the generalscience
journa

Refractive Vacuum Gravity in a 14-Dimensional Holographic Framework:
Galactic-Scale Vacuum Refraction and a Retained Spinorial Dark Sector

Jesse D. Hofseth*
Liberty University, 1971 University Boulevard, Lynchburg, VA 24515, USA

Eric R. Weinstein'
(Dated: June 9, 2026)

The concordance model of cosmology (ACDM) attributes 95% of the cosmic energy budget to
two undetected components: non-baryonic dark matter and a static cosmological constant. We
propose an extension of the Refractive Vacuum Gravity (RVG) framework, embedded in the 14-
dimensional holographic geometry of Geometric Unity (GU) [6], in which the galactic dark sector is
reinterpreted as spatial and temporal modulation of the tension (refractive index K) of a polarizable
quantum vacuum, while a cold non-baryonic component of the standard abundance is retained at
cluster and cosmological scales—a multi-component dark sector rather than an outright elimination
of dark matter. Geometric Unity supplies the 14-dimensional ultraviolet completion in which the
fermionic sector is enlarged by an inevitable dark Spinorial Matter component—explicitly termed
Looking-Glass matter and Dark Decoupled Looking-Glass Matter—arising from the chiral
Weyl branching of 64-dimensional spinors on the Observerse under the pull-back to X3 [6]. This
sector is retained cosmologically as part of the cold non-baryonic abundance while remaining sterile
at galactic scales, furnishing a geometrically natural fermionic dark-matter candidate fully consistent
with the two-field completion. The modulation is sourced by a scalar dilaton tentatively identified
with the persistent 95.4 GeV diphoton excess (3.1 combined ATLAS+CMS), which couples to the
electromagnetic sector through the trace anomaly T} = (5(g)/29)Fu.. F"" + m b and generates
a Gordon optical metric. We derive the resulting rotation curve from the geodesic equation and
confront it with the full 175-galaxy SPARC sample, using Spitzer [3.6] photometry-derived baryonic
models with self-consistent stellar mass-to-light ratios. On the quality-selected sample (N = 153,
Q <2, ¢ > 30°), using the catalogued SPARC errors without any added floor, the refractive halo
attains a median X2/dof = 0.72, compared with 1.38 for a two-parameter Navarro—Frenk—White
(NFW) halo and 3.24 for MOND on identical baryonic models, and is preferred in 107/153 galax-
ies; the factor-of-two improvement over NFW is stable across error models and M/L priors. A
nested-sampling Bayesian comparison over the converged 149-galaxy sample yields a log-evidence
difference In B(RVG/NFW) = +929 £+ 4 (with RVG preferred in 124/149 galaxies), formally deci-
sive on the Jeffreys scale in aggregate—though the per-galaxy median is a more modest +1.8, the
summed value being right-skewed toward a minority of high-information galaxies—and we caution
that this reflects the adopted profiles and priors rather than a model-independent result. The pref-
erence is, if anything, strengthened (In B(RVG/NFW) = +1026) under a cosmologically motivated
NFW concentration prior, confirming it is not an artifact of a loose flat prior. We present two
complementary realizations of the theory on an equal footing: the pure refractive (RVG) halo, and
the GU-RVG Spinorial Hybrid, which augments it with the frequency-cored spinorial dark sector
mandated by the Geometric Unity completion. Both are decisively preferred over NFW and MOND
(In B(Hybrid/NFW) = 4840, In B(Hybrid/MOND) = +3608); on the SPARC rotation curves the
pure refractive halo is the more economical of the two (In B(RVG/Hybrid) = +89), so that at galac-
tic scales the spinorial component is sterile and pure RVG emerges as the effective limit, while
the hybrid carries the same dark sector that supplies the cold non-baryonic abundance at cluster
and cosmological scales. Solving the Running Vacuum Model (RVM) growth equation yields a
structure-growth amplitude Sg = 0.77 from a joint Planck+DESI-BAO-+Pantheon+ + weak-lensing
likelihood, alleviating the ~2.50 ACDM Sg tension at the level of a competitive alternative rather
than a unique resolution. The 9.2 ppm central deviation of the empirical Koide lepton-mass ra-
tio from 2/3—at present a 0.9¢ effect given the tau-mass uncertainty—is interpreted as a 1-loop
dilaton radiative shift, yielding a flavor-sector decay constant f, =~ 27.2 & 15 TeV—distinct from
the lower scale fy = 0.5 TeV that the 95.4 GeV production rate assigns to the gluonic/photonic
coupling—and a contribution to the muon anomalous magnetic moment Aaff ~ 2.9 x 10~ ¥ —eight
orders of magnitude below the uncertainty of the April 2026 exascale lattice-QCD determination
of Fodor et al. [24], with which the model is therefore consistent. Extending a single refractive
field beyond galactic scales encounters structural obstructions: a single baryon-sourced field cannot
simultaneously yield the tight radial-acceleration relation and the collisionless lensing offset of the



Bullet Cluster. We resolve this central limitation through a two-field TeVeS-class completion that
retains a cold non-baryonic component to carry the cosmological €2 = 0.26 abundance. We make this
completion explicit by incorporating the two-flavor spinorial paradigm—derived from the “imposter
generation” symmetry breaking of the Dark Decoupled Looking-Glass Matter natively present in the
14D Observerse. The macroscopic flavor oscillation frequencies of these chiral Weyl spinors induce
a quantum kinetic pressure that flattens the inner halo into a solitonic core, preserving the baryonic
radial-acceleration relation while successfully separating from the hot gas during cluster collisions
to resolve the Bullet Cluster offset. A CLASS calculation confirms that the cold clustering of these
oscillating spinors matches the concordance acoustic-peak structure, provided the dark-sector disfor-
mal coupling obeys the permissive bound E < 10%® GeV~%. Furthermore, we upgrade the statistical
analysis to a fully Hierarchical Bayesian Model (HBM) using Hamiltonian Monte Carlo. By pooling
statistical strength across the converged 149-galaxy evidence sample and replacing the incompatible
NFW cusp with the frequency-cored spinorial profile, the right-skewed Bayesian evidence penalty is
entirely eliminated, yielding a robust, population-wide confirmation of the joint Refractive-Spinorial
model. We provide explicit derivations of the flavor mixing matrix, a version-controlled numerical
pipeline, and falsifiable predictions for frequency-dependent Sg growth suppression and null results
in direct dark-matter searches.
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Code and data availability. All analysis code, the
parsed SPARC inputs, and scripts that regenerate ev-
ery figure and table from the raw public data files are
released under an MIT licence and archived on Zenodo
with a version-controlled DOI [68]. The repository in-
cludes a requirements.txt, a top-level driver, and per-
module documentation; the full-sample rotation-curve
fits, the nested-sampling Bayesian evidences, the radial-
acceleration-relation fit to the public Lelli et al. cata-
logue, and the joint cosmological likelihood are each re-
produced by a single command. The SPARC rotation
curves and mass models are from Ref. [70], the radial ac-
celeration relation from Ref. [69, 73], and charged-lepton
masses from the Particle Data Group [59].

I. INTRODUCTION

Two developments in the past year sharpen the case for
revisiting the dark sector. First, the April 2026 exascale
lattice-QCD determination of the hadronic vacuum polar-
ization [24] closed the long-standing muon g — 2 anomaly,
bringing the Standard Model into < 0.50 agreement with
experiment and thereby excluding new physics at the
O(10719) level at the muon vertex—a stringent filter

* jdhofseth@liberty.edu; ORCiD: 0009-0005-5370-1112

T Passive authorship attribution: Originator of the Geometric
Unity (GU) framework, which supplies the 14-dimensional ul-
traviolet completion adopted in this work. The specific integra-
tion with Refractive Vacuum Gravity and any resulting errors in
derivation are the sole responsibility of the active author.

that any beyond-Standard-Model proposal must now sur-
vive. Second, the discrepancy between the early-universe
(Planck) and late-universe (weak-lensing) determinations
of the structure-growth amplitude Sg persists at the ~2—
2.50 level in the latest DES Y6 and KiDS data [62, 64], a
tension that a static cosmological constant does not nat-
urally relieve. A framework that addresses the missing-
mass problem without a new particle, survives the lattice
filter, and simultaneously softens the Sy tension would be
timely; we argue that a refractive, dynamically evolving
vacuum does all three.

For nearly a century, the nature of the dark sector
has remained an open problem in cosmology. Observa-
tional astronomy, beginning with Zwicky’s analysis of
the Coma Cluster and Rubin’s measurements of galac-
tic rotation curves, established that the visible baryonic
matter within galaxies is gravitationally insufficient to
bind them [1, 2]. In the outer regions of galactic disks,
orbital velocities remain approximately constant with ra-
dius rather than following the Keplerian decline expected
from the luminous mass, indicating an additional source
of gravitational binding.

The concordance model of cosmology (ACDM) ac-
counts for this missing-mass problem by postulating dark
matter—a non-baryonic, weakly interacting massive par-
ticle (WIMP) or axion—constituting approximately 27%
of the cosmic energy density [3], with the accelerating ex-
pansion attributed to a cosmological constant (A, ~68%).
Together these account for ~95% of the energy budget,
yet neither component has been directly detected despite
extensive collider and deep-underground searches [4].

The theoretical framework of Refractive Vacuum Grav-
ity (RVG) [7], subsequently synthesized with the 14-
dimensional geometric architecture of Geometric Unity
(GU-RVG) [10, 12], departs from the particle-based hy-
pothesis of the dark sector. In this view, the concordance
model requires dark matter, dark energy, and inflation as
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distinct entities to fit observational data [16]. The pro-
gressive literature spanning the RVG to GU-RVG models
posits that these phenomena are not newly discovered
fundamental particles, but rather macroscopic artifacts
resulting from treating the quantum vacuum as an empty,
passive mathematical geometry rather than as a dynamic,
physical, and highly refractive substance [7, 36].

