2 = +2.44 (+0.48 on the 107-event sample), which is smaller than the two-
parameter BIC penalty 21n(73) =~ 8.58 (ABIC = —6.1 independent, —8.9 full). Thus, while equal-parameter comparisons favor
both lab-fixed Ajeq(2) (Ax? = +0.20) and canonical Z(z) = (1 + 2) ! (Ax? = +1.16), allowing additional free parameters is
information-criterion disfavored by the large distance uncertainties of current dark sirens.
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5.4 Conformal Scaling and Matched-Filter Residual Projection

Projecting the log-distance residuals of the 73-event sample onto the locked corpus-sign conformal template (Table 1) recovers a
positive amplitude v = +25.2 £ 18.5 (Z = +1.36), with the corpus branch (X2('y = +1) = 41.11) ranking ahead of both the A
CDM null (x*(y = 0) = 41.25) and the sign-flipped control (x*(y = —1) = 41.40; free wrong-sign fit x? = 46.83 vs 39.39).
A signal-only injection of the canonical contract =(z) = (1 + z)*1 propagated through the measured 85% host-association
concordance absorption (1"~ 0.15; Section 5.8) predicts an expected matched-filter response v* = +8.6 with 6% two-sided
|Z| > 2 detection power, consistent with the observed v = +25.2 (p = 0.82 for v, p = 0.78 for Ax?).

5.5 Posterior Constraints and Z, Reflection Decomposition

The 4D emcee MCMC analysis on (Hy, ¢g,n, 3) (64 walkers X 40,000 steps; 243,200 post-burn-in thinned samples, integrated
autocorrelation time 7 ~ 110-220 steps) yields Hy = 71.2 + 3.3 km s *Mpc ! (68% CI [68.1,74.3]) and n = 1.47 + 0.86
(68% CI [0.46,2.48], within 0.60 of the quartic-tracking derivation nesf = 0.982). Because the likelihood
A(z) = exp(Bdo[(1 + 2)™ — 1]) depends solely on the product C' = By while the flat priors on ¢g € [—0.05,0.05] and
B € [—5, 5] are symmetric about zero, the 4D posterior possesses an exact Zg sign-reflection symmetry (o, 8) <> (—¢o, —8) that
cancels the unconditioned 1D factor marginals to zero (¢9 = +0.000 £ 0.028; By = —0.02 £ 2.81). Evaluating the Zs-invariant
effective coupling ¢ et = —B¢pg = —C at the canonical sign 54 = —1 resolves this factor-level sign non-identifiability (Figure
2a): the posterior mean is ¢oeff = +0.034 & 0.069 (median +0.028, 68% CI [—0.020, 4-0.101], joint MAP ¢ tr = +0.039
with AX12\/[ Ap = 12.43), consistent with the lab-fixed benchmark ¢g = +0.013 within 0.3c, and places 71.4% of the posterior
probability mass in the TEP domain ¢gerr > 0 (A(2) < 1,y = +2.6 £ 5.3).

(a) Primary 73-Event MCMC Posterior (3 Symmetry Broken) (b) Dark-Siren ACDM-Concordance Dilution (N = 72 Pools)
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Figure 2. Za-invariant MCMC posterior and dark-siren ACDM-concordance dilution. (a) Marginal posterior density P(¢qetr | GW) for the Zs-invariant
effective conformal coupling ¢o et = —B¢o on the primary 73-event emcee MCMC chain (243,200 samples), shown both with the factorized uniform prior
Jacobian (—In|@o efs| cusp, grey dashed) and after flat-prior Jacobian reweighting ([In(0.25/|¢o est|)] L, solid navy curve; T1.4% chain mass in the corpus-
predicted domain ¢oer > 0 [A(z) < 1], blue shading). Vertical lines mark the ACDM null (¢oee = 0), the lab-fixed benchmark (¢pg = +0.013, 0.30), the
posterior mean (+0.034 + 0.069), and the joint MAP (4+-0.039, AXIQ\IAP = +2.43); the inset displays the joint 68% and 95% credible contours in (Ho, $oefs)-
(b) End-to-end concordance-bias injection across the N = T2 GLADE+/DESI dark-siren candidate pools as a function of injected conformal amplitude (bi)nj,
showing posterior-mean redshift absorption (~ 85-90%, red squares; 87.8% at ¢o = +0.013), surviving signal transmission T (~ 12-15%, blue circles with
16th-84th percentile band), and top-host exchange fraction (grey triangles; 85.0% absorption and 91.7% top-host exchange at the canonical equivalent

Sl = 0.65).

5.6 Canonical Endpoint, BBH Mass-Population Cutoff, and Spin-Mixture Results

To bypass dark-siren host-catalog dilution entirely, the canonical two-metric scaling Z(z) = (1 + z)71 and mass-transfer law
m(zr;€) = m§£(1 + z7)173¢ (Equations 1, 9-11) are tested directly on the GWOSC BBH population (Table 2; Figure 3a—c).
Because a pure power-law mass distribution p(7) oc Mm% is scale-free, coordinate rescaling between GR and TEP is absorbed by
shifting cx unless a high-mass taper scale [ is present. Fitting the tapered power-law model (Equation 10) on the low-redshift anchor
sample (zr, < 0.4) and scoring strictly out of sample on the high-redshift sample (zz, > 0.4) breaks this scale-free degeneracy
(Figure 3a; Table 2):

o Chirp-mass cutoff benchmark (N = 95, Mgt > 8 M): Low-z calibration (N = 45) yields ﬁTEp = 154.3 M, (

a = 2.35) versus BGR = 32.7 M (& = 1.85). Scored out of sample on the Npigh = 50 high-redshift events, canonical
pinned TEP (e = 0) outperforms stationary GR (k = 0) by Aln L = +2.32 (In L = —188.68 vs —191.00, conditional
likelihood ratio & 10.2), and profiling over free tracking € € [0, 1] and GR evolution k € [0, 3] on this chirp-mass taper

channel alone shows that both frames achieve their unimodal optima at their parameter-free canonical baselines (€ = 0, k = 0
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), whereas combining the cumulative mass-taper channels with the spin—gap consistency channel below shifts the joint
optimum to €4, = 0.25 inside the parameterized field-spiral/dwarf host-transfer bracket. Across the cumulative N = 244
BBH chirp-mass sample, the mass-taper profile optimum itself sits at € = 0.25 (Aln L = +2.13 for zspiit = 0.4; and
AlnL = +3.12ate = 0 or +3.62 at € = 0.10 for zg; = 0.5).

Secondary-mass (mya) pair-instability-motivated taper test (N = 266 and N = 226, Tong et al. 2026, Antonini et al. 2026;
LIGO Scientific, Virgo, and KAGRA Collaborations 2026b): Across the N = 267 cumulative GWTC-1-5.0 BBHs with
component masses, primary masses 7, extend across the pair-instability gap (24.3% > 45 M, 95th percentile 67.7 M,
max 95.3 M) due to 1G+2G hierarchical mergers, whereas secondary masses o are much less affected by hierarchical gap-
filling and preserve a sharp upper pair-instability edge (96.3% < 45 M, 95th percentile 42.0 M, in GR coordinates,
matching the 443 M, and 44-46 M GR edges reported by Tong et al. 2026 and Antonini et al. 2026). Notably, under the
TEP mass map Mz (€) = ma get(1 + 27) 3¢ within the field-spiral/dwarf tracking regime (¢ € [0.25, 0.33]), this empirical
42.0 M GR 95th-percentile upper tail shifts to 722,90--95 = 63.1--69.5 M at e = 0.33 (68.7--76.1 M at € = 0.30, and
79.8 M, 90th percentile at € = 0.25), placing the transformed secondary-mass boundary near the canonical ~ 65 M, stellar
nuclear pair-instability mass scale (Woosley, 2017; Farmer et al., 2019; establishing whether this eliminates the need for
elevated 12C(oc, v) 16 reaction rates requires a selection-corrected forward population model and a TEP-consistent evaluation
of how G, evolution affects the stellar pair-instability core threshold itself). Scoring ms alone out of sample suppresses
primary-mass hierarchical contamination and increases the conditional preference for canonical pinned TEP (€ = 0) to

Aln L = +4.06 on the GWTC-5.0 slice (N = 104) and Aln L = +11.02 across the full cumulative my > 5 M, catalog
(N = 266, Nigy = 135, Npigh, = 131; characteristic taper scale BTEP =60.2 Mg vs BGR = 25.6 M; Figure 3a), with
AlnL = +5.58 at € = 0.25 on the stricter ma > 8 M subset (N = 226). Replacing the catalog selection floor

Meut (1 + z) with a purely detector-frame boundary My det > 5.5 M (zero zy, in selection) increases the preference to
AlnL = +11.18 (In Ltgp = —491.79 vs —502.97; 0/131 high-z events are bound by the floor). Furthermore, replacing
the step-function selection cut with the Mandel, Farr & Gair (2019)-style selection integral using the piecewise-clamped Finn &
Chernoff (1993) analytic antenna-detection approximation Pdf;g (©) (6 = 2.68, P(feg = 4.36% at Mmin,;) increases the
preference to Aln Lyjpg = +20.00ate = 0 (In L = —284.72 vs —304.72) and A In Lyjpg = +10.22 at e = 0.25 (
—294.50 vs —304.72; or +8.41 at € = 0 and +8.62 at € = 0.25 for the 10.0% orientation anchor @¢ = 2.336; shifting

,éTEP from 60.2 to 142.4 M, and BGR from 25.6 to 118.6 M, due to the smooth sub-threshold antenna tail, which shows
that the positive model preference is more robust than the absolute fitted taper scale), while 80-draw event-uncertainty
marginalization yields A In Lyjer = +22.55 at e = 0 (—477.21 vs —499.77; +4.58 at € = 0.25), and replacing the pure
inspiral %% SNR ratio in Pi? with the frequency-integrated aLIGO design/O4 noise PSD Sy, ( f) and PhenomD Inspiral—
Merger—Ringdown (IMR) waveform response (which incorporates the 40-200 Hz merger sensitivity boost and high-mass
ringdown bandwidth loss) stabilizes the two survival anchors (©g = 2.336 and 2.68) to within 0.5 log-likelihood units at
Aln Lyyg psp = +16.84 to +17.35ate = 0 (+11.99 to +12.13 vs k = —1.0) and +7.33 to +7.76 ate = 0.25 (
+2.48 to +2.54 vs k = —1.0).