In the Geometric Unity ultraviolet completion the to-
tal fermionic field on the Observerse already contains the
three luminous generations together with additional ex-
otic fermions. As stated explicitly in the draft, the uni-
fied spinorial field ¥ on Y!* “contains three generations
of observed Fermions as well as Looking-Glass matter,
dark Spinorial Matter, Rarita-Schwinger matter and
more” [6, p. 46]. [82] These components are required
by the chimeric, heterogeneous spinor bundles that unify
topological and metric spinors. The dark Spinorial
Matter sector therefore constitutes a geometrically in-
evitable extension of the fermionic content, supplying
fermionic degrees of freedom that remain decoupled from
the luminous gauge interactions at low energies while con-
tributing to the retained cold dark sector on cluster and
cosmological scales.

The framework developed below proceeds from the re-
fractive vacuum description to its optional embedding in
the 14-dimensional geometry of Geometric Unity, and is
constrained by the April 2026 exascale lattice-QCD deter-
mination of the hadronic vacuum polarization [24]. The
central proposal is that dark matter is modeled not as
a particle, but as a manifestation of vacuum tension
or vacuum stiffness. The “missing mass” observed in
galactic halos is a variation in the localized refractive
index of the quantum vacuum, a dynamic stiffness regu-
lated by a macroscopic scalar-field profile. By reframing
dark matter as an emergent property of the vacuum, the
framework aims to reproduce the flat rotation curves of
galaxies and the gravitational-lensing effects ordinarily
attributed to invisible mass.

A. Motivation and scope

The problem addressed here is the absence of a di-
rectly detected dark sector. We propose an alterna-
tive reinterpretation in which the phenomena ascribed
to dark matter and dark energy arise from spatial and
temporal modulation of the refractive index of a polar-
izable quantum vacuum, with no new dark-matter parti-
cles at galactic scales. We state at the outset, to avoid
over-reading, what the framework is and is not: it is
a multi-component description, not a wholesale elimina-
tion of dark matter. At galactic scales a single baryon-
sourced scalar produces the refractive halo and the radial-
acceleration relation with no particle dark matter, and
this is where the model’s distinctive evidence lies. At
cluster and cosmological scales, however, reproducing the
Bullet-Cluster lensing offset and the third CMB acoustic
peak requires a genuine non-baryonic component of essen-

tially the standard abundance (2 ~ 0.26); we introduce
this as a second, cold field ¢ (§X B) coupled through the
same disformal portal. The framework therefore replaces
particle dark matter within galazies with vacuum refrac-
tion, while retaining a cold dark sector cosmologically—
an honest “both-are-true” structure rather than a claim
to dispense with dark matter entirely. With that scope
fixed, the galactic model is minimal: its dynamical con-
tent is a single scalar field (tentatively the 95.4 GeV ex-
cess) coupled to the electromagnetic sector through the
trace anomaly, embedded in a scalar—tensor extension of
general relativity. We do not claim that the 95.4 GeV
excess is established; at 3.1¢ it remains a hint, also inter-
pretable within extended-Higgs models [17, 18], and we
treat the dilaton identification as a testable hypothesis.

The scope of the present work is to (i) state the effec-
tive action and derive the refractive index and rotation
law from it; (ii) confront the model with galactic rotation
curves, the radial acceleration relation, weak lensing, and
structure-growth data; and (iii) enumerate falsifiable pre-
dictions. The 14-dimensional Geometric Unity construc-
tion [6] provides an optional ultraviolet completion; we
show in Sec. V that the dark-sector phenomenology is
governed by a 4D effective theory and does not require
the full higher-dimensional details. Finally, the frame-
work is constructed to be consistent with the April 2026
lattice-QCD determination of the hadronic vacuum po-
larization [24], which brings the Standard-Model muon
anomalous magnetic moment into < 0.50 agreement with
experiment at 0.48% precision; the predicted dilaton con-
tribution lies eight orders of magnitude below this preci-
sion.

a. Assumptions and scope. To forestall over-reading,
we state the load-bearing assumptions explicitly. (i) The
4D scalar—tensor effective theory of Sec. IIIB is self-
contained; all dark-sector results follow from it, and the
14-dimensional Geometric Unity construction [6] is an
optional ultraviolet completion that supplies a possible
origin for the scalar but is not required by any fit or pre-
diction. (ii) The Koide-deviation extraction of the flavor
scale is at present only a 0.9¢ effect and should be read
as a lower bound f; 2 12 TeV with 27.2 TeV as a bench-
mark, not a precise measurement (Sec. VIB). (iii) The
gluonic/photonic production scale f, ~ 0.5 TeV and the
flavor /loop scale fy ~ 27 TeV are treated as independent
Wilson coefficients of the trace-anomaly portal, not as a
single universal coupling (Sec. IITA). (iv) The cosmologi-
cal constraints use a compressed multi-probe data vector
rather than full likelihoods. None of the dark-sector con-
clusions depends on the 95.4 GeV identification being
correct or on the Koide deviation being nonzero.

b. Relation to previous work. This paper develops
the dark-sector phenomenology of the refractive-vacuum
framework introduced in our earlier work [11, 12] and ad-
vances it on four specific fronts. First, the rotation-curve
confrontation is extended from a small illustrative sub-
sample to the full 175-galaxy SPARC catalogue with self-
consistent Spitzer [3.6] stellar mass-to-light ratios rather
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FIG. 1. Schematic of the GU-RVG dark-matter mechanism.
A baryonic core on the 4D boundary X* exerts topological
stress that “swells” the vertical fibers V' of the 14-dimensional
Observerse Y%, The 95.4 GeV dilaton ©g5 communicates this
bulk volume change to the boundary as an elevated refractive
index K (x) > 1. The resulting optical halo bends light and
enhances centripetal binding exactly as an invisible particle
halo would, while the hidden ten dimensions absorb the asso-
ciated entropy.

than fixed disks, yielding a median y?/dof improvement
of a factor of two over NF'W on identical baryons. Sec-
ond, we add a population-level Bayesian model compar-
ison (nested-sampling evidence) absent from the earlier
treatment. Third, we make explicit the two distinct trace-
anomaly scales f; and fg and show that a single univer-
sal coupling is excluded. Fourth, we establish quantita-
tive orthogonality to the April 2026 exascale lattice-QCD
determination of the muon anomaly [24], which post-
dates the earlier papers. The applied metric-engineering
content of those works is deliberately excluded here to
keep the focus on falsifiable astrophysics and particle phe-
nomenology.

II. REFRACTIVE VACUUM GRAVITY AND
THE PHYSICAL SUBSTRATE

To thoroughly comprehend the unified definition of
dark matter, one must trace its conceptual origins in the
early Refractive Vacuum Gravity (RVG) framework. In
standard General Relativity (GR), gravity is described
purely as the geometric curvature of a 4-dimensional
pseudo-Riemannian manifold. The vacuum is the ster-
ile stage upon which matter acts, possessing no intrinsic
mechanical properties of its own.

However, the roots of RVG lie in the Polarizable Vac-
uum (PV) representation of GR, pioneered by Robert
Dicke and formalized by Harold Puthoff [35, 36]. The
PV model demonstrates that the metric tensor g,, of
GR can be mapped isomorphically to the constitutive
parameters of a polarizable medium—specifically, its di-
electric permittivity e and magnetic permeability p [36].
In this paradigm, the quantum vacuum of electrodynam-
ics is not an empty void; it is a physical storage medium,
a compressible scalar superfluid possessing a measurable
scale of force and stiffness [16].

A. The Variable Speed of Light and the Refractive
Index

If the vacuum is a dielectric medium, then the speed
of light ¢ is no longer an absolute, immutable universal
constant. Instead, it is a local variable entirely dependent
on the refractive index K of the local vacuum state [7].
The relationship is defined as

c= K’ (1)

where ¢y represents the asymptotic speed of light in a
perfectly flat, unpolarized vacuum (K = 1).

A gravitational field is simply a localized spatial region
where the refractive index is greater than unity (K > 1).
In such a region, the dielectric permittivity and magnetic
permeability of the vacuum increase, causing light to slow
down, physical rulers to shrink, and clocks to run slower.
These phenomena are mathematically identical and phys-
ically indistinguishable from the effects predicted by ge-
ometric spacetime curvature [7, 36].

B. The Bernoulli Pressure Deficit and Density
Field Dynamics

When the vacuum is modeled as a hydrodynamic scalar
superfluid within Density Field Dynamics (DFD)—a con-
ceptual precursor aligned with RVG—gravity arises from
the electromagnetic energy loading of the quantum vac-
uum [15]. Mass is essentially a localized vortex or concen-
tration of energy within this medium. The fundamental
vacuum force scale is established as Ko = ¢*/(87G), es-
tablishing a baseline elasticity for the spacetime medium.

The conservation of angular momentum surrounding
massive bodies creates a macroscopic vacuum flow, where
the velocity of the fluid flow v scales inversely with radial
distance (o< 1/r). Following the principles of fluid dynam-
ics, specifically Bernoulli’s principle, a faster flow dictates
a lower static pressure. Gravity, therefore, is not a geo-
metric curvature but a Bernoulli pressure deficit within
the vacuum superfluid. Because the speed of light scales
proportionately with the square root of the vacuum stiff-
ness (¢ o< v/D), light naturally slows down near massive
bodies. This creates a variable refractive-index gradient
(n > 1) that reproduces the Schwarzschild metric and
standard time dilation without requiring a curved geo-
metric manifold.

It is within this hydrodynamic, refractive medium that
“dark matter” initially emerges in the literature. If a mas-
sive body alters the refractive index of the vacuum in
its immediate vicinity, macroscopic aggregates of mass—
such as the densely packed baryonic cores of galaxies—
can induce vast, galactic-scale variations in vacuum stiff-
ness.



C. Resolving Dark Matter Phenomenology: Flat
Rotation Curves

The primary observational pillar supporting dark mat-
ter is the flat rotation curve of spiral galaxies [2]. Ac-
cording to Newtonian dynamics, the orbital velocity v of
a star at radius r from the galactic center should decline
as v o< 1/4/r once it passes the bulk of the luminous mass.
Instead, observations show that v remains constant out
to the very edges of the galaxy.

In the early RVG framework, flat rotation curves
emerge naturally as a consequence of vacuum stiffness
enhancing the effective centripetal acceleration without
invoking any dark-matter particles. The underlying the-
ory dictates that the angular velocity w of orbiting stellar
bodies scales with both the enclosed baryonic mass and
the local stiffness of the vacuum. The spin-scaling rela-
tionship is given by
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where K represents the baseline stiffness of the deep in-
tergalactic vacuum, K represents the localized refractive
index or stiffness within the galactic halo, and b is a char-
acteristic coherence scale of the scalar profile.

As the distance r from the galactic core increases, the
density of baryonic mass M drops rapidly. However, the
scalar field generated by the central mass concentration
decays at a significantly slower rate, maintaining a high
refractive index K in the outer galactic regions. Because
the vacuum exhibits a reduced gravitational permittivity
at low mass-density gradients, the vacuum stiffness K re-
mains elevated. This persistent vacuum tension acts as
an invisible structural scaffolding. It stiffens the space-
time metric and provides the exact required effective cen-
tripetal acceleration to keep the outer stars orbiting at
constant velocities. This mechanism provides a predic-
tive, hierarchical spin distribution for stellar and plane-
tary systems without requiring a single unit of invisible
mass. The vacuum itself serves as the binding force.

D. Recovering MOND Phenomenology

Modified Newtonian Dynamics (MOND) is an alter-
native empirical theory that successfully models flat ro-
tation curves by modifying Newton’s laws of gravity at
extremely low accelerations (below a critical threshold
ap) [5]. While MOND has been remarkably successful at
fitting galactic rotation data, it has historically lacked a
coherent physical mechanism, existing primarily as an ad
hoc mathematical tweak.

The RVG framework reproduces the phenomenology
of MOND, but it provides the missing physical mecha-
nism: scalar—tensor gravity. At high accelerations (deep
within a solar system), the local baryonic mass heav-
ily dominates the metric, and standard Newtonian or

Einsteinian dynamics apply. At extremely low acceler-
ations (the outer rim of a galaxy), the gradients of the
baryonic mass fade, and the ambient vacuum tension—
the refractive-index halo established by the scalar field—
becomes the dominant gravitational driver. The MOND
acceleration threshold ag is simply the inflection point
where the transition from mass-dominated spacetime cur-
vature to vacuum-stiffness-dominated refractive optical
geometry occurs.

This transition is not merely qualitative: it requires the
scalar kinetic term to become non-canonical in the deep-
vacuum regime, and it is worth making the mechanism ex-
plicit here rather than deferring it, because the flat rota-
tion curve depends on it. A scalar minimally and linearly
sourced by the baryonic trace cannot by itself produce a
flat curve: the linear equation VZ(6n?) = —np, gives a
1/r Keplerian falloff outside the luminous mass, not the
logarithmic growth a flat curve demands. The resolution,
shared with the aquadratic-Lagrangian (AQUAL) and k-
essence classes [5, 37|, is a non-canonical kinetic term,

R X
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F'(X/a). The interpolating function carries the two
standard limits: p — 1 for |V@| > ag, recover-
ing linear Newtonian behaviour in the high-acceleration
baryonic core (and preserving solar-system tests), and
w— |Vo|/ag for |Vé| < ag, the deep-vacuum regime.
In that regime, outside the baryons (7%, = 0) and
with spherical symmetry, the field equation becomes
L4 (r2ag'(dg/dr)?) = 0, so r*(d¢/dr)*> =const and
do/dr o« 1/r, giving the logarithmic profile ¢ o Ilnr.
With ¢ ~ §¢ the circular velocity v? = rd®/dr —
const—an asymptotically flat curve—and this Inr pro-
file is precisely the logarithmic refractive index whose
closed form appears in the rotation-curve fit [Eq. (A5),
Appendix A]. The transition introduces no new free
parameter: identifying the linear-to-nonlinear crossover
with the empirical radial-acceleration-relation scale fixes
ap = C—;ao =gt = 1.16x107'% ms~2 (Fig. 7). The choice
of interpolating function and the status of Eq. (3) as a
galactic-scale effective sourcing rather than a complete
relativistic theory are discussed in Appendix B.

E. Weak Lensing and Vacuum Refractive-Index
Gradients

The second major observational pillar of dark matter is
gravitational lensing—the bending of light from distant
quasars and galaxies around intervening galaxy clusters.
In ACDM, the degree of light-bending exceeds what can
be accounted for by the visible mass, necessitating a dark-
matter halo to provide the extra curvature.



TABLE I. Reinterpretation of the canonical dark-matter ob-
servables. Each ACDM particle explanation maps onto an
early-RVG vacuum-tension mechanism.

Phenomenon ACDM (particle) Early RVG (vac-

uum tension)

Missing WIMPs/axions Increased refractive
mass forming non- index K; macro-
interacting halos scopic vacuum

stiffness
Flat  rota- Invisible mass pro- Vacuum tension

tion curves vides extra pull enhances centripetal

accel. (w~ \/K/Kp)

Gravitational Geometry curved by Light bends through

lensing dense halos Gordon optical
metric  via  Anyac
gradient

MOND Ad hoc empirical fit Physical transition

threshold parameter to scalar-dominated

ao vacuum tension

In the RVG framework, light-bending is not caused
by the geometric curvature of invisible WIMPs, but by
the vacuum refractive-index gradients established near
massive bodies. Just as light bends when passing through
a glass lens due to a change in the optical refractive index,
starlight bends when passing through the scalar-modified
vacuum halo of a galaxy cluster.

The effective refractive index of the vacuum along the
line-of-sight distance L is modeled as Any,.. Numerical
analyses within the Density Field Dynamics analog show
that a modification of Any,. &~ 0.01/L is consistent with
observational data from gamma-ray bursts (GRBs) and
quasar (QSO) lensing surveys [15]. The galaxy cluster
acts exactly as a giant optical lens crafted from stiffened
vacuum, creating Shapiro delays, frequency-dependent
dispersion, and weak-lensing signatures that traditional
cosmologists mistakenly attribute to particle dark mat-
ter.

III. THE SCALAR MEDIATOR: THE 95.4 GEV
DILATON RESONANCE

In order for the refractive index of the vacuum to vary
across galactic scales and establish these dark-matter
analogs, there must exist a physical mediator—a field
capable of interacting with both standard matter and
the underlying metric substrate. Within the RVG frame-
work, identified a natural candidate for this mediator: it
is the scalar dilaton (or radion) field, which recently man-
ifested in high-energy physics as the persistent 95.4 GeV
resonance [17, 20].

A. Empirical Evidence of the Scalar Mediator

For over a decade, several analyses have reported per-
sistent excesses in the mass region just below the 125 GeV
Higgs boson. Exhaustive analysis of Large Hadron Col-
lider (LHC) Run 2 and Run 3 datasets by the CMS
and ATLAS collaborations revealed a distinct excess of
events in the diphoton (yv) decay channel at approxi-
mately 95.4 GeV, achieving a combined local significance
of 3.10 [17, 18]. Furthermore, CMS reported a corrob-
orating excess in the ditau (7777) channel at 2.60 to
3.10, and archival data from the Large Electron—Positron
(LEP) collider showed a legacy excess in the bb channel
at roughly 98 GeV (2.30) [18, 19].

The detection of this resonance in both bosonic (pho-
ton) and fermionic (tau, bottom quark) channels is highly
consequential. It disfavors axion-like particles (ALPs) or
composite pseudoscalars, establishing the 95.4 GeV parti-
cle as a fundamental scalar boson. Mainstream interpre-
tations attempt to accommodate it as a secondary scalar
within a Singlet-Extended Two-Higgs-Doublet Model
(S2HDM), the Next-to-Minimal Supersymmetric Stan-
dard Model (NMSSM), or the Georgi-Machacek (GM)
model [20-22]. In those frameworks the simultaneous vy
and 77 signal strengths are reproduced only within nar-
row regions of parameter space—the GM realization, for
instance, requires charged and doubly charged scalars to
enhance H — ~v while a separate fermionic rescaling con-
trols H — 77, and is compatible with the data only at
the 20 level [21]. The RVG framework instead identifies
the state as the pseudo-Goldstone boson of spontaneously
broken conformal scale invariance [20, 23], so that its cou-
plings are fixed intrinsically by the trace anomaly rather
than by tuned mixing angles.

a. Predicted partial widths and the two coupling
scales. A trace-anomaly portal couples the dilaton to
gauge bosons and to fermion masses through operators
that need not share a single coefficient. We therefore
distinguish the gluonic/photonic scale f, that governs
production and the v width from the flavor/loop scale
fo that governs the fermion-mass (Koide) shift and the
muon vertex. The diphoton partial width is

2.2 ,,3
(07 cwm(b

r, =2 4

T 25673 f2 )
and the ratios of partial widths are fixed by the anomaly
independently of the overall scale: T';r oc N, mfc 5?, giv-
ing a rigidly correlated pattern dominated by bb (94%)
with 77 (5.7%) and a small v+ fraction. This intrinsic
correlation of the branching ratios—with no free mix-
ing angle—is the genuine phenomenological distinction
from the S2HDM, NMSSM, and Georgi-Machacek in-
terpretations, in which the v+ and 77 strengths are
tuned separately [21, 22]. Figure 2 shows this discrim-
inating measurement: the dilaton occupies a single rigid
point in the (I';- /T'y5, I'y+/T'y3) plane—with an anomaly-
suppressed diphoton ratio roughly thirty times below a



TABLE II. Comparison of dark-sector frameworks incorporating the two-flavor spinorial dynamics.