Allowing the GR taper scale to evolve with redshift via B(z) = Bo(1 + 21 )* with (Gew, Bo,low) refitted at each

k € [—3.0,+2.0] (compare Agapito et al., 2026) further supports the TEP mass-transfer direction: positive GR evolution (

k > 0) worsens the GR score (AIn L = +12.89 at k = +0.25, +14.81 at k = +0.50, and +18.53 at k = +1.00; or
+14.05 and +17.52 under a fixed low-z floor), while negative taper-evolution exponents k < 0 partially mimic the TEP map
M= maet (1 + 27) 7% & maer (1 + 22) 70739 at keg (€ = 0) & —2.75 and keq(e = 0.25) ~ —0.6 to —1.0.
Crucially, on both my > 8 M (N = 226) and cumulative chirp mass M > 8 M, (N = 244), the evolving GR model
reaches an interior maximum at & = —1.0 and is outperformed by TEP (&j0int = 0.25) atevery k € [—3,+1] (

Aln L = +5.58,40.78,+0.86,+3.93 on my > 8 M, and +2.13,+40.30, +0.54,+2.02 on M > 8 M, at
k=0,—1,—2,—3 on the z, = 0.4 split; and when calibrated chronologically on O1-03 [GW15-GW20] and scored out of
sample on held-out O4 [GW23-GW25], the mass-only margin at €joiny = 0.25 doubles to Aln L = +2.10vs k = —1.0 [

+6.95vs k = 0; +5.93 and +10.78 ate = 0, Nog = 188]onmy > 5 Mg and Aln L = +1.55 vs k=-1.0 [+6.28
vs k= 0; +3.10 and +7.83 ate = 0, No4 = 160] on ma > 8 Mg, corresponding to a Schwarz/BIC Bayes-factor
preference of A ln Bpig = +4.72 [BF = 112 : 1] and +4.09 [BF = 60 : 1] after penalizing evolving GR for its extra
redshift-evolution parameter k), whereas on the full my > 5 M, (N = 266) sample — where the 40 lightest secondaries (
5 < mga < 8 M) near the low-z floor pull an unconstrained GR fit toward the k = —3 boundary — parameter-free
TEP (e = 0) beats every k € [—3,+1] (+11.02, +6.26, +3.01,+1.11 at k = 0, —1, —2, —3 under step selection, and
+20.00, 4+13.12, +6.65, +1.16 under Finn—Chernoff selection), while TEP (e = 0.25) beats k = 0 (+7.05 step; +10.22
Finn—Chernoff) and k = —1.0 (42.29 step; +3.35 Finn—Chernoff) and is overtaken on mg > 5 M, only if GR is pushed to
k= —2o0r—3(—0.96 and —2.86 step; —3.13 and —8.61 Finn—Chernoff, where GR's high-z taper at 2z, = 0.56 collapses
to = 76.0 (1.56) ~3 = 20.0 M and fails on m2 > 8 Mg). This preference also holds across selection-envelope exponents
d'0—d'* (Aln L = +5.13 to +18.08), under symmetric detector-frame Monte Carlo resampling bounded by
g =ma/m1 <1 (median Aln L = +13.32, 68% CI [+8.82, +17.68], 100% positive), and against a 4-parameter
powerLaw+Peak pile-up model (Tagliazucchi et al., 2026; lampieri et al., 2026; Liu et al., 2026): because secondary masses
my lack a high-mass 2G pile-up peak (Tong et al., 2026), adding a Gaussian pile-up component on 1m5 overfits the low-z
training sample in both frames (In L}?i];ﬁPLP = —497.53 vs —494.99 for TEP(e = 0), Aln Lpyp = +2.54), leaving the
2-parameter canonical TEP taper (In Ly, = —491.81) ahead of the 4-parameter GR PowerLaw+Peak comparator by
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Aln L = +5.71 in held-out predictive log-likelihood (these alternative selection, resampling, and parameterization scores
represent sensitivity analyses on the same underlying events rather than independent detections).

Two-component 1G+2G hierarchical spin mixture vs. matched GR and TEP gap occupation (N = 276): Under the € = 0
mass map on the 43-event high-SNR diagnostic subset, the median matter-frame primary mass is 7, = 56.7 M, (101.7 M
at z, > 0.3), placing 27.9% (12/43 overall; 55.0% = 11/20 at zz, > 0.3) of primary components inside the 65-130 Mg
PISN gap versus 2.3% (1/43 overall; 5.0% = 1/20 at z;, > 0.3) under GR. To compare spin-mixture weights and gap
occupation both event-by-event and on identical sample selections, both quantities are evaluated across the N = 276 GWOSC
Xett catalog, its N = 172 high-redshift (z, > 0.3) subsample, and its precision-matched (o < median(0.146), N = 54
at zy, > 0.3) subsample. Across all N = 276 GWOSC BBHs, spin magnitudes | x| correlate positively with 721 (Spearman
p = +0.152, p = 0.0112) and 2true (0 = +0.149, p = 0.0135; 42-event posterior-expected E[|xett|] p = +0.693,

p = 3.59 x 1077), and each individual binary's Bayes posterior responsibility P (2G| Xett,i) correlates event-by-event with
primary mass in both frames (p = +0.226,p = 1.49 x 10~ * under TEP at &join; = 0.25; p = +0.208,p = 5.0 x 10 * at
€ =0;and p = 4+0.234,p = 8.5 x 10~° against m%f‘), with individual TEP PISN-gap binaries exhibiting significantly
higher 2G posterior responsibilities than sub-gap binaries (Mann-Whitney p = 0.0137 at €43, = 0.25; p = 0.0158 ate = 0
) alongside a conformal-frame-invariant drop in mass ratio ¢ = ma/m1 = ma/m across the m1(e = 0.25) = 65 Mg
boundary (g = 0.680 — 0.647 across the top N = 113 events, Mann—Whitney p = 0.00187, with the unequal-mass

q < 0.70 fraction rising from 47.7% to 63.7%, whereas on the exact matched-quantile GR primary-mass threshold

m?R > 37.7 M [N = 113] the mass-ratio drop weakens to § = 0.675 — 0.654, p = 0.0543, and only reaches

@ = 0.677 — 0.644, p = 0.0024 on the smaller N = 78 subset m?R > 41.5 M because TEP's redshift-dependent
Jacobian (1 + z1)(1 + 27)%25 separates high-z unequal-mass 2G + 1G pairings from low-2 equal-mass 1G + 1G pairings;
Flanagan et al., 2026), while signed xff remains symmetric about zero (p = +0.069, p = 0.256) with broader variance
above 65 M (Levene F' = 4.07, p = 0.0446; |xer| > 0.20: 20.9% vs 12.4%; xetr < —0.05: 17.8% vs 11.5%).

Evaluating the 1G-remnant to 2G-primary spectral compatibility diagnostic of Li et al. (2026) across all N = 276 events split
by spin into low-spin 1G proxies (| x| < 0.15, N = 203, median z7, = 0.370) and high-spin 2G+ proxies (| x| > 0.15,
N = 73, median z;, = 0.500), GR's (1 + z1) ! source-mass division differentially compresses the more distant 2G+
primary proxies 32.3% below the 1G remnant spectrum Miem,1c = 0.95(m1 + m2) (median 39.8 Mg vs 58.8 M, ratio
0.677, unclipped linear Bhattacharyya overlap BCy, = 0.9740, scale-invariant log-mass BC),; = 0.9592), yielding a
descriptive two-sample Kolmogorov—Smirnov discrepancy on the selected catalog of Dgg = 0.265 (pgs = 7.98 x 107%;
Mann-Whitney pyrw = 1.98 x 1072). Under the TEP mass map, this differential redshift-compression discrepancy between
the spin-selected generation proxies is removed: Dkgs drops by more than half to Dks = 0.118 (pks = 0.402,

pyw = 0.304, median 76.5 M, vs 90.3 M, ratio 0.848, BCy;,, = 0.9853, BCjog = 0.9837) at €joins = 0.25 and

Dxgs = 0.117 (pxs = 0.418, pyw = 0.931, ratio 0.977, BCiog = 0.9817) at € = 0 (with the same reduction in Dkg
holding across alternative spin-proxy thresholds |Xe¢r| > 0.10 [0.368 — 0.200] and |xegf| > 0.20 [

0.215 — 0.132, ps = 0.389]). Within Li et al. (2026)'s high-mass PISN window [40, 120] M, bounding 1G proxies by
each frame's physical 1G stellar-collapse ceiling (45 Mg in GR vs 65 M in TEP) yields BC4o.-120 = 0.9963 (

DKS = 0.120,p = 0892) at éjoint = 0.25and BC40__120 = 0.9875 (DKS = 0.159,]9 = 0464, or BC40__120 = 0.9831-
0.9930 under the zero-tuning empirical 95th-percentile secondary-mass ceiling m1 < Pos(mz2), and BC4o--130 = 0.9699,
medians 79.1 Mg, vs 78.8 M, [0.4% offset], Dks = 0.169-0.183, p = 0.352-0.383 under a uniform < 65 M, cut) with
remnant-to-2G scaling ratio fy = 0.364-0.371 matching Li et al. (2026)'s f, = 0.32f8:%2, whereas GR yields

BC40__12[) = 0.8775 (DKS = 0236,]) = 0097, or BC40__120 = 08661, DKS = 0257,p = 0.059 under

m1 < Pgs(m2) = 42.7 M). Simultaneously, outside the Gaussian 1G spin bulk (Alvarez-Lopez et al., 2026), positive
aligned spins outnumber negative anti-aligned spins by 61 : 12 (83.6% vs 16.4%, ratio 5.08) at | gt > 0.15 and 48 : 7 (
87.3% vs 12.7%, ratio 6.86) at |.ge| > 0.20; conditional on a two-component symmetric-cluster plus aligned-disk spin
model, this partitions the non-bulk sample into 2 Nneg / Nnon-bulk = 32.9% (25.5% at | xeft| > 0.20) isotropic cluster
mergers and (Npos — Nneg)/ Nnon-buie = 67.1% (74.5%) gas-aligned AGN-disk/nuclear-core mergers, while the TEP mass
map at €jqine = 0.25 lifts the anti-aligned systems (Xerr < —0.15) from GR's sub-gap m gg median of 42.5 M, (only
8.3% = 1/12 > 65 M) to a matter-frame median of 71 = 79.5 M with 66.7% (8/12; and 64.0% = 16/25 for

Xeff < —0.10) directly inside the canonical > 65 M, pair-instability gap.

Fitting the two-component 1G+2G spin mixture (Equation 11; Figure 3b) on the N = 172 high-redshift (z;, > 0.3) sample

yields a broad-spin weight of f2G = 48.7% (68% CI [42.3%, 55.4%], Aln L = +241.5 over pure 1G) and foq = 49.5%
([43.0%, 56.3%], N = 163) for a1 > 65 Mo, versus 21.8% ([16.1%, 28.4%), N = 113) below 65 M and 21.9% at
27, < 0.3. On those exact N = 172 high-redshift systems, TEP places 51.2% (88/172 at e = 0.25) to 44.2% (76,/172 at

€ = 0.33; 34.9% = 60/172 strictly inside 65-130 M, with 90.7% = 156/172 > 65 M, at € = 0) inside the 65—

130 M PISN gap, whereas GR places only 13.4% (23/172; 8.7% = 24,/276 overall) in the gap and dense-cluster
population synthesis in GR predicts a total (sub-gap plus gap) 2G+ detection fraction of ~ 10%-20% (Rodriguez et al., 2019;
Kimball et al., 2021). Within the precision-matched half of the catalog (o, < median(0.146), N = 140, which samples
nearer and lighter high-z systems with median z;, = 0.43 vs 0.56), fz(} doubles from 10.8% (N = 86 at zz, < 0.3) to
22.1% ([13.6%, 32.5%], N = 54 at z, > 0.3; and 11.7% to 22.1% below vs above 1; = 65 M,); on those exact

N = 54 precision-matched high-z events, the matched 65-130 M PISN-gap occupation drops proportionally to 24.1%-—
31.5% under TEP (€ = 0.33-0.25; 57.4% = 31/54 at e = 0) versus 3.7% (2/54) under the GR gap proxy (while the lower
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bound of [13.6%, 32.5%] overlaps the upper end of the ~ 10%-20% total GR cluster-synthesis range; testing lower gap
classification boundaries of 50-130 M, and 45-130 M, motivated by Antonini et al., 2026 shifts the spin—gap matching
region to € € [0.40, 0.50] inside the upper half of the field-spiral/dwarf host-transfer bracket — where TEP gives 38.4%-—
51.2% on N = 172 and 22.2%-31.5% on N = 54, with composite mass-plus-spin score AIn Ljoin; = +2.84 on N = 54
and +4.20 on N = 172 at € = 0.40 for 50-130 M, while at € = 0 the 45-130 M, and 50-130 M windows retain
Aln Liging = +2.96 to +5.10 on N = 54 and +10.67 to +13.67 on N = 172, reflecting the fact that in the TEP frame at
€ = 0.25-0.33 the 1G secondary-mass edge itself sits near My g5 ~ 65-70 M, rather than 45 M).

Moreover, to test the spin—gap identification event-by-event on held-out data without invoking the aggregate fraction-equality
assumption fag = fgap, a two-state Gaussian spin-dispersion model — Xeff,; ~ N (Usub, Ugub) for m1; < 65 Mg and
N(0, Uéap) for my ; > 65 Mg — is calibrated strictly on O1-03 (GW15-GW20, N = 94) and scored event-by-event on the
held-out precision-matched O4 catalog (GW23-GW25, o, < median, N = 110): whereas GR places only 2/110 (1.8%) of
held-out O4 events at > 65 Mg (In L(?i‘slp = +46.51, Levene dispersion contrast p = 1.00) and pinned TEP(e = O) pushes
42/110 (38.2%) events above 65 Mg, diluting the gap with low-spin 1G binaries (In Ldofslp = +45.37,Aln Lg)ép =-1.14
, Levene p = 0.663), coherent TEP (e = 0.20--0.30) places 18/110 (16.4%) to 17/110 (15.5%) events in the gap and
beats GR event-by-event out of sample by A In Lg)ép = +5.62 at € = 0.20, +4.37 at €jin; = 0.25, and +4.54 at e = 0.30
, with event-level O4 ¢ dispersion tracking TEP gap membership at Levene F' = 6.00,p = 0.0162 (¢ = 0.25) and

F =17.64,p = 0.0067 (¢ = 0.30; Mann—Whitney |xesf| p = 0.0423 and 0.0332; P(2G;) p = 0.0463 and 0.0159; and
P(2G;) p = 0.0305 across all N = 101 held-out O4b [GW24-GW25] events at &oint = 0.25 vs non-significant

p = 0.0897 in GR and p = 0.0792 at € = 0). Combining the chronological O1-O3 — held-out O4 mass-taper score with
this event-by-event held-out O4 spin-dispersion score at €joins = 0.25 (with zero use of fog = fgap) favors TEP over
stationary GR by Aln Log ey = +11.32 on my > 5 M, (+10.65 on my > 8 M) and over evolving GR at k=-1.0 by
+6.47 (+5.92 on my > 8 M, or A ln Bgje = +8.46). Under the conditional spin—gap fraction-identification hypothesis (
f2a = feap) and composite likelihood factorization, combining the mass-taper log-likelihood A In Lass(€) with the matched
spin—gap consistency log-likelihood A In Lgyin (€) = In Ly (foc = ;Epp(e)) —In Lgpin(foc = fg(ig) across

€ € [0,0.67] (Figure 3a; Table 2) yields a single joint optimum at &join; = 0.25 across every cumulative channel: against
stationary GR (k = 0), A In Ljoint = +11.31 (4-7.05 mass + +4.26 spin; +14.48 under Finn—Chernoff selection, and
+29.54 with full N = 172 spin) for my > 5 Mg, Aln Loy = +9.84 (+5.58 mass + +4.26 spin) for my > 8 M, and
Aln Ljgyy = +6.40 for cumulative chirp mass; and against evolving GR across k € {0, —1, -2, —3},

TEP (&joint = 0.25) beats GR at every k on ma > 8 M, + Sping, (+9.84,+5.04, +5.12, +8.19atk = 0, —1, —2, —3
),on M > 8 M, + Sping, (+6.40, +4.56, +4.80, +6.28), on my > 5 Mg + Spin;y, (

+29.54, +24.78,+21.53, +19.63 step; +32.71, +25.84, +19.36, +13.88 Finn—Chernoff), and on

mo > 5 Mg + Sping, under step selection (+11.31,4-6.55, +3.30,+1.40 at k = 0, —1, —2, —3; and
+14.48,+7.61,41.13, —4.36 under Finn—Chernoff selection at € = 0.25, whereas at € = 0 the Finn—Chernoff mass-only
and Spin,;, joint scores remain positive at all k € [—3, +1]).

Exploratory discrete chirp-mass ladder coherence diagnostic (N = 267; Tiwari 2026): As an exploratory phase-coherence
check on the log-periodic chirp-mass rungs at 7.5, 14,19, 27, and 50 M, (spacing ratio r = 1.9) across N = 267 BBHs,
evaluating the population within the parameterized field-spiral/dwarf host-transfer bracket (€ € [0.33, 0.50]) increases global
Rayleigh coherence (Rtgp = 0.263 vs Rgr = 0.233 at » = 1.90) and halves the high-z versus low-z (z, > 0.35 vs

< 0.35) rung phase drift (|A¢ni—1o| = 0.273 vs 0.526 rad at 7 = 1.90; 0.022 vs 0.172 rad at r = 1.95).

Spectroscopic bright-siren forecast (Figure 3¢): Under the idealized TEP-as-true forecast convention at fixed canonical

Hy = 68.18 km s~ Mpc %, known spectroscopic host redshift, and 10% independent linear fractional GW distance errors (
cd,/ dEEP = 0.10, with negligible peculiar-velocity and calibration systematics), the fractional distance separation

(dSR — dTEP) /dTEP = 2 yields required sample sizes N5, = [(5 (0q, /dFTF)/2)%] = 25,7,3, and 1 events at
z=10.1,0.2,0.3, and 0.5-1.0 (or N5, = [(50ma,/In(1 + 2))*] = 28,8, 4, and 2 events under a 10% log-distance error
model o1, 4, = 0.10).
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Table 1. Standard-siren distance-channel fits, matched-filter diagnostics, and adversarial controls on the primary independent-redshift sample (IN = 73 events).

Positive A values favor TEP over ACDM. Matched-filter x2 entries are evaluated on the common log-residual statistic at fixed Hy = 70.4 km s~ "Mpc L.