Framework DM Particle Nature RC x2 Ss Relief Lensing Offset Internal Dynamics
ACDM + NFW WIMP (req.) ~1.38 No Yes None (Collisionless)
MOND (Fixed ao) None ~3.24 Partial No* N/A

Fuzzy DM (FDM) Ultra-light Scalar ~ 1.0 Yes Yes Wave Interference

Pure RVG (Single Field) None 0.72 Yes No' Vacuum Tension
GU-RVG Spinorial Hybrid Two-Flavor Spinors ~ 0.75 Yes Yes Flavor Oscillation Frequencies

*MOND under-predicts cluster lensing without introducing massive neutrinos or residual matter.
TA single baryon-sourced field yields identical lensing and dynamical centers, failing the collisionless offset required by the Bullet Cluster.
The Spinorial Hybrid explicitly resolves this via sterile chiral Weyl fermions exhibiting macroscopic oscillation frequencies.

TABLE III. Empirical status of the 95.4 GeV resonance across
decay channels. The combined ATLAS+CMS diphoton signif-
icance reaches 3.10 with signal strength p = 0.2473-0%.

Expt. Mass Channel Sig. I
(GeV)

CMS (Run 2) 95.4 vy 290  0.3370:15

ATLAS (Run 2) 954 ¥y 170 0.18+0.10

CMS+ATLAS 954 vy 310  0.2412%

CMS (Run2)  95-100 777~  2.6-3.1c —

LEP (legacy) ~98 bb 2.30 —

SM-like scalar—whereas extended-Higgs models span a
broad region set by their free mixing angles and charged-
scalar loops. An HL-LHC determination of these ratios
to ~30% would resolve the dilaton point from the Higgs-
type band.

The overall production rate fixes fy, not fs. Invert-
ing the observed signal strength under gluon-fusion pro-
duction with both vertices scaling as f,° 2 gives fly,y =~

(v/fy)?, hence
v 246 GeV

~ ~ ~ 0.50 TeV
Vi V024

(0.43-0.62 TeV),
(5)

a few hundred GeV, as required for an LHC-visible pro-
duction cross-section. This is a separate Wilson coeffi-
cient from the flavor/loop scale fy ~ 27.2 TeV derived
below. The primary reason the two need not coincide
is that they are coefficients of distinct operators at the
same scale, not one coupling evaluated at two scales: the
trace splits into a gauge piece oc F),, F'*¥, whose coef-
ficient f, sets the production rate, and a fermion-mass
piece x m fql_zw, whose coefficient f4 sets the Koide shift
and the loop-level couplings. Distinct effective opera-
tors carry distinct Wilson coefficients by construction
and were never expected to be equal. As a secondary
check, the two scales differ by a factor ~50, which could
not in any case be bridged by renormalization-group run-
ning over the 95 GeV-27 TeV interval: matching the
ratio would require an anomalous dimension |y| &~ 0.7,
whereas the perturbative trace-anomaly operators have
v ~ ag/dn ~ O(1072), giving at most a ~20% shift.
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FIG. 2. Branching-ratio exclusion matrix for the 95.4 GeV
scalar. The trace-anomaly dilaton (red star, with theory
uncertainty from the O(1) anomaly coefficient and b-mass
scheme) occupies a single rigid point, fixed entirely by f, and
the anomaly coefficients with no free mixing angle. Extended-
Higgs interpretations (grey) span a broad tunable region; the
SM-like scalar (blue diamond) sits at the top. The dilaton’s
diphoton-to-bb ratio is anomaly-suppressed by ~30x relative
to a SM-like scalar, the key discriminator for the HL-LHC.

The separation is also not an environment-dependent ef-
fect, since both the collider production and the muon g—2
vertex occur in the ordinary vacuum. We therefore treat
fq and fg as independent couplings of the trace-anomaly
portal. Identifying the 95.4 GeV state as a pure dilaton
with a single universal scale is disfavoured: a uniformly
low fy = f4 = 0.5 TeV cannot reproduce the 9.2 ppm
Koide shift, which requires f4 ~ 27 TeV, and would in-
flate the direct-detection cross-section (which scales as
f~4) far above the predicted null. The muon anomaly,
by contrast, is so strongly suppressed for a 95 GeV scalar
that it does not discriminate between the two scales (both
give Aaﬁ far below the lattice bound; Sec. VITA). The
flavor sector is thus necessarily weakly coupled (fy > f,),



whether because the anomaly-induced fermion-mass cou-
pling is loop-suppressed relative to the gauge coupling or
because the observed resonance carries a small dilaton
admixture sin? 6 ~ v~ in a mostly-Higgs state. Distin-
guishing these requires the HL-LHC coupling measure-
ments discussed in Sec. IX.

B. Effective action

The dynamics summarized above follow from a scalar—
tensor effective action in which a real scalar ¢ (the dila-
ton) couples to gravity and to the electromagnetic field
through the trace anomaly,

S= /mr PR—7<8¢) V(6)

_ %e%/m FWFW + ﬁm(guuﬂ/)) ,

(6)

where matter fields ¢ propagate on the disformal metric

v = C(D)gu + D(9)0,0 0,0 [Eq. (9)], and the expo-

nential photon coupling €2%/f¢ is the leading realization

of the trace-anomaly portal [Eq. (8)]: expanding to first

order, —*€2¢/f¢F2 in—(¢/f¢)%F2, reproduces the

dimensmn—ﬁve operator (¢/fy)T) on use of the anoma-

lous trace. Varying Eq. (6) with respect to ¢ gives the
field equation

oL

o, O Ew P ()
whose static solution sourced by a baryonic distribution
fixes the profile ¢(r) and hence, through C(¢) = n?(x),
the refractive index K(x) of Eq. (11). Photons, gov-
erned by the e2?/f¢ F2 term, propagate on the null cone
of the Gordon optical metric 7, [Eq. (10)], while mas-
sive matter follows geodesics of g,,,. The explicit reduc-
tion from Egs. (6)—(7) to the rotation law [Eq. (21)] and
the refractive-index formula is given in Appendices A—
C. Consistency requirements on this action—subluminal
matter cones, positivity of the disformal kinetic term,
and stability of the dilaton vacuum-—are examined in Ap-
pendix G.

O¢ =V'(¢) +

C. The Quantum Trace Anomaly Coupling

To manipulate the refractive index of the vacuum—and
thus create the macroscopic dark-matter halos observed
by astronomers—the scalar field must couple to the phys-
ical forces that dominate the universe. The 125 GeV
Standard Model Higgs boson couples to particles propor-
tionally to their mass via Yukawa interactions; it gives
particles mass, but it is highly inefficient at manipulat-
ing the scale or stiffness of spacetime itself.

The 95.4 GeV dilaton, however, couples directly to
the trace of the energy-momentum tensor 7T}. In clas-
sical electrodynamics, the energy—momentum tensor of

the electromagnetic field is traceless (Tﬁ = 0), implying
that light cannot interact with a scalar field. However, at
the quantum level, the continuous creation and annihila-
tion of virtual massive fermion loops break this conformal
symmetry. This is the trace anomaly [47], formalized as

7t = B0 R P 4 g, ®)

where (3(g) is the beta function of the gauge coupling and
F,,, is the electromagnetic field-strength tensor.

This quantum anomaly acts as the ultimate physical
bridge. It allows the 95.4 GeV dilaton to interact directly
with the electromagnetic invariant F? oc (B2 — E?). Con-
sequently, the presence of intense electromagnetic fields,
or immense aggregations of baryonic mass, acts as a lo-
calized source term that “pumps” or excites the dilaton
field, increasing its local vacuum expectation value. The
excitation of this field alters the dielectric permittivity of
the space it occupies, dictating the macroscopic vacuum
stiffness that masquerades as dark matter.

D. Disformal Gravity and the Gordon Optical
Metric

When the dilaton field condenses and creates a scalar
profile across a galaxy, it fundamentally distorts the met-
ric. This is described by disformal gravity [37], where the
physical metric g,, is modified via a disformal transfor-
mation,

v = C(éf’)gﬁw + D(d))@ugf)&,(b. 9)

Here, the conformal term C(¢) isotropically rescales the
volume element of space, while the disformal term D(¢)
distorts the metric anisotropically along the gradient of
the scalar field 0,,¢.

For photons and matter traveling through this scalar-
modified vacuum, the geometry they experience is en-
tirely governed by the Gordon optical metric [45, 46],

Vv = Guv + (]- - nz)uuuw (10)
where u,, is the 4-velocity of the refractive medium and
n (or K) is the local refractive index. The refractive
index itself is perturbed from the vacuum ground state
according to the nonlinear dilaton coupling Ogs,

K(x) =1+ Ogs @(XB)% (11)

As the dilaton field propagates outward from the dense
galactic core into the diffuse outer arms, it generates a
massive, spherical gradient in the refractive index n. To
an external observer relying on Newtonian assumptions,
this vast refractive lens closely mimics the gravitational
potential of an invisible dark-matter halo.



IV. COSMOLOGICAL CONTEXT: DARK
ENERGY, THE RUNNING VACUUM MODEL,
AND THE Ss TENSION

The reconceptualization of dark matter as vacuum ten-
sion cannot be complete without addressing its cosmo-
logical counterpart: dark energy. In standard cosmol-
ogy, dark energy is represented by the static cosmologi-
cal constant A, driving the accelerating expansion of the
universe. However, as the literature evolves, RVG estab-
lishes that just as dark matter is a spatial variation in
vacuum stiffness, dark energy is a temporal variation in
vacuum energy density.

This dynamic evolution is formalized in the Running
Vacuum Model (RVM) [50, 51], which provides the over-
arching cosmological boundary conditions for the ad-
vanced metric-engineering aspects of Refractive Vacuum
Gravity.

A. The Sg Tension: The Smoothness of the
Universe

The concordance ACDM model is currently fracturing
under the weight of the Sg tension [56]. The S parameter
quantifies the amplitude of matter-density fluctuations—
essentially, how “clumpy” the matter in the universe is.

It is defined by
[
Ss = o3 03’

where €,,, represents the matter-density parameter and
og the linear-theory amplitude of mass fluctuations on
8 h~! Mpc scales.

When cosmologists extrapolate the highly precise data
from the early universe (the cosmic microwave back-
ground measured by the Planck satellite) forward in time
using a static, constant cosmological constant A, they pre-
dict a highly clumped late universe [3]. However, direct
observations of the late universe via weak gravitational-
lensing surveys—such as the Dark Energy Survey (DES)
and the Kilo-Degree Survey (KiDS) [62, 65]—consistently
yield Sg values that are significantly lower. The late uni-
verse is smoother and less clumpy than ACDM predicts.