Diagnostic / Channel

Measured Value

Physical & Statistical Interpretation

Direct Hy fit (ACDM,
split-normal o ;)

70.0 km s 'Mpc ™!, —2In L = 944.31

Normalized split-normal baseline comparator for canonical
distance test

Canonical map
E(z)=(1+2)1

—2In L = 943.14 (free Hy = 56.0); —21n L = 944.31
at fixed Hy = 68.18 under TEP host kernel

Ax?* = +1.16 over ACDM at equal d.o.f; free Hy = 56.0
reflects ACDM-gate scaling 70((1 + 2) ') = 55.1; TEP
kernel restores Hy = 68.18 (GW170817: 4.94 vs 4.95)

Direct Hy fit (ACDM
vs lab-fixed Ajey)

72.0 vs 72.2 km s 'Mpc ! (x2 = 931.83 vs 931.63)

Ax? = 40.20, |ABIC| < 2; marginal TEP preference at
equal parameter count

4D MCMC joint fit
(Ho, $o,n, B)

Hy="71.2+3.3,n = 1.47 + 0.86,
Boetf = +0.034 & 0.069 (MAP 4-0.039)

Ax3ap = +2.43 (ABIC = —6.1 for 2 extra d.o.£); 71.4%
posterior mass on A(2) < 1; within 0.30 of lab-fixed
$y = +0.013

Matched-filter residual
projection y

v=+25.2+18.5(Z = +1.36);
X3y = +1/0/ — 1) = 41.11/41.25/41.40

Corpus sign recovered; wrong-sign free fit disfavored (
x2 = 46.83 vs 39.39); Spearman r = +0.17 (p = 0.15);
jackknife Z € [+0.94, +1.67]

Canonical
E=(1+2)"
transmission injection

v* = +8.6 vs +25.2; pow = 0.06; p(y) = 0.82,
p(Ax?) = 0.78

ACDM host gating absorbs 85.0% of = = (1 + 2) 1 (
T = 15.0%; 87.8% at ¢y = 0.013); dark-siren distance
residuals consistent with canonical-true

Adversarial shuffle &
sky-only controls

Cross-event z-shuffle p = 0.011; within-event weight-
shuffle p = 1.0 (median v = 26.9); sky-only
v =+111.6 +37.8

Per-galaxy likelihood (Ax? = +21.5 vs decoy +21.0) and
matched-filter amplitude are saturated by catalog X skymap
geometry at DESI density

Environmental host-
luminosity split

M, < —20.95 (N = 35): Hy = 72.4; diffuse (N = 36):

69.3; pools: 70.1 — 69.5 — 68.9

Corroborates DELVE DR3 + GWTC-5.0 de-biasing (
72.4ﬂf:g — 67.4fﬁ:g km s~ 'Mpc 1) and Cross-Parkin et
al. (2026) host-mixture shifts

GWOSC fallback-only
control (N = 34)

Ax? = 40.003, transmission T' = 0 (y* = 0)

Exact cosmology-blind pipeline null confirming necessity of

circularity quarantine
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Table 2. Host-catalog-free BBH mass-population cutoff, exploratory chirp-mass ladder, and 1G+2G spin-mixture summary across cumulative GWTC-1 through
GWTC-5.0 catalogs. Out-of-sample A In L = In Ltgp(€) — In Lgr(k = 0) is calibrated on low-z anchors (2, < Zsplit) and scored on high-z events (

21, > Zgpy) including the (1 + z7)!~3¢ Jacobian.

Population Test /

Sample Size (

Calibrated Cutoff/

ST Niow/ Nisgn) St SRS Optimum € Out-of-Sample Score / Significance
) Brep = 154.3 Mo (
GWTC-5.0 chirp- toff ~ ~
(Mge > 8(}\Jlrp e N = 95 (45/50) a = 2.35) vs €=10.00( AlnL =+232(nL = —188.68 vs
rie = 0) - Bor = 32.7 Mo ( k=000 ~101.00, LR~ 10.2)
? & = 1.85)
Brep = 121.6 M (
GWTC-5.0 secondary-mass N = 104 (54/50 &= 2.19)vs R . _
cutoff (ma > 5 Mo, . €=0.00 Aln L = +4.06 at canonical pinned € = 0
Zsplit = 0.4) ) ﬁGR = &l M® (
& = 1.90)
Brep = 60.2 M,
Cumulative GWTC-1-5.0 gTipl.SS) v ( AlnL =+11.02 (+11.18 pure
J N =266 ( . ¢ 0.00 M det > 5.5 cut; +7.05 at € = 0.25); GR
secondary mass ( 135/131) Ber = 25.6 Mo ( =0 evok € [=3, +1]: +1.11 to +18.53; MC
m2 > 5 Mo, zsplit = 0.4) & = 1.58); 96.3% of +4.36
+13.327438
ma < 45 My :
Mandel-Farr—Gair Finn— N = 266 ( Finn—Chernoff PXC(©) ( Aln Lypg = +20.00 (0 = 2.68) &
Chernoff, aLIGO IMR-PSD, 1357131 0, = 2.68/2.34), +8.41/ + 8.62 (0 = 2.34);
PowerLaw-+Peak & 80-draw K —80 ’ PhenomD IMR-PSD integral, €=0.00/0.25 Aln Livr.psp = +16.84-- + 17.35 (
marginalization ( d B fevent) 4-param PowerLaw+Peak, & € =0) & +7.33-- + 7.76 (¢ = 0.25); PLP
ma > 5 Mg) rawsieven 80-draw marginalization +5.71; Aln Lyjer = +22.55
Brap = 26.8 M,
Cumulative GWTC-1-5.0 N =226 gTiPO 60) vs o AlnL = +5.58 vs k = 0; beats all
secondary mass ( B N ' . k€ [-3,4+1] (+0.78 vs k=—-1.0at
95/131; 01-03 =11.3 Ms; GR e=0.25 ’
ms 2 8 Mo, zepie = 04 & —>/O4 66/160) ff:ior 0] timumGat Zeplit = 0.4; +1.55 [AIn Bic = +4.09]
01-03 — 04) ! P on 01-03 — 04)
k=-1.0
Brgp = 46.7/58.1 M,
Cumulative GWTC-1-5.0 N = 244 ( Prip ®vE AlnL = +2.13 vs k = 0 (beats all
chirp mass (Mg > 8 Mo, | 114/130; Por =16.2/153 MoiGR | & _ 095/0.10 | k€ [~3,+1]: +0.30, +0.54, +2.02 at
Zgpiit = 0.4/0.5) 138,/106) G BT R k= —1,-2,—3); +3.62 (zgp, = 0.5)
k=-1.0
Bel S, fixed-cutoff M;\C’%O compressed from
:szc(eﬁm H'i 1;:; A—;u (t)'lxed N =244 ( 39.9 Mg (Eg =1 to Fixed AlnL = —4.96 ate = 0 when S is
I])V —9 41"; - © ’ 114/130) 29.8 M (Eo = 0); median B=35Ms artificially held fixed at GR value
N 2z, : 0.442 — 0.680
Exploratory chirp-mass Byl o = L2 o
| );z W ( i N = 267( Rgr = 0.233 (r = 1.90); Exploratory: coherence increased and high-z
,;5 e1r4ru;1§s27 50 M.: Mi > 5M,) phase drift € €[0.33,0.50] | vslow-z phase drift halved (0.022 vs
Tt ’ ‘;0267 ’ e sre = © [Adri_1o| = 0.273 vs 0.172 rad at r = 1.95)
twari 2026) 0.526 rad
N = 276 ( J:f; 7748‘7?7( AlnL = +241.5; N = 172 gap: TEP
Two-component 1G+2G spin N =172 at [42.3%, 55. 0]);t 51.2% vs GR 13.4%; N = 54 gap: TEP
mixture (Xeff) & 1G-t0-2G zr > 0.3; AL >0.3vs 2'1'8 o for €=0.25/0.00 24.1%-31.5% vs GR 3.7%; spectral
spectral inheritance N = 54 for My < 65 Mo; 1G-10-2G inheritance pgs = 0.402 vs GR
< Dxs : 0.265 — 0.118 ( —4
o, < med) 7.98 x 10
BCyp..120 = 0.9963)
Conditional fog = fgap
B profile vs my > 5+ Spingy:
Composite mass-taper + N= i66/226 k=0,-1,-2,-3; plus +11.31,4+6.55, 43.30, +1.40 step (
spin—gap consistency profile ;as_s 54/172 fac = fgap-free 01-03 — +14.48,+7.61 MFG); 01-03 — 04
(Aln Lpppgs + Aln L) h' h_ g held-out O4 event-level Xeff €jomt = 0.25 event-level (fog = fyap-free): +11.32 vs
& held-out O4 event-level 013g j 23::’ B dispersion ( k=0& +6.47vsk = —1onmsy > 5(
spin-dispersion test N — 188/110) Aln Ldo;s‘p = +4.37 to +10.65 & +5.92 [A In Bgic = +8.46]

+5.62, Levene p = 0.0162
-0.0067; O4b p = 0.0305)

onmg > 8)
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{a) BEH Population Cutoff Profiles by GWOSC N = 276 Spin Mixture vs, PLSh Gap {e) Canenical Tz} & 3¢ Bright Sircn Forceast
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Figure 3. Canonical endpoint and catalog-free BBH population diagnostics. (a) Out-of-sample high-redshift BBH population log-likelihood difference
Aln L(TEP — GR) across the interior tracking fraction € (Maey < (1 + 2)371), showing the 95-event chirp-mass benchmark (M > 8 Mg,
AlnL =+232 at €=0, blue circles), the cumulative GWTC-1-5.0 secondary-mass pair-instability-motivated taper test (mo > 5 Mg, N = 266,
AInL = +11.02 ar € =0, red squares; Tong et al., 2026), the stricter mo > 8 M, subset (N = 226, peaking at Aln L = +5.58 at € = 0.25, navy
triangles), and the joint ma > 5 M plus precision-matched high-z spin profile (teal diamonds, peaking at €joiny = 0.25 with AIn Lioing = +11.31 inside the
shaded parameterized field-spiral/dwarf host-transfer bracket €cfr ~ 0.24-0.52). (b) Fitted second-generation (2G+) broad-spin mixture weight fz(; across
N = 276 unique GWOSC BBH events with measured Xest, rising from 21.8% below 65 Mg, (21.9% at z1, < 0.3) to 48.7% on the N = 172 high-redshift (
zr > 0.3) sample and 49.5% for m1 > 65 M, matching the matched N = 172 TEP PISN-gap occupation (51.2% at € = 0.25, red dashed line; 55.0% in the
43-event subset) within 1o while exceeding both the matched N = 172 GR PISN-gap occupation (13.4%, slate dotted line; 3.7% vs 24.1%-31.5% TEP on the
N = 54 precision-matched o, < median high-z subset where f2(; = 22.1%) and the ~ 10%-20% total 2G+ range of GR dense-cluster population synthesis
(grey band). (c) Canonical bi-metric distance-ratio curve Z(z) = (14 z)~!
sample sizes Nso = [(5 (O'dL/dVLIEP)/Z)ZW at fixed canonical Hy = 68.18 km's '"Mpc ' and 10% fiactional distance error (28,8,4,2 in log-distance
In(1 + 2)); the inset shows the systematic compression of LVK's 90th-percentile inferred source chirp mass MK from 39.9 Mg (o = 1) to 29.8 Mg, (

src,90

versus GR (E = 1) and idealized TEP-as-true required spectroscopic bright-siren

Eo = 0) across N = 244 BBHs when G\ is held fixed, accounting for why fixed-cutoff pipelines shifi toward 2 > 1.

5.7 Adversarial Controls

Adversarial controls isolate what the dark-siren distance channel can and cannot resolve at current catalog density (Table 1). While
cross-event redshift shuffling yields p = 0.011 and all 73 leave-one-out jackknife variants preserve a positive matched-filter sign (
Z € [+0.94,4+1.67]; Z = +1.47 without GW170817), the signal concentrates in the catalog-incomplete z > 0.3 half (
Z = +0.07 at z < 0.3; removing the four highest-leverage events reduces Z to +0.37). Crucially, the within-event weight-shuffle
null — which permutes candidate weights inside each event while keeping the candidate galaxy set fixed — reproduces the observed
projection at p = 1.0 (null median 7y = 26.9 vs observed 25.2), and the sky-only control (retaining catalog positions while
discarding per-event distance weighting) produces a still larger projection (y = +111.6 + 37.8, Z = +2.95). Similarly, the per-
galaxy hypothesis-consistent mixture likelihood returns an apparent Ax? = +21.5 that is matched by off-region sky-rotated decoys
(median +21.0) and redshift-shuffled nulls (median +22.6). These controls establish that dark-siren distance projections at DESI
DR1 density are governed by candidate-pool geometry rather than individual host identification, motivating the host-catalog-free
BBH population tests of Section 5.6.

5.8 Host Association, Concordance Dilution, and Environmental Luminosity Split

Because dark-siren candidate galaxies are ranked by the 3D skymap distance posterior evaluated under the LVK fiducial ACDM
cosmology, the retained host redshifts experience strong concordance dilution (Figure 2b). Shifting each skymap's per-pixel distance
posterior by Ajyi(z) = exp[B Agbionj (14 2)™ — 1)] across amplitudes spanning £100x the lab-fixed ¢9 = 0.013 and re-running
the full selection chain on the N = 72 candidate pools demonstrates that distance-gated weighting re-centers the redshift posterior
onto galaxies that track the injected shift: the posterior-weighted redshift mean absorbs 87.8% of the distortion at ¢y = +0.013
(transmitting T' = 12.2%) and 85.0% of the canonical map Z(z) = (1 4 2) ! (transmitting T' = 15.0%, with 91.7% top-host
exchange; Figure 2b). Moreover, because annular LVK skymaps have a median in-cone sky-probability coverage of 6.3% within the
peak-centered 90%-equivalent-area disc, the median lower-bound single-host misassociation probability is 0.98 (0.99 on the
independent subset).

Evaluating the environmental host-luminosity sensitivity across the 71 dark sirens with valid candidate photometry (Figure 1b; Table
1) directly links this selection geometry to two recent GWTC-5.0 dark-siren studies — the DELVE DR3 + DES collaboration (2026,
arXiv:2610.25909) and Cross-Parkin et al. (2026, arXiv:2610.25866). First, DELVE DR3 independently found that at current galaxy-
catalog densities the empty-catalog spectral siren (Hy = 68.0fi§:; km s "Mpc 1) and full galaxy-catalog dark sirens yield nearly
identical posteriors (corroborating the per-galaxy saturation audit), and that de-biasing static luminosity-function and regional catalog
systematics shifts the dark-siren estimate from a SHOES-like Hy = 72.4‘:3:2 km sflMpcf1 down to the Planck baseline
Hy, = 67.42?:(2] km sflMpcfl. Second, splitting the 71 photometry-bearing dark sirens in the pipeline at the median top-host

absolute magnitude (M, = —20.95) yields Hy = 72.4 km s 'Mpc ! for luminous, massive hosts (M, < —20.95, N = 35)
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versus Hy = 69.3 km sflMpcf1 for fainter, diffuse hosts (M, > —20.95, N = 36, AHy = —3.1km sflMpcfl; Figure 1b),
while reweighting candidate pools across all 72 dark sirens shifts Hy from 70.1 km sfll\/Ipcf1 (L,-weighted massive prior) to
69.5 km sflMpcf1 (uniform) and 68.9 km sflMpcf1 (inverse-L, diffuse prior). This is qualitatively consistent with both the
empirical DELVE DR3 de-biasing vector and the expected TEP environmental screening contrast between deep, screened halos and
unscreened diffuse environments (Paper 11).

6. Discussion

6.1 Implications for Bi-Metric Propagation

The two observational channels analyzed in Section 5 probe complementary regimes of the canonical TEP bi-metric prediction
E(z) = d%w /dEM = (1 4 z)~! (Figures 1-3; Tables 1-2). Whereas the dark-siren distance channel is strongly diluted by ACDM-
gated host selection (85%-88% absorption, T' ~ 12%-15%; Figure 2b), the host-catalog-free BBH population channel tests the
detector-to-matter mass map n(z7;€) = m((feli‘(l + zT)lf‘o’6 directly against measured detector-frame masses and luminosity
distances. Breaking the scale-free power-law degeneracy with a pair-instability-motivated exponential taper yields a consistent
conditional out-of-sample preference for TEP across both the 95-event chirp-mass benchmark (A In L = +2.32 at € = 0) and the
cumulative GWTC-1-5.0 secondary-mass taper (AlnL = +11.02 at € = 0, +11.18 under a purely detector-frame boundary
madet > 5.5 Mo, AlnLyre = +20.00 under the Mandel-Farr—Gair-style Finn—Chernoff analytic antenna-selection
approximation (+8.41 to +8.62 at the 10% orientation anchor, and Aln Lyyg.psp = +16.84-+17.35 at € = 0 or +7.33—
+7.76 at € = 0.25 when integrated across the aLIGO IMR noise PSD), and A In Ly;e, = +22.55 under 80-draw event-uncertainty
marginalization for mg > 5 Mg, N = 266; AlnL = +5.58 at € = 0.25 for mg > 8 My, N = 226; Figure 3a). This
preference persists across refitted redshift-evolving GR tapers B(zr) = Bo(1 + 21)F (AlnL € [+1.11,+18.53] across
k € [—3, +1], where positive evolution k > 0 gives Aln L > +11.02, while negative taper-evolution exponents k < 0 partially
mimic the canonical TEP mass-transfer scaling and reach an interior GR optimum at k=—1.00n mo > 8 Mg and M > 8 Mg,
that is still outperformed by TEP (&joint = 0.25) across every channel).

Parameterized host-transfer brackets (Paper 0 §8) relate this BBH behavior to the Pantheon+ Type Ia supernova standardization
bound (e < 0.150 at 30, Ax? = 805.8): those parameterized brackets assign €qff =~ 0.004 to deep-potential SN Ia host regions and
€otr =~ 0.24-0.52 to field-spiral or dwarf BBH hosts (shaded band in Figure 3a; whereas virial assembly gives €k ~ 0.80 for
early-assembled hosts, the kinetic mechanism is not shown to transmit a uniform drift, and deriving the host-transfer difference from
the action remains open). Empirically, while the my > 5 M mass-taper score alone peaks at the parameter-free pinned boundary
€=0(AlnL = +11.02; Aln Lypg = +20.00) and remains strongly positive at € = 0.25 (+7.05; Aln Lypg = +10.22),
the stricter o > 8 M mass-taper subset (45.58), the cumulative chirp-mass sample (4-2.13), the ® = 2.34 Finn—Chernoff
selection anchor (+8.62 at € = 0.25 vs +8.41 at € = 0), and the matched high-redshift spin—gap consistency likelihoods (44.26
on the N = 54 precision-matched subset and +22.49 on the full N = 172 subset) all peak at € = 0.25-0.30 (reflecting both
smooth sub-threshold selection curvature near 5 Mg and the possibility that lighter 5 < mgy < 8 M, and heavier mg > 8 M
progenitors sample slightly different host-potential screening depths €(&)). Consequently, under the specified fraction-identification
hypothesis (fac = feap) and composite likelihood factorization, profiling € jointly across the mass-taper and spin—gap channels
yields a single unified optimum at &gine = 0.25 (A In Ljgine = +11.31 vs k = 0 and +6.55 vs evolving GR at k = —1.0 on
mgy > 5 My, plus precision-matched spin, or +14.48 and +7.61 under Finn—Chernoff selection, with full k € {0,—1,—2, -3}

comparisons in Table 2; and +9.84 vs k = 0 or +5.04 vs GR's mo > 8 interior optimum k= —1.0onmy > 8 Mg; Figure 3a;
Table 2), sitting directly at the lower boundary of the independently parameterized field-spiral/dwarf host-transfer bracket (
€etr =~ 0.24-0.52). Crucially, this € = 0.20-0.30 convergence does not depend on the aggregate fraction-equality assumption
f2g = feap: when a two-state Gaussian spin-dispersion model is trained strictly on O1-03 (GW15-GW20, N = 94) and scored
event-by-event on held-out precision-matched 04 (GW23-GW25, N = 110), TEP(e = 0.20--0.30) beats GR out of sample by
Aln Ldoi‘slp = $4.37 to +5.62 (Levene dispersion contrast p = 0.0162 at e = 0.25 and p = 0.0067 at e = 0.30; O4b P(2G;)
p = 0.0305 vs non-significant p = 0.0897 in GR) while rejecting pinned € = 0 (A ln Lg)ép = —1.14, Levene p = 0.663), and
combining the chronological O1-O3 — held-out O4 mass-taper score (AlnL = +2.10 on my > 5 M, and +1.55 [
Aln Bgig = +4.09] on my > 8 My, vs k= —1.0) with this fac = faap-free event-level O4 spin-dispersion score yields
AlnLogey = +11.32 vs k=0 and +6.47 vs k= —1.0 on my > 5 Mg (+10.65 and +5.92 [AIn Bgic = +8.46] on
my > 8 Mg). In addition, whereas an ad hoc negative GR taper evolution B(zr) = Bo(1 + z1)
progenitors at Zform 1G > Zmerge,2G Were intrinsically lighter — worsening GR's 32.3% deficit of 2G+ primary masses relative to

implies that earlier 1G

1G remnants — the TEP mass map simultaneously resolves both the mass taper and the 1G-to-2G spectral inheritance. As an
exploratory diagnostic within this same field-spiral bracket (¢ € [0.33,0.50]), TEP also increases the log-periodic Rayleigh
coherence of the discrete chirp-mass ladder (Rtgp = 0.263 vs Rgr = 0.233; Tiwari, 2026) and halves its redshift phase drift
(Table 2), consistent with why non-parametric reversible-jump MCMC analyses under standard GR (Cheng et al., 2026) require mass-
dependent redshift evolution (Y19 pr, > Y30 a1, at > 94% credibility).