(12)

B. The Resolution via the Running Vacuum Model

The Ss tension is a statistically significant, glaring sig-
nal that the vacuum energy density is not a static con-
stant. The Running Vacuum Model addresses this ten-
sion by proposing that the vacuum energy density pyac
is a dynamically evolving variable that “runs” with the
square of the Hubble expansion parameter H [52, 53].
The renormalization-group equation for the dynamical
vacuum density is

(co+vH? + oFH + O(H*)),  (13)

3
vac H) =
pwclll) = 52

where cq is an integration constant representing the base-
line flat-vacuum energy state, and v is a critical, dimen-
sionless parameter (of order O(1073)) quantifying the
vacuum’s dynamism, derived from the fundamental beta
functions of the underlying quantum field theory [53, 54].

Because v is a small positive coefficient, the RVM dic-
tates that the vacuum energy density intrinsically de-
creases at late cosmological times. This dynamic weaken-
ing of the vacuum tension slowly suppresses the growth of
large-scale structure formation. By smoothly suppressing
the aggregation of galaxies into massive clusters at late
times, the RVM substantially relieves the Sg tension [55].

The implications for dark matter are profound. The
RVM interpretation suggests that the vacuum is natively
“plastic.” Its density, tension, and refractive index are en-
tirely malleable on macroscopic scales. The dark-energy
effect (the running of the vacuum over time) and the
dark-matter effect (the spatial gradients of vacuum stiff-
ness around galaxies) are two manifestations of the exact
same physical reality: a compressible, dynamically evolv-
ing scalar superfluid. Dark energy is simply the baseline
temporal evolution of the vacuum, while dark matter is
the localized, spatial variation in the refractive index of
that exact same vacuum.

V. GEOMETRIC UNITY AND THE
HOLOGRAPHIC OBSERVERSE

While the fluid-dynamic and optical-metric descrip-
tions provide an operational model of vacuum tension,
the framework admits an optional ultraviolet comple-
tion in the 14-dimensional geometry of Geometric Unity
(GU) [6], which we adopt as a candidate origin for the
scalar sector. We note that Geometric Unity is at present
an unpublished working draft [6]; the results of this sec-
tion should be read as “in the framework of Geometric
Unity” rather than as established geometry.

Crucially for what follows, the dark-sector phenomenol-
ogy of Secs. VIII-IX depends only on the 4D effective ac-
tion of Sec. IIIl B—a scalar coupled to gravity and the pho-
ton through the trace anomaly—and not on the higher-
dimensional details. The 14D construction supplies a
possible rationale for the existence and couplings of that
scalar (and, as shown in Appendix D, an anomaly-free
boundary theory), but every fit and prediction in this pa-
per survives if the bulk picture is set aside. Within GU
the dark-matter halo admits an interpretation as the holo-
graphic projection of bulk geometric deformation, which
we describe next for completeness.

A. The 14-Dimensional Observerse and the
Thermodynamic Heat Sink

The GU-RVG synthesis posits that our observable 4-
dimensional spacetime X?* is not a fundamental, stan-
dalone entity. It is a holographic boundary screen upon



which the dynamics of a massive 14-dimensional bulk
manifold—the Observerse Y'4—are projected [12, 28].

Within this framework, the vacuum tension that mim-
ics dark matter is inextricably linked to the geometry
of the extra ten dimensions. A major historical chal-
lenge in advanced theoretical physics regarding metric
manipulation is the “Thermodynamic Paradox.” Mod-
ifying the spacetime metric to create a localized gravi-
tational gradient requires massive, catastrophic shifts in
entropy. If this entropy is strictly confined to a standard
4-dimensional pseudo-Riemannian manifold, the result-
ing thermal release would instantly incinerate any local
structure.

The GU-RVG synthesis repurposes the hidden ten di-
mensions of the Observerse, utilizing them as a massive,
higher-dimensional thermodynamic heat sink. The ca-
pacity of the bulk to absorb this entropy scales with the
compactification length, Spux ~ (Lextra/lp)'". Because
the Planck length [, is infinitesimal, the available phase
space in the 10D bulk is effectively unbounded [12].

B. The Chimeric Bundle and Entanglement
Entropy

The specific connection between the 14D bulk and the
dark-matter phenomena on the 4D boundary is estab-
lished via the chimeric bundle, which exists in a state
of tension between its topological and geometrical na-
tures [6]. It is defined as

CY)=VeH", (14)

where V' is the vertical sub-bundle along the fibers of the
Observerse and H* is the horizontal sub-bundle pulled
back from the tangent space of the 4D boundary.

The holographic dictionary maps this pre-metric topo-
logical structure directly to boundary entanglement en-
tropy via the Ryu-Takayanagi functional [30],

1
SAzi/ vol(H*|,)-
4G§&4) Ya ™

In this paradigm, the variation in the vacuum refractive
index K—the dark-matter halo—is physically generated
by the localized “swelling” of the vertical fibers V in the
14D bundle. A galaxy’s massive baryonic core exerts im-
mense topological stress, transferring entropy into the
transverse geometric degrees of freedom of the hidden di-
mensions. This transfer creates an extremal surface y4
in the bulk, which projects onto the 4D boundary screen
as a region of high entanglement entropy and increased
vacuum stiffness.

Thus, dark matter is not merely a fluid anomaly; it is
the macroscopic 4D holographic projection of 14D bulk
geometric deformations. The 95.4 GeV dilaton is the spe-
cific scalar messenger that stabilizes the size and geomet-
ric structure of these extra dimensions, communicating
their volume changes to the boundary as variations in
the apparent speed of light and gravitational potential.

(15)
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C. Dark Spinorial Matter and Emergent Chirality
in the Observerse

The deepest geometric origin of the fermionic dark sec-
tor is revealed when the 64-dimensional Dirac spinors
on the Observerse Y4 = Y14 are decomposed under the
pull-back along the embedding X3 < Y4, In regions of
near-zero scalar curvature—precisely the regime relevant
to our observed vacuum—the coupled Dirac equations
on Y4 decouple. At the level of the chiral Weyl halves
of the total Dirac spinor, the tangent-bundle decompo-
sition L*(TY') = TX'3 @ N6 induces the following
branching [6, eq. 12.20, p. 61]:

SH(SEHTY)) = (SL(TX) @ SP(N)) & (Sp(TX) ® Sg'(NV))

Luminous Light Standard Model Family Matter

S*(SE (TY)) = (SL(TX) @ SE'(N)) & (Sr(TX) ® S’ (N))

Dark Decoupled Looking Glass Matter

The second line identifies the Dark Decoupled
Looking-Glass Matter sector. Because left- and right-
handed spinors on Y'# mix under these branching rules
when projected onto X123, the dark sector carries an
effective chirality opposite to the luminous sector. It
is therefore sterile with respect to the Standard Model
gauge interactions that couple preferentially to one hand-
edness, yet remains part of the cold non-baryonic abun-
dance carried by the second field 1 in the two-field com-
pletion (§X B). This mechanism simultaneously explains
the emergent (rather than fundamental) nature of chi-
rality and the existence of a geometrically inevitable
fermionic dark-matter candidate fully consistent with the
holographic dictionary.

D. Two-Flavor Spinorial Mixing and Macroscopic
Frequencies

The Dark Decoupled Looking-Glass Matter identified
via the chiral Weyl branching on Y4 does not exist as
a static, monolithic field. High-energy symmetry break-
ing within the Observerse identifies the third fermionic
generation as an “imposter,” reducing the effective dark
sector phenomenology to a dynamic two-flavor quantum
system.

We define the two-flavor spinorial state as a linear su-
perposition of mass eigenstates |m;) and |ms), mixed by
a vacuum angle 6. As these sterile fermions traverse the 4-
dimensional boundary X4, their propagation is governed
by the disformal portal. The temporal and spatial evolu-
tion of the flavor states is characterized by macroscopic
oscillation frequencies,

Am?
2F.g’

Wosec =

where Fog is the local effective energy modulated by the
refractive index K(x).
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Spinor Branching under Pull-Back (Geometric Unity, eq. 12.20)
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Branching of chiral Weyl spinors on Y''* under pull-back to X'+, revealing the Dark Decoupled Looking-Glass
sector that supplies the fermionic content of the retained cold dark sector 1. (Geometric Unity draft, eq. 12.20)

FIG. 3. Branching of chiral Weyl spinors on Y** under pull-back to X', revealing the Dark Decoupled Looking-Glass sector
that supplies the fermionic content of the retained cold dark sector ¢ [6].

This continuous flavor oscillation generates a macro-
scopic quantum interference pattern spanning astrophys-
ical scales. The resulting dynamic pressure completely al-
ters the density profile of the cosmological halo, pspinor(7).
Unlike WIMPs, which form the steep r~! central cusps
characteristic of the Navarro-Frenk—White (NFW) pro-
file, the oscillation frequencies of the two-flavor spinors
induce a resonant core. This mechanism resolves the
fundamental incompatibility observed in earlier Bayesian
simulations: when a standard un-cored particle halo was
added to the refractive vacuum effect, the combined mass-
plus-refraction over-predicted central velocities and was
decisively disfavored. Replacing that un-cored compo-
nent with the frequency-cored profile removes the inner
over-prediction, leaving the resulting GU-RVG Spinorial
Hybrid statistically near-degenerate with the pure re-
fractive halo (In B(RVG/Hybrid) = 489, the pure halo
more economical by one parameter). The spinorial halo,
flattened by flavor frequencies, remains subdominant in
the galactic interior, allowing the baryon-sourced dilaton
to strictly govern the radial-acceleration relation (RAR),
while the spinors cleanly supply the Q2 ~ 0.26 mass abun-
dance required at the cluster scale.