Combining the primary-mass spin mixture with the secondary-mass taper analysis tests the distinguishability of bi-metric mass
transfer and astrophysical pair-instability gap filling under the specified population models both event-by-event and on matched event
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selections. On the exact N = 172 high-redshift (z;, > 0.3) GWOSC sample used for the headline spin-mixture fit, TEP places
51.2% (88/172 at €=10.25) to 44.2% (76/172 at € =0.33; 34.9% = 60/172 strictly in 65-130 M with
90.7% = 156/172 > 65 My ate = 0, and 55.0% = 11/20 in the 43-event subset) of primary components inside the classical 65
-130 M, PISN window, compared with only 13.4% (23/172; 5.0% = 1/20 in the 43-event subset) under the standard GR mass
mapping m?R and a total (sub-gap plus gap) 2G+ detection fraction of ~ 10%-20% predicted by dense-cluster population synthesis
in GR (Rodriguez et al., 2019; Kimball et al., 2021). Within TEP, compact-object hierarchical merger ancestry (successive
1G — 2G — 3G coalescences) and nested temporal wells (Ptotal = Peosmo + 0@Pgal + 0¢cl + ddloc; Paper 0 §7-8; Paper 6) are
distinct but physically coupled structures: merger trees trace the genealogical assembly of remnants, whereas nested temporal wells
govern the spatial proper-time landscape, escape barrier, and interior screening-tracking fraction €(€) within which that assembly
occurs. First, because the local gravitational clock depression inside non-relativistic cluster and nuclear-star-cluster (NSC) wells is
only 1 — Ajge ™ Ugray = 8.7 X 108 t0 2.0 x 10°, local proper-time slowing is negligible while TEP's eternal static background
supplies an extended prior matter-frame proper-time baseline f A(o) dt (alleviating the 20%-90% ACDM delay-time suppression
of tgqe1 ~ 1-10 Gyr hierarchical channels; Li et al., 2026; Paper 0 §8; Papers 12, 29, 30, while companion studies establish
Toms(2) = To(1 + 2), (1 + 2) light-curve time dilation, pre-recombination acoustic horizons 712t /rACPM — 0.999994, and
strong-lensing refraction; Papers 18, 19, 26, 27, 30).

Second, while nuclear star clusters sit locally in the high-acceleration Newtonian quadratic regime (gy ~ 107 "ms2 > Qeff),

integrating the zero-parameter two-branch temporal-shear acceleration ay(r) = \/ (gn(r)/2)2 + gn(r) aett — gn(r)/2 (and its

2

low-acceleration  limit \/gN(”')aeff, Qesf = 1.20 x 1079 m s~ 2; Paper 0 §7; Paper 6) from 7p; =0.1pc to an

environmental/tidal truncation boundary Tmax across concentric Plummer baryonic potentials
®n(r) = —-GMa/ \/ r2 + agl — GMga/ \/ r2+ agal deepens the central escape speed vt from baryons alone (evaluated

against isotropic 3D Maxwellian GW-recoil kick distributions with 1D velocity dispersion o1p = 120 km s~ for 1G + 1G and
220 km s~ for 2G + 2G mergers), reproducing — and in dwarf and spiral hosts slightly exceeding — the GW-kick retention of
standard abundance-matched NFW dark-matter halos in GR without invoking particle dark matter: in dwarf-host NSCs (
Mg = 108 Mg, agy = 0.4 kpe, My = 108 My, aq = 2.0 pc, Trax = 15 kpC), e rises from 80.3 km st (baryon-only
GR) and 121.7km s ' (GR + Mag = 10" Mo, capo = 12 NFW halo: 1G + 1G retention 20.5%, 2G + 2G 4.1%) to 125.0—
131.4km s~ under baryon-only TEP (117.9-131.8 km s~! across [0.5 Tmax, 2.0 rmax} = 7.5-30 kpc), boosting 1G + 1G
Maxwellian GW-kick retention 3.16x-3.53% over baryon-only GR (7.0% — 22.1%24.7%, or 19.0%-24.8% across
[0.5, 2.0] 7'ax, matching Li et al., 2026's empirical GWTC-5 retention fraction fierger = 233{%) and 2G + 2G retention 3.56 ¥
—4.09x (1.24% — 4.42%-5.09%); in field-spiral NSCs (
Mg = 1010 M, ag. = 2.0kpe, My = 5 106 Mg, aq = 2.5 pc, "max = 80 kpc), veg rises from 245.4 km st (baryon-
only GR) and 377.8 km s 1 (GR 4 Mygo = 3 x 10™ M, ca00 = 10 NFW halo: 98.1% and 60.1%) to 378.0-402.7 km s~ (
354.8-400.1 km s~ across 40-160 kpc; 1G + 1G retention 75.7% — 98.4%-99.0%; 2G + 2G retention 25.8% — 60.8%—
65.9%, a 2.36 x-2.56 x boost); and in massive AGN/galactic-core NSCs (
Mg =5 x 10" Mg, aga = 3.5 kpe, My = 2 x 10" My, aq = 3.0 pc, Tyax = 150 kpc), vese rises from 424.5 km s
(baryon-only GR) to 600.1-641.7 km s~ (567.8-631.3 km s~ across 75-300 kpc; 2G + 2G retention 70.7% — 94.4%—
96.3%, matching GR + Mygo = 1.5 x 1012 My, c900 = 8.5 NFW halo at 632.7 km s~ 1, 95.9%). All three external scales
entering these population checks — the two-branch shear threshold aefr = 1.20 x 1071 m 52 (Paper 6), the host-transfer bracket
€etf =~ 0.24-0.52 (Paper 0 §8), and the ~ 135-150 M, photodisintegration boundary (Paper 29) — are fixed prior corpus inputs
rather than parameters fitted to GWTC.

Third, this nested-well hierarchy provides a candidate physical explanation for both the spectral compatibility of spin-selected 2G+
primary proxies and extreme upper-gap events such as GW231123 (GW231123\_135430;
m{R, =137.0 My, mgk, =101.0 Mg, x1 ~ 0.9, X2 ~ 0.8,d$"™ = 2200 Mpc, z = 0.40, 27 = 0.578):  whereas GR

places both GW231123 components inside the pair-instability gap where 2G + 2G cluster assembly has only p < 1% to 5%
probability (Borchers et al., 2026) and compresses the more distant 2G+ primary proxies (2, med = 0.500 vs 0.370 for 1G proxies)
32.3% below the 1G remnant median — yielding a descriptive two-sample KS discrepancy on the selected catalog of Dxg = 0.265
(pxs = 7.98 x 10~*; BCy, = 0.9740, BCjog = 0.9592) and BCyg._129 = 0.8661-0.8775 (Dgs = 0.236-0.257, p = 0.059
—0.097) in the high-mass PISN window — the TEP mass map restores full-catalog spectral compatibility between the spin-selected
generation proxies (Dks = 0.118, pxs = 0.402, BCy;n = 0.9853, BCiog = 0.9837 at €joint = 0.25, and
Dggs = 0.117, pgs = 0.418, pyrw = 0.931 at € = 0, holding across alternative spin thresholds | x| > 0.10 and 0.20) as well
as high-mass [40,120] Mo PISN-window compatibility (BCao--120 = 0.9963, Dxs = 0.120,p = 0.892 at €joint = 0.25, and
BCyg-.190 = 0.9831-0.9930 under m; < Pys(ms); [40,130] M medians 79.1 M vs 78.8 My, f, = 0.364 vs Li et al.,
2026's 0. 32f8 %2, shared 2G + 1G mass-ratio drop ¢ = ms/m; across m; = 65 My, p = 0.00187, Flanagan et al., 2026; and
conditional two-component spin asymmetry partitioning 32.9% isotropic cluster vs 67.1% gas-aligned AGN-disk mergers while
lifting 66.7% [8/12, median 79.5 M] of anti-aligned xetr < —0.15 systems into the > 65 Mg gap vs 8.3% in GR, Alvarez-
Lopez et al., 2026) while mapping GW231123 to iy = 215.0 M, Mg = 158.5 M, at ;o1 = 0.25 (191.8 M, and 141.4 M
at € = 0.33; 302.7 M, and 223.2 M, at € = 0), cleanly above the ~ 135-150 M, photodisintegration boundary where rapidly
rotating low-metallicity VMOs undergo direct core collapse (Paper 29; Croon et al., 2026) and where nested temporal wells boost
2G + 2G retention by 2.4x-4.1x. Across the N =276 GWOSC effective-spin catalog, individual binary 2G Bayes
responsibilities P(2G; | Xeft,i) correlate event-by-event with 71; (Spearman p = +0.226,p = 1.49 x 107 at €joint = 0.25;
Mann—Whitney gap vs sub-gap p = 0.0137), and on the N = 172 high-redshift sample the fitted 2G+ broad-spin weight is
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sz = 48.7% ([42.3%, 55.4%), vs 21.8% below 65 Mo, Aln L = +241.5; Figure 3b), matching the matched N = 172 TEP
gap occupation (44.2%-51.2% at € = 0.25-0.33) within 1o while exceeding both GR's 13.4% gap proxy and the ~ 10%-20%
GR cluster-synthesis range. Likewise, within the precision-matched (0 < median) subsample, fg(; doubles from 10.8% (
zr, < 0.3) t0 22.1% ([13.6%, 32.5%], N = 54 at z;, > 0.3), where the matched N = 54 PISN-gap occupation is 24.1%-31.5%
under TEP (€ = 0.33-0.25; vs 57.4% at € = 0) compared with 3.7% (2/54) under the GR gap proxy (while the lower bound of
[13.6%, 32.5%)] overlaps the upper end of the ~ 10%-20% total GR cluster-synthesis prediction). At the same time, because
secondary components 1My are much less affected by 2G+ hierarchical growth (96.3% < 45 M, in GR coordinates; Tong et al.,
2026; Antonini et al., 2026) — and because the TEP map 7i5(€) at € € [0.25,0.33] shifts the 42.0 M GR 95th-percentile
secondary-mass tail to the canonical ~ 65 M stellar nuclear pair-instability mass scale (M2,90--95 = 63.1--69.5 M at € = 0.33)
— the AlnL = +11.02 (+11.18 pure detector-frame cut at € = 0) and +7.05 (€join¢ = 0.25) preferences on mg > 5 Mg
demonstrate that the bi-metric mass-transfer scaling is favored even when hierarchical gap-filling is suppressed.

In the distance-redshift channel, the environmental host-luminosity split across the 71 photometry-bearing dark sirens (
Hy=T724kms 'Mpc™? in luminous massive hosts vs 69.3kms 'Mpc™ in diffuse faint hosts, and
70.1 — 68.9 km s 'Mpc ! across candidate-pool weightings; Figure 1b) shows that standard L,-weighted dark-siren pipelines
preferentially weight luminous, massive catalog overdensities. Removing this weighting — or replacing ACDM host gating with the
self-consistent TEP association kernel at fixed Hy = 68.18 km sflMpcf1 — shifts the inferred expansion scale directly toward the
Planck and TEP-HO/TEP-HC baseline (67.4-68.18 km s_lMpcfl), consistent with both the catalog-selection de-biasing reported
in MacBride et al. (DELVE Collaboration, 2026) and Cross-Parkin et al. (2026) and the expected TEP environmental screening
contrast between deep halos and diffuse environments (Paper 11).

6.2 Limitations

The dark-siren distance channel remains conditioned on galaxy-catalog completeness, annular skymap coverage (median 6.3% in-
cone probability), and ACDM-gated candidate ranking, which absorbs 85%-88% of any conformal distance shift. While the host-
catalog-free BBH population channel avoids galaxy catalogs entirely, its baseline conditional log-likelihood scores use an empirical
detection envelope mdet,min(d) = AenvdG/ 5 and catalog point-mass medians; however, extending the analysis to a Mandel-Farr—
Gair-style selection integral using the Finn & Chernoff (1993) analytic antenna-detection approximation retains a positive
mgo > b Mg preference over stationary GR across both survival calibrations — with its magnitude depending on the adopted
survival anchor under the pure inspiral scaling (A In Lyjpg = +20.00 at € = 0 and +10.22 at € = 0.25 for Oy = 2.68 [4.36%],
vs +-8.41 and +8.62 for ©( = 2.34 [10.0%]), while integrating the PhenomD Inspiral-Merger—Ringdown (IMR) waveform across
the aLIGO noise PSD stabilizes both survival anchors to Aln Livr-psp = +16.84—417.35 at € = 0 and +7.33—+7.76 at
€ =0.25 (+2.48-+42.54 vs k= —1.0) — and 80-draw event-uncertainty marginalization yields A In Ly, = +22.55, and
sensitivity audits verify that the preference remains positive across pure detector-frame selection cuts (A In L = +11.18), envelope
exponents d'0-d'* (AInL=+45.13 to +18.08), envelope amplitude perturbations [0.90,1.20] Ay,  (profiled
AlnL € [+0.79,+25.33]), refitted redshift-evolving GR tapers B(zr) = Bo(1+ 21)* (AInL € [+1.11,+18.53] for
ke [-3,+1], with AlnL > +11.02 for k> 0), and ¢ =ma/m1 <1 bounded Monte Carlo posterior resampling (
AlnL = +13.32fﬁg, 100% positive). The out-of-sample mass-taper likelihoods (M and ma, where (c, ) are refitted on the
low-z training subsample for every tested €) constitute the two primary population tests (secondary-mass and chirp-mass tapers, each
profiling at most one tracking parameter €), whereas the spin—gap mixture, 1G-to-2G spectral inheritance, mass-ratio g drop, and
discrete chirp-mass ladder are secondary consistency checks evaluated on the same mass map 7(z7; €); the combined mass-taper
and spin—gap score provides a conditional consistency test under the specified fraction-identification hypothesis and likelihood
factorization, while a full multi-dimensional mass—spin injection campaign across raw O1-04 strain injections, full LVK parameter-
estimation posterior chains, and semiparametric multi-peak mass models (Tagliazucchi et al., 2026; Pierra et al., 2024; LIGO
Scientific, Virgo, and KAGRA Collaborations, 2026b) remains an independent validation target. Host-association-free spectroscopic
bright sirens across z € [0.1,1.0] will provide the definitive distance test (N5, = [(5 (0a, /d1"")/2)*] = 25,7,3,1 events at
z=10.1,0.2,0.3,0.5 under a 10% linear fractional distance error, or 28, 8,4, 2 under a 10% log-distance error In(1 + z), at fixed
H, = 68.18 km s~ "Mpc; Figure 3c).

6.3 Relation to GWTC-5.0 Modified-Propagation Constraints

The LVK GWTC-5.0 cosmology analysis (LIGO Scientific, Virgo, and KAGRA Collaborations, 2026a, arXiv:2605.27227) analyzes
236 GW sources, reporting Hy = 71.0fg:? km sflMpcf1 and constraining Belgacem et al.'s modified-propagation parameter =g
in dSV(2)/dEM(2) = Eo + (1 — o) /(1 + 2)" to Eo = 1.270% to 1.473Y under a standard power-law + peak primary-mass
model (where GR is ¢ = 1 and canonical TEP Z(z) = (1 4 2) ! corresponds to Zq — 0,n = 1, a boundary point that lies
outside the published LVK prior range ¢y € [0.435, 10] and is therefore excluded a priori in that parameterization). The external-
cutoff diagnostic identifies a population-model and mass-transfer degeneracy that offers a quantitative mechanism for why standard
LVK spectral-siren pipelines lean slightly above unity (£ = 1.2) while the out-of-sample taper test favors 2(z) = (1 + z) ! on
the same underlying catalog. In spectral-siren inference, the propagation ratio =(z) and the source-frame mass scale [ are
mathematically degenerate unless the bi-metric mass-transfer Jacobian is included (compare Ezquiaga & Holz, 2022; Chen, Gray &
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Baker, 2024). Under LVK's fixed-G' mass conversion MLYK(2) = Mge/(1 + 2g,) with the mass feature anchored near
~ 35 Mg, lowering Zy — 0 increases the distance-inferred redshift zz, of every event across the 244-event cumulative BBH
sample (median zg, rises from 0.442 at Zp = 1.0 to 0.680 at Z¢ = 0.0) and systematically compresses LVK's inferred source
masses downward (90th-percentile Mldr\cf,}!){o drops from 39.9 M, at =2y = 1.0 to 29.8 M, at Z¢ = 0.0, and 95th-percentile mlz“VK
drops from 42.1 Mg to 33.1 Mw; Figure 3c inset). As shown in Table 2, artificially fixing the GR taper at 8 = 35 M penalizes
canonical TEP out of sample by Aln L = —4.96 at € = 0 and forces a fixed-cutoff GR fit toward Zg > 1.2 (Ml“r‘({go =40.7-

41.1 Me). Jointly profiling the taper 8 on the low-z anchor sample and including the bi-metric Jacobian (1 + zT)lfg€ removes this
artificial penalty and reverses the out-of-sample preference to Aln L = 42.32 on chirp mass and Aln L = +11.02 on the

secondary-mass ma taper less affected by hierarchical mergers.

7. Conclusions

This paper has tested the Temporal Equivalence Principle bi-metric gravitational-wave prediction across cumulative GWTC-1
through GWTC-5.0 catalogs using both the host-catalog-free BBH mass-and-spin population channel and the standard-siren distance-
redshift channel. In the catalog-free BBH population channel (Table 2; Figure 3), breaking the scale-free power-law degeneracy with
a pair-instability-motivated exponential mass taper yields a conditional out-of-sample preference for canonical pinned TEP (

E(2) = (1 + 2)1, € = 0) over stationary General Relativity (k = 0) of Aln L = +2.32 on the 95-event chirp-mass benchmark,
Aln L = +4.06 on the GWTC-5.0 secondary-mass slice (N = 104), and Aln L = +11.02 (+11.18 under a pure detector-frame
boundary mg get > 5.5 M, +5.13 to +18.08 across selection-envelope exponents d'0-d' Aln Lype = +20.00 under the
Mandel-Farr—Gair-style Finn—Chernoff analytic antenna-selection approximation (+8.41 to +8.62 at the 10% orientation anchor,
and Aln Liyr-psp = +16.84—+17.35 at € = 0 or +7.33—+7.76 at € = 0.25 when integrated across the aLIGO IMR noise
PSD), and A In Ly;.; = +22.55 under 80-draw event-uncertainty marginalization) across the cumulative N = 266 secondary-mass
(ma > 5 Mg) taper less affected by primary-mass hierarchical growth (Aln L = +5.58 at € = 0.25 for ma > 8 Mg, N = 226,
and retaining Aln L € [+1.11,+18.53] across all refitted redshift-evolving GR tapers B(z) = Bo(1 + 2)* for k € [-3, +1],
with Aln L > +11.02 for k > 0). Across all N = 276 GWOSC BBHs with measured effective spins Xr, individual binary 2G
Bayes responsibilities correlate event-by-event with primary mass (p = +0.226,p = 1.49 x 10~ under TEP at €joint = 0.25;
p=+0.234,p = 8.5 x 107% under GR; Mann-Whitney gap vs sub-gap p = 0.0137), and the two-component 1G+2G spin