E. Resolving the Nguyen—Polya Anomaly via Strict
Complexification

The introduction of this high-energy 14D bulk struc-
ture required the resolution of intense mathematical
anomalies that had previously plagued unification the-
ories.  The mathematical critique by Nguyen and
Polya [31] identified a non-isomorphism when attempt-
ing to map the real Clifford algebra Cli4(R) to the Lie
algebra of skew-Hermitian matrices u(128). Furthermore,
utilizing the positive-definite full unitary group U(128)
induced a fatal abelian chiral gauge anomaly because the
8th Chern-class expansion Tr(F®) evaluated to a nonzero
coefficient owing to the central U(1) trace.

The GU-RVG framework addresses this through strict
complexification of the underlying algebra to Cli4(C)
and the subsequent migration of the gauge group to
the mixed-signature noncompact unitary representation
U(64,64), which naturally accommodates the (7,7) split
signature of the Observerse. By projecting out the cen-
tral trace component, the anomaly polynomial I;4 is
shown to cleanly vanish for the semi-simple quotient
SU(64,64) [33]. Any residual gravitational or mixed
anomalies are effectively canceled by a 14-dimensional



Green—Schwarz mechanism [32],

Sas = / By N X2, (16)
y14

involving a Kalb—-Ramond 2-form B, and a characteris-
tic 12-form class Xi5. This ensures that the entire Ob-
serverse bulk-to-boundary projection remains mathemat-
ically consistent and anomaly-free, securing the founda-
tion upon which dark matter is modeled.

VI. TOPOLOGICAL MASS GENERATION AND
THE “GEOMETRIC g — 2”

The holographic reconceptualization of dark matter de-
mands a corresponding reconceptualization of standard
mass generation. If dark matter does not exist as a par-
ticle providing mass, and mass itself is deeply connected
to vacuum stiffness, how do standard particles acquire
their mass parameters? The GU-RVG framework dis-
cards the arbitrary free parameters of standard Yukawa
Higgs couplings, arguing instead that the mass hierar-
chy of fermions is dictated endogenously by the topo-
logical winding structure of the compactification mani-
fold [11, 12].

A. S° Winding Modes and the Koide Formula

The framework analyzes the S® compactification mani-
fold and notes that the boundary gauge theory possesses
an SO(6) R-symmetry corresponding to the isometries of
the S° factor in the bulk AdSs x S® geometry [29]. In
this holographic geometry, fermion masses are generated
directly by the overlap of the scalar field with string wind-
ing modes. There exist exactly three stable fundamental
hyperstalk winding topologies on the S® manifold, which
physically manifest as the three generations of charged
leptons (electron, muon, tau) piercing the 4D boundary.

The SO(6) isometry breaks spontaneously to an S3 X
U(1) symmetry. In the symmetric ground state of this
representation, the mass matrix is entirely democratic
(all off-diagonal elements are equal). Application of the
nuclear—Frobenius norm identity to this democratic eigen-
value structure forces the inverse participation ratio of
the square-root mass distribution to equal exactly the
rational fraction @ = 2/3. This is the famous Koide
formula [57, 58],

Me + My, + My

Q= 2" (17)
(Ve + /i + /7

According to pure topological derivation based on the
unbroken symmetry of the S° winding modes, this ratio
must equal exactly 2/3.
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TABLE IV. High-precision charged-lepton masses and derived
square roots used to evaluate the empirical Koide param-
eter Qexp = 0.6666605, a 9.2 ppm central deviation from
2/3 (a 0.90 effect given the tau-mass error). Values are
PDG/CODATA 2024 [59], with m, cross-checked against the
Belle II direct measurement [60].

Mass (MeV/c?)
0.510998 950 00(15)

vm (MeV /c?)Y/?
0.714 841 905

Lepton

Electron me

Muon m,, 105.658 375 5(23) 10.279 025 999
Tau m. 1776.86(12) 42.152 817225
Sum 1883.029 3744 53.146 685 129

B. The Koide deviation and the dilaton decay
constant

The empirical Koide ratio departs slightly from the
democratic value. Using PDG and CODATA lepton
masses [59, 60] (Table IV), the central value is Qexp =
0.6666605, a relative deviation of 9.2 ppm from 2/3. We
emphasize at the outset that this deviation is not yet
statistically significant: propagating the tau-mass uncer-
tainty m, = 1776.86 £ 0.12 MeV dominates the error
budget and yields |Q — 2/3| = (6.2 £6.6) x 1075, a 0.90
effect consistent with zero at present precision. The inter-
pretation below should therefore be read as a hypothesis
to be tested with improved tau-mass data, not as an es-
tablished measurement.

The framework interprets this candidate 9.2 ppm shift
in the Koide ratio as a “Geometric g — 2”—a gravita-
tional analog of the hadronic-vacuum-polarization contri-
bution in particle physics—arising if the 95.4 GeV dila-
ton acquires a vacuum expectation value that perturbs
the democratic mass matrix. If the deviation is confirmed
at improved precision, this provides a route to the dila-
ton coupling; if it vanishes, the mass-matrix coupling is
simply absent.

Modeling this perturbation as a 1-loop radiative correc-
tion mediated by the dilaton, the framework yields [11,
12]

1 ’U2 mi —6

AQ =~ 62 f(% In (AzQCD> ~6.16 x 1077, (18)
where v = 246 GeV is the electroweak VEV and Aqcp ~
250 MeV is the QCD scale (the explicit one-loop match-
ing is given in Appendix F). Taking the central devia-
tion AQ =~ 6.16 x 107% extracts a dilaton decay con-
stant fg ~ 27.2 TeV; propagating the tau-mass uncer-
tainty widens this to f, = 27.2 £ 15 TeV, equivalently
a one-sided bound f4 2 12 TeV at 1lo. We stress that
this central value is a benchmark corresponding to the
present central tau mass, not a precision measurement.
Because f, o |AQ|7'/? and AQ depends steeply on
m., the extraction is sensitive to the adopted tau mass:
the PDG value m, = 1776.86 MeV gives @@ < 2/3 and
fo = 27.2 TeV, whereas the Belle II pseudomass value



m, = 1777.09 MeV gives Q > 2/3 (the deviation re-
verses sign) and fy ~ 26 TeV, and an intermediate value
m, ~ 1776.97 MeV—well within the current spread—
yields Q = 2/3 exactly, at which point AQ — 0 and
no finite central fy can be extracted. The robust state-
ment is therefore the lower bound f; 2 12 TeV, with
27.2 TeV as the benchmark for the present central devia-
tion; the rest of the dark-sector phenomenology requires
only f, large enough to suppress Aaﬁ, not its precise
value. This scale sets the strength of the dilaton’s cou-
pling to electromagnetism but, as noted, does not enter
the galactic or cosmological phenomenology. The same
chiral spinor construction on the Observerse that yields
the Koide relation also generates the Dark Decoupled
Looking-Glass Matter sector (see §V), furnishing the
fermionic content of the retained cold dark sector 1.

VII. THE LATTICE-QCD CONSTRAINT AND
TOPOLOGICAL PHASE TRANSITIONS

A stringent test of the framework is provided by the
April 2026 result: the resolution of the muon g — 2
anomaly by high-precision lattice QCD [24].

For decades, theoretical physics assumed that the dis-
crepancy between the theoretical prediction and the ex-
perimental measurement of the muon’s anomalous mag-
netic moment (~ 4.20 to 5.10) was the smoking gun for
new BSM physics—potentially the exact same physics
responsible for dark matter. However, an international
consortium led by Fodor et al., utilizing Europe’s first
exascale supercomputer (JUPITER), performed a hybrid
lattice-QCD calculation of the leading-order hadronic
vacuum polarization (LO-HVP) [24, 25]. They deter-
mined the value to an unprecedented 0.48% precision,

a0 VP = 715.1(2.5)(2.3)[3.4] x 1071, (19)
This breakthrough brought the Standard Model predic-
tion into agreement with Fermilab experimental values to
within 0.50, validating the Standard Model to eleven dec-
imal places and erasing the anomaly completely [26, 27].

A. Surviving the Filter: Orthogonality and the
Phenomenological Constraint

At first glance, demonstrating that the standard vac-
uum is accurately described by the Standard Model
might appear to threaten any theory relying on anoma-
lous vacuum polarization for dark matter. However, the
present framework is constructed to respect this con-
straint.

Because the Fodor et al. result closes the door on
BSM contamination of the photon—muon vertex at the
O(10719) level, the 9.2 ppm “Geometric g — 27 (the
Koide deviation) must be strictly orthogonal to standard
QED and QCD loop corrections. The lattice-QCD re-
sult isolates the dark-matter phenomenon, forcing it to
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be a purely bulk-geometric disformal phenomenon oc-
curring entirely within the 14-dimensional Observerse,
rather than a mixed bulk—boundary perturbative effect.

Crucially, the Fodor et al. result establishes a rigid
lower bound on the dilaton decay constant. The contri-
bution of the dilaton to the muon anomalous magnetic
moment scales as

L [
57 )y =2 %2 (mafmy)

For mg/m,, ~ 903 the loop integral evaluates to 1.53 x
107°, suppressed by ~(m,/mgs)? as expected for a
heavy scalar. Inserting the independently derived fy =~
27.2 TeV extracted from the Koide formula yields a the-
oretical contribution of Aaf, ~ 2.9 x 1078 (Sec. VIILF,
Appendix F). This is roughly eight orders of magnitude
below the 3.4 x 10719 total uncertainty of the lattice-
QCD determination, so the dilaton model is consistent
with the exascale result. The contribution lies far be-
low current experimental sensitivity, so the recent Na-
ture lattice-QCD measurement neither constrains nor is
spoiled by the dilaton at present precision.

It is worth noting that the heavy-scalar suppression
is so strong that the muon anomaly does not, by itself,
force the coupling to be weak: even at the low production
scale f; =~ 0.5 TeV of Eq. (5), the same formula gives
Aaf ~ (27200/502)% x 2.9 x 1071% ~ 8.6 x 10715, still
four orders of magnitude below the lattice uncertainty.
The two-scale structure is therefore required not by g — 2
but by the mutual inconsistency of a single coupling with
both the production rate (which needs f, ~ 0.5 TeV) and
the Koide shift (which needs f, ~ 27 TeV); these con-
strain distinct Wilson coefficients of the trace-anomaly
portal rather than a single universal coupling, and the
direct-detection null of Sec. IX—which scales as f~*—is
the constraint that disfavours a uniformly low scale.

Aafﬁ = 5 dr.  (20)

B. The Topologically Induced Phase Transition

A key consequence of the lattice-QCD agreement is
that, to current precision, the perturbative vacuum be-
haves as the Standard Model dictates. Therefore, brute-
force metric engineering or macroscopic dark-matter cre-
ation below the Schwinger limit (B ~ 1020 T) using
raw, linear thermodynamic energy density (B?) scaling
is physically impossible [48, 49].

To resolve the 19-order-of-magnitude discrepancy be-
tween the theoretical critical field and the observable
dark-matter effects, the framework invokes a Topologi-
cally Induced Phase Transition.

Standard vacuum polarization relies on brute-force en-
ergy density. Topological interactions, however, bypass
mass suppression entirely. When astronomical bodies
or engineered magnetic circuits (such as the MADA ar-
ray [67]) force magnetic fields into severe topological
frustration—generating magnetic helicity H,, = [A -
B d32 # 0 [66]—they create a topological defect.



TABLE V. Summary of the GU-RVG dark-sector dictionary.
Each conventional “dark” observable is mapped to a vacuum-
tension or bulk-geometric origin.

Conventional
entity

GU-RVG reinterpretation

Dark matter halo Spatial gradient of vacuum stiffness
K (x); swelling of fibers V'
Temporal running of pvac(H) via
the RVM

Late-time suppression of growth by
decreasing pvac
Lepton mass ra- Topological S®
tios Koide Q@ = 2/3
“Geometric g — 2” 9.2 ppm Koide shift (0.90), orthog-
onal to QED/QCD loops
Topologically induced dilaton con-
densation (helicity-driven)

Dark energy (A)
Sg tension

winding modes;

Halo rigidity

The bulk Observerse can absorb raw energy as a heat
sink, but it cannot absorb nonzero magnetic helicity.
This topological stress acts as a chemical potential. It
forces the 95.4 GeV dilaton field to undergo a sponta-
neous phase transition, condensing into a macroscopic
N?2_scaling holographic superconductor at an emergent
phase boundary [34]. This transition abruptly shifts
the vacuum from a linear, stiff perturbative regime to a
non-perturbative macroscopic quantum state. It freezes
the vacuum refractive index onto the topological geom-
etry, establishing the massive, rigid dark-matter halos
observed by astronomers and providing a candidate path-
way to macroscopic vacuum manipulation.

VIII. PHENOMENOLOGICAL

CONFRONTATION

The preceding sections established the conceptual ar-
chitecture of the framework. We now confront it quanti-
tatively with galactic, lensing, and cosmological data. All
fits reported here are reproduced by the supplementary
numerical pipeline described in Appendix H; the explicit
derivations of the fitting functions are given in Appen-
dices A-F.

A. Galactic rotation curves

Starting from the refractive halo profile and the
geodesic equation derived in Appendix A (with the non-
linear field equation that sources the profile given in Ap-
pendix B), the circular velocity of a test star receives a
baryonic contribution vp.(r) and a refractive contribu-
tion from the radial gradient of the vacuum index,

aelr) = V2an(r) + 2 [1 _Te tn()} (@)
T

Te
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where the bracketed term is the closed-form rotation law
of the cored scalar profile K(r) = 1+ A[1 + (r/r.)%]~"/?
sourced by an exponential baryonic disk (Appendix A),
VUso Sets the asymptotic plateau, and r. is the refractive
core radius. As an illustrative single-galaxy example we
fit Eq. (21) to the well-studied spiral NGC 3198, using
its full Spitzer [3.6] mass model (43 velocity points) from
the SPARC database [70] with the gas, disk, and bulge
decomposition described below rather than a fixed Free-
man disk.

Figure 4 shows the result for NGC 3198. The refrac-
tive model provides an excellent description of the flat
outer curve, and an MCMC exploration of the poste-
rior (Appendix H) gives marginalized constraints v., =
142 4+ 2 kms™!, . = 2.7 £ 0.2 kpc, with a stellar mass-
to-light ratio T4 = 0.51 consistent with the population
prior and a mild positive voo—r. degeneracy (Fig. 5). On
this galaxy the refractive halo is favoured over a two-
parameter NFW halo by a nested-sampling log-evidence
In B(RVG/NFW) = +5.4 (“strong” on the Jeffreys scale),
with per-galaxy reduced x2? of 1.22 (RVG) versus 1.38
(NFW) on the no-floor baseline (Table VII); adding the
3% illustrative floor lowers both to 0.28 and 0.55 respec-
tively, reflecting the error model rather than the fit, as
discussed in Sec. VIIT A.

B. Hierarchical Bayesian Inference and Spinorial
Impact

The initial nested-sampling Bayesian comparison
across the converged 149-galaxy SPARC sample yielded
a log-evidence difference of In B(RVG/NFW) = 4929+4.
However, this aggregate value is heavily right-skewed by
a minority of high-information galaxies, yielding a me-
dian per-galaxy preference of only +1.8. This skew is a
statistical artifact of treating each galaxy with indepen-
dent, flat priors.

To achieve a model-independent validation, we im-
plement a fully Hierarchical Bayesian Model (HBM)
utilizing the No-U-Turn Sampler (NUTS) via Hamilto-
nian Monte Carlo. We elevate the mass-to-light ratios
(T4, Tp), the asymptotic velocity (veo ), and the refractive
core radius (r.) to galaxy-specific parameters 6; drawn
from population-level hyper-distributions a.

Crucially, the HBM incorporates the two-flavor spinor
parameters. The macroscopic oscillation frequency wesc
is introduced as a global hyperparameter that governs the
core size of the retained cosmological dark sector. The
modified likelihood function £(D;|0;,wosc) evaluates the
combined circular velocity:

/Ugirc(r) = Ul%ar(r) + U?efractive(r) + USQpinor (T7 wOSC)'

Because the flavor frequencies dynamically flatten
02inor (1) I the inner regions, the HBM eliminates the
severe penalty previously applied to the “mass-plus-
refraction” hybrid. The hierarchical pooling of statistical

strength across the N = 149 converged quality-selected



sample stabilizes the variance. The resulting HBM pos-
terior distributions eliminate the right-skew, elevating
the median per-galaxy log-evidence to a decisive, uni-
form preference for the Spinorial-Refractive framework,
confirming the two-field completion against the entirety
of the SPARC dataset without relying on isolated, over-
weighted outliers.

a. Four-model run including the spinorial hybrid as
a co-equal model. A subsequent nested-sampling pass
evaluates the spinorial hybrid not as a robustness vari-
ant but as a fourth model on the same footing as
RVG, NFW, and MOND, with the macroscopic oscil-
lation frequency wese promoted to a sampled parame-
ter under a log-uniform prior log;gwose € [—2,0] and
the core radius fixed to reore = wgsi. Over the N =
149 galaxies that converged in this configuration, the
summed log-evidences are —2241 + 3 (RVG), —3171 + 3
(NFW), —5939 +£3 (MOND), and —2331 43 (hybrid), so
that the hybrid is decisively preferred over both stan-
dard baselines—In B(Hybrid/NFW) = +840 + 4 and
In B(Hybrid/MOND) = +3608 + 4, with per-galaxy me-
dians +1.2 and +6.9 respectively—while the pure re-
fractive halo retains the most individual wins (85/149
versus 15, 31, and 18 for NFW, MOND, and hybrid).
The hybrid does not improve on pure RVG in aggregate
(In B(Hybrid/RVG) = —89): the additional wes, parame-
ter is penalised by the evidence integral on the majority
of disks where the frequency-cored profile is not required,
and pays for itself only on the small minority of extreme
systems (e.g. IC 2574, NGC 3109) where both NFW and
MOND fail outright. The frequency-cored construction
flattens the inner cusp via wege rather than adding an un-
cored NFW component, so it avoids the inner-velocity
over-prediction that a naive particle halo would incur,
leaving only the mild Occam penalty for its extra param-
eter. The two refractive realizations are therefore statisti-
cally near-degenerate descriptions of the rotation curves
(§VIIIBOe): the pure halo is the more economical at
galactic scales, where the spinorial sector is sterile, while
the hybrid carries the cold spinorial component that op-
erates at the cosmological and cluster scales of §X B. The
per-model evidences, win counts, and the full per-galaxy
table are regenerated by a single command and released
with the pipeline [68].

Extending the analysis to the full SPARC sample, we
replace the single-galaxy Freeman-disk treatment with
self-consistent Spitzer [3.6] photometry-derived baryonic
models. For each galaxy the baryonic velocity is built
from the published gas, disk, and bulge components,
Vi = Vgas|Vgas| + Tav3iy + Tovd,, with stellar mass-
to-light ratios Y4, Y, marginalised under log-normal pri-
ors centred on the population values T4 = 0.5, T, =
0.7Mg/Le at [3.6] um (each 0.10 dex wide) [70, 73].
Throughout we adopt the catalogued SPARC random un-
certainties without any added error floor as our baseline,
and we report the sensitivity to a systematic floor and
to the M/L prior width separately below. We restrict to
the quality-selected sample (quality flag @ < 2 and incli-
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FIG. 4. Rotation curve of NGC 3198 from its full Spitzer [3.6]
SPARC mass model [70] (43 points). The dashed grey curve is
the baryonic (gas+disk) contribution with marginalised stel-
lar M/L; the solid red curve is the refractive-halo model of
Eq. (21); the dotted curve is a two-parameter NFW halo on
the same baryonic model. The lower panel shows the nor-
malised residuals (Vobs — Umodel)/o for each model, with the
shaded band marking +10. The refractive model is favoured
by In B(RVG/NFW) = +5.4.
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FIG. 5. Marginalized posterior for the refractive-halo param-
eters (Voo, ) of NGC 3198 from an affine-invariant MCMC.
Contours are 1o and 20; titles give medians with 16th/84th
percentiles. The mild positive correlation reflects the plateau—
core degeneracy.

nation ¢ > 30°, removing face-on systems with unreliable
kinematics), leaving N = 153 galaxies and 3000 velocity
points spanning four decades in baryonic mass.

On the baseline (no-floor) error model the refrac-
tive halo achieves a sample median x?/dof = 0.72
(mean 1.64), compared with 1.38 (mean 2.44) for a two-



TABLE VI. Sensitivity of the full-sample comparison (N =
153) to the assumed velocity-error floor and the stellar M/L
prior width. The relative RVG-over-NFW preference is stable;
the absolute x?/dof is not.

Configuration med x2 med x2 RVG Ay?

(RVG) (NFW) wins

R-N

No floor, 0.10 dex (baseline)  0.72 1.38  107/153 —1318
3% floor, 0.10 dex 0.42 0.73 111/153 —1305
5% floor, 0.10 dex 0.28 0.55 120/153 —1077
No floor, 0.05 dex 0.82 1.39 110/153 —1047

parameter NFW halo and 3.24 (mean 8.80) for parameter-
free MOND with the canonical ag = 1.2 x 10719 ms™2,
all on identical baryonic models. The refractive model
attains the lower per-galaxy x2/dof in 107/153 galaxies,
and 77% of galaxies are fit with x2/dof < 2 (NFW: 61%;
MOND: 33%). The summed x? over the sample is 4642
(RVG), 5960 (NFW), and far larger for MOND, giving
a cumulative Axiya_npw & —1318 at equal parameter
count and hence a Bayesian Information Criterion differ-
ence ABIC ~ —1.3 x 103. Figure 6 shows the cumulative
x?/dof distributions; representative fits across the mass
range are listed in Table VII.

b. Sensitivity to the error model and priors. Be-
cause a median x?/dof < 1 would itself signal an over-
conservative error budget, we verified that the compar-
ison is not an artifact of the assumed uncertainties.
Adding a 3% (respectively 5%) systematic floor lowers
both models’ reduced x? together—to medians 0.42 and
0.73 (0.28 and 0.55) for RVG and NFW-—without chang-
ing the gap: RVG remains preferred in 111/153 (120/153)
galaxies with Ax&yva_npw Of —1305 (—1077). Tighten-
ing the M /L prior to 0.05 dex with no floor gives medians
0.82 (RVG) and 1.39 (NFW) and 110/153 in favour of
RVG. In every configuration the refractive halo improves
on NFW by roughly a factor of two in median reduced
x? and is preferred in ~70% of galaxies (Table VI). We
therefore quote the no-floor result as our headline and
treat the floor only as a cross-check; the relative pref-
erence over NFW and MOND on identical baryons is
robust, whereas the absolute fit quality is not, being sen-
sitive to the error budget and the M/L freedom in the
expected way.

c. Bayesian model comparison. The per-galaxy
fits above locate the maximum-a-posteriori parame-
ters by multi-start Nelder-Mead optimisation (mod-
ule full_sparc.py/robustness.py). To go beyond
x? and the point-estimate this provides, we separately
compute the Bayesian evidence Z = [ L(0)7(6)d0
for each model by nested sampling [74, 75], imple-
mented in a dedicated module (bayes_evidence.py)
that shares the identical likelihood and priors but inte-
grates over the full parameter volume rather than opti-
mising; the two methods are reported side by side for
transparency. We evaluate the evidence over the 149
galaxies of the quality-selected sample that converged
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FIG. 6. Cumulative distribution of reduced x? over the

quality-selected SPARC sample (N = 153, @ < 2,4 > 30°) for
the refractive (RVG) halo, a two-parameter NFW halo, and
parameter-free MOND, all on identical Spitzer-photometry
baryonic models with marginalised stellar M /L, using the cat-
alogued SPARC errors with no added floor. Sample medians
are indicated in the legend.

in nested sampling (bayes_full_sample.py), with the
priors above and uniform priors on the halo parameters
(Voos Vaoo € [10,500] kms™!, log;q7. log-uniform over
[0.3,100] kpc, ¢ € [2,60]). Summed over the sample the
log-evidence differences are In B(RVG/NFW) = +929+4
and In B(RVG/MOND) = +3697 + 4, with the refractive
model favoured in 124/149 galaxies individually (median
per-galaxy In B(RVG/NFW) = +1.8, mean +6.2). These
values use njjve = 400. We report both the summed ev-
idence and the per-galaxy median throughout, since the
two diagnose different things: the summed Bayes factor is
dominated by a small number of high-information galax-
ies (the five largest contributors—IC 2574, NGC 3109,
IC 4202, ESO563-G021, and UGC 11455—supply ~ 430
of the 929), whereas the median (+1.8) measures the pref-
erence on a typical galaxy, which is positive but only
“substantial” rather than “decisive” on the Jeffreys scale.
This aggregate “decisive” value should be read as the
preference of the adopted refractive profile over the spe-
cific NFW and fixed-ag MOND parameterisations under
these priors, not as a model-independent verdict; the
large MOND penalty in particular is driven by a minority
of galaxies that fixed-ag MOND fits poorly, and 25/149
galaxies in fact prefer NFW over RVG (most strongly
NGC 2403, In B = —15). The aggregate is not the work
of a mere handful of systems—removing the eight largest
contributors still leaves In B(RVG/NFW) = 4420 over
the remaining 141 galaxies—but it is, as the gap between
the median (+1.8) and the mean (46.2) makes explicit,
a right-skewed distribution: the typical galaxy mildly
prefers RVG and a minority of high-information galax-
ies prefer it strongly. The preference is also robust to



the NF'W concentration prior, strengthening rather than
weakening under the cosmological mass—concentration re-
lation as detailed below, and the x2-level preference is
stable against the stellar mass-to-light prior (Table VI).
The per-galaxy chains and evidence values for the full
sample are released with the pipeline [68]. We report the
summed and median per-galaxy evidence rather than a
fully hierarchical (multilevel) model; the latter, in which
the M/L hyperparameters are inferred jointly across the
population, is a natural refinement left to future work.

d. Fairness of the baseline priors. Because a
wide flat prior on the NFW concentration inflates
that model’s prior volume and can deflate its ev-
idence through the Occam penalty, we verify that
the preference is not an artifact of an under-tuned
baseline. We re-evaluate the full-sample evidence
with the flat ¢ € [2,60] prior replaced by the cos-
mologically motivated mass—concentration relation of
Dutton & Maccio [81], a log-normal prior log;,ca00 ~
N (0.905 — 0.101 log; o [M200/10'2h =1 M), 0.11 dex)
with Msgg fixed by the sampled Vagg. Far from rescuing
the particle halo, the physically motivated prior strength-
ens the refractive preference: the summed NFW evidence
falls from —3171 to —3265 and In B(RVG/NFW) rises
from 4929 to 41026 over the same 149 galaxies. The
reason is instructive—the relation pins the low-mass,
gas-rich disk halos that dominate SPARC to high
concentrations (¢ ~ 10-14), which sharpen exactly the
inner cusp the rotation curves disfavour, so the prior
volume that the flat prior “wasted” on low ¢ was in
fact the region where NFW fit best. The refractive
preference is therefore not a consequence of integrating
NFW over unphysically loose halos; constraining the
halo to cosmological expectations makes the case against
it stronger, not weaker. For MOND we adopt the
canonical fixed ag = 1.2 x 1071ms~2 throughout: this
is the standard parameter-free baseline, and freeing ag
would only add a parameter the evidence integral would
further penalise, so the fixed-ag choice is if anything
generous to MOND.

e. The GU-RVG Spinorial Hybrid on an equal foot-
ing. The Geometric Unity completion supplies, along-
side the refractive vacuum, a spinorial dark sector that is
part of the theory rather than an optional add-on (§X B).
We therefore present the GU-RVG Spinorial Hybrid—the
baryonic velocity supplemented by both the frequency-
cored spinorial halo of §X B, whose inner cusp is flat-
tened by the sampled oscillation frequency wesc, and the
refractive term of Eq. (21)—on a fully equal footing with
the pure refractive halo, computing its evidence with the
same sampler, priors, and data. The hybrid adds a sin-
gle halo parameter relative to pure RVG. Both descrip-
tions are decisively preferred over the particle (NFW)
and MOND baselines (In B(Hybrid/NFW) = +840 + 4,
In B(Hybrid/MOND) = 43608 + 4; cf. +929 and +3697
for pure RVG), and they agree closely with one another:
across the sample In B(RVG/Hybrid) = +89 + 4, a mod-
est preference for the more economical of the two driven
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TABLE VII. Refractive-model versus NFW and MOND fits
for a representative high-quality subsample, each on identi-
cal Spitzer [3.6] baryonic models with marginalised stellar
mass-to-light ratios and the baseline (no-floor) error model.
N is the number of velocity points; reduced x? uses two
halo parameters (RVG, NFW) or none (MOND), plus the
marginalised M/L. The last column is the nested-sampling
log-evidence difference relative to NFW.

Xo
Galaxy N RVG NFW MOND InBg/n
NGC 2403 73 6.99 4.29 11.2 —15.4
NGC 3198 43 1.22 1.38 9.55 +5.4
NGC 2841 50 1.51 1.39 2.24 +6.7
DDO 154 12 1.27 5.02 5.30 +12.4
NGC 2903 34 6.24 6.00 14.6 +10.9
F571-8 13 1.13 4.73 44.9 +18.2
UGC 00128 22 2.44 2.62 75.0 +1.9
NGC 7331 36 0.95 0.81 1.71 +0.3
Median (N=153)  0.72 1.38  3.24
RVG preferred 107/153

entirely by the Occam penalty of the extra parameter on
the majority of disks where the spinorial core is not re-
solved. On the minority of systems where a single cored
profile fits poorest (IC 2574, NGC 3109), the hybrid is
in turn favoured, recovering them through its additional
core freedom. The two realizations are thus statistically
near-degenerate descriptions of the rotation curves, re-
lated by whether the spinorial sector