mixture assigns a broad-spin weight of f2g = 48.7% across the N = 172 events at z;, > 0.3 and 49.5% for m; > 65 M
(versus 21.8% below 65 My, Aln L = +241.5), matching the matched N = 172 TEP PISN-gap occupation (51.2% at e = 0.25
and 44.2% at € = 0.33; 55.0% in the 43-event subset) within 1o while exceeding GR's 13.4% (23/172), and doubling from
10.8% to 22.1% on the N = 54 precision-matched (¢, < median) high-z subset where the matched gap occupation is 24.1%—
31.5% under TEP versus 3.7% (2/54) under the GR gap proxy (and ~ 10%-20% total 2G+ fraction in GR cluster synthesis).
Evaluating 1G-remnant to 2G-primary spectral compatibility (Li et al., 2026) and nested temporal-well confinement shows that
whereas GR exhibits a full-catalog two-sample KS discrepancy between spin-selected 1G-remnant and 2G+-primary proxies of
Dys = 0.265 (pgs = 7.98 x 10™%; 2G+ primary proxies compressed 32.3% below 1G remnants; high-mass [40,120] M,
BCyg..120 = 0.8661-0.8775), the TEP mass map restores full-catalog spectral compatibility between the spin-selected generation
proxies (Dks = 0.118, pks = 0.402, BCyin = 0.9853, BCiog = 0.9837 at €joint = 0.25, and
Dgg = 0.117, pgs = 0.418, pyrw = 0.931 at € =0) and raises high-mass [40,120] M PISN-window overlap to
BCy0-120 = 0.9963 (Dxs = 0.120,p = 0.892 at éjoint = 0.25; 0.9831-0.9930 under m; < Pg5(m2); [40, 130] M medians
79.1 M, vs 78.8 My, fs; = 0.364), reproduces (and in dwarf and spiral hosts slightly exceeds) NFW-halo-level 1G + 1G and
2G + 2G  GW-recoil retention from baryons alone in nested cluster wells (2.4x—4.1Xx boost over baryon-only GR,
1 — Ajoe < 2.0 x 1075 22.1%-24.7% retention in dwarf-host NSCs vs 20.5% for GR 4+ NFW and 7.0% for baryon-only GR,
matching  fierger = 234_“%1%, and remaining at 19.0%-24.8% across [0.5,2.0] rpax), conditionally partitions non-bulk
[Xetr] = 0.15 systems under a two-component spin-symmetry model into 32.9% isotropic cluster and 67.1% gas-aligned AGN-disk
mergers while lifting 66.7% (8/12, median 79.5 Mg, vs 8.3% in GR) of anti-aligned et < —0.15 systems into the > 65 Mg
gap (Alvarez-Lopez et al., 2026), and maps GW231123 (M, = 215.0 My, o = 158.5 M at €joint = 0.25) above the ~ 135—
150 M, photodisintegration boundary. Under the conditional fraction-identification hypothesis (fag = fgap), profiling € jointly
across the mass-taper and spin—gap channels converges on €joint = 0.25 (A In Ljoint = +11.31 vs k = 0 and +6.55 vs evolving
GR at k = —1.0 on my > 5 M, or +14.48 and +7.61 under Finn—Chernoff selection; and +9.84 vs k = 0 or +-5.04 vs GR's
my > 8 interior optimum k=—1.00n my > 8 M), sitting directly at the lower boundary of the parameterized field-spiral/dwarf
host-transfer bracket (€eff ~ 0.24-0.52; exploratory discrete chirp-mass ladder coherence R = 0.263 vs 0.233), while an
independent fog = fgap-free event-by-event spin-dispersion test trained on O1-O3 and scored on held-out precision-matched 04 (
N = 110) likewise selects € = 0.20-0.30 (Aln L(d)i‘slp = 44.37 to +5.62, Levene p = 0.0162-0.0067; O4b P(2G;)
p = 0.0305; combined O1-0O3 — 04 mass + event-level spin Aln Logev = +11.32 vs k=0 and +6.47 vs k = —1.0 on
ms > 5 Mg, and +10.65 and +5.92 [A In Bgjc = +8.46] on my > 8 M), and joint taper profiling identifies a mass-transfer
degeneracy that accounts for why fixed-cutoff spectral-siren pipelines lean toward 2y = 1.2.

In the standard-siren distance-redshift channel across 73 non-circular sirens (1 bright siren and 72 catalog-associated dark sirens;
Table 1; Figures 1-2), the canonical map Z(2) = (14 2)~! is preferred by Ax? = +1.16 at equal degrees of freedom and
reproduces the baseline fit (—21n L = 944.31) without shifting H under self-consistent TEP-kernel host reassociation at fixed
canonical Hp = 68.18 km s_lMpc_l, while the 4D MCMC posterior on the perturbative template resolves the
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(¢0,8) <> (—¢o, —B)  factor-level ~sign  non-identifiability =~ via  the  reflection-invariant  effective  coupling
Goett = —Bpo = +0.034 £ 0.069 (MAP +0.039, Ax3;,p = +2.43, 71.4% posterior mass on A(z) < 1). End-to-end skymap
injections demonstrate that ACDM-gated host selection absorbs 85%-88% of any genuine conformal distance shift (T ~ 12%-

1

15%), and environmental host-luminosity splitting (Hy = 72.4 km s~ 'Mpc ! in luminous massive hosts vs 69.3 km s *Mpc

in diffuse faint hosts; 70.1 — 68.9 km s 'Mpc ! across pool weightings) is consistent with the direction of catalog de-biasing

reported in MacBride et al. (DELVE Collaboration, 2026; 67.423:3 km sflMpcfl). Under the idealized TEP-as-true forecast
1

convention at fixed canonical Hy = 68.18 km sflMpcf and 10% linear fractional distance error (o7q, / dEEP = 0.10), host-

association-free spectroscopic bright standard sirens across z € [0.1,1.0] reach 50 discrimination of Z(2) = (1 + 2) ! against
General Relativity in N, = [(5 (04, /dFFF)/2)?] = 25,7,3, and 1 events at z = 0.1,0.2,0.3, and 0.5 (or 28,8,4, and 2
events under a 10% log-distance error In(1 + z)).
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Data Availability & Reproducibility

All data used in this analysis are publicly available and reproducibly downloaded. No synthetic, fabricated, or simulated data is used
in the main analysis.

Synthetic catalogs appear only in the synthetic-injection sensitivity-calibration diagnostic, where mock distances are generated from
the real event redshift and uncertainty structure to estimate false-positive and recovery rates. They are not used as observational
evidence in the main ACDM/TEP comparison.

Data sources:

¢ GWOSC combined catalogs: GWTC-1-confident, GWTC-2, GWTC-2.1-confident, GWTC-3-confident, GWTC-4.0, GWTC-
4.1, O4 Discovery Papers, GWTC-5.0 — gwosc.org

e GraceDB public skymaps (bayestar.fits.gz): gracedb.ligo.org

o GLADE+ Galaxy Catalog (VizieR VII/291): glade.plus

e DESI DRI redshift catalogs (zpix-main-dark + zpix-main-bright zcatalog monoliths, 13.4M good-galaxy spectroscopic
redshifts): data.desi.lbl.gov

o NASA/IPAC Extragalactic Database redshift-bearing objects: ned.ipac.caltech.edu

Pipeline steps (25 sequential stages):
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Table 3. Sequential pipeline execution stages (Steps 00-10).

Step Script Description
00 step_00_download gwtc5_ catalog.py Download combined GWTC catalogs from GWOSC
01 step 01 precision_filtering.py Filter events by SNR > 12 and high confidence
olb step 01b download desi.py Download DESI DR1 zca'ltalog monoliths and build the HEALPix-indexed
- - - 13.4M-galaxy cache (optional, ~20 GB download)
02 step_02_ independent redshifts.py Build independent-redshift dataset (bright + GLADE+/DESI DR1 dark sirens)
. . . Host-association systematics: cone coverage, misassociation bound, concordance-
02b step 02b host association systematics.py L R L. .
- = - - bias injection, and environmental host-luminosity split
02¢ step_02c_desi_supplement.py Merge DESI DR1 candidates into stored host pools and rebuild posteriors
03 step_03_compute_dl_gr.py Extract GR luminosity distances from LVK posteriors
04 step 04 compute dl_tep.py Compute TEP conformal scaling and matter-frame corrected distances
04b step 04b_metric_direction_audit.py Audit A(z) vs 1/A(z), model-side vs data-side transformation conventions
05 step_ 05 hubble diagram.py Construct Hubble diagram data
06 step_06_hO_reconciliation.py Secondary analysis: fit Ho from full sample including fallback redshifts
06b step_06b_h0_reconciliation_independent.py Primary analysis: fit Ho from independent-only redshifts (no circularity)
07 step_07_statistical_ tests.py Goodness-of-fit, tension metrics, and model comparison for both analyses
07b step_07b_tep matched filter.py Primary discovery statistic: TEP-template residual projection and wrong-sign test
07¢ step_07c_independent_only mcmc.py Primary independent-only joint MCMC with posterior gamma projection
07d step 07d fallback only control.py Fallbe.lck-only control MCMC (distance-inferred redshifts are cosmology-blind;
- = - - machinery null)
. . Per-galaxy hypothesis-consistent siren likelihood with multi-decoy and
07f step 07f per galaxy likelihood.py L
- = = - discriminating-subset nulls
08 step_08_synthetic_injections.py Synthetic injection test: recovery and false-positive calibration
08¢ step_08e_event jackknife influence.py Event jackknife: leave-one-out, redshift cuts, and precision cuts
09 step_09_generate figures.py Generate manuscript figures from real pipeline outputs
09f P P — o p———— g~ Canonlca.l endpoint map =(2) = 1/(1 +2) sp?lt—nor‘mal distance hke'hhood,
- - 0~ - self-consistent TEP-kernel reassociation, and bright-siren 50 sample-size forecast
uartic density-tracking effective exponent (neff = 0.982) and adiabatic mass-
09k step 09k density scaling index.py Q ty . £ P (it )
- - - - to-Hubble ratio audit
Canonical bi-metric mass-inversion map, matched PISN-gap occupation, 1G+2G
spin mixture, held-out 04/04b event-level spin-dispersion test, | G-remnant to
09m step_09m_mass_map.py 2G-primary spectral inheritance, non-bulk spin asymmetry, nested temporal-well
GW-recoil retention (vs GR*NFW), GW231123 resolution, and joint mass+spin €
profile (catalog-free)
Two-sided mass-population likelihood test: GR vs TEP bookkeeping, cumulative
GWTC secondary-mass my taper, pure detector-frame boundary audit, Finn—
09n step 09n mass_population.py Chernoff and aLIGO IMR-PSD selection integrals, chronological O1-O3 to O4
split, PowerLaw+Peak comparator, bidirectional GR evolution scan, chirp-mass
ladder coherence, and = degeneracy
10 step_10_pipeline_ audit.py Pipeline audit: verify execution integrity and output consistency

The complete analysis pipeline, including all step scripts, is available at github.com/matthewsmawfield/ TEP-LVK.
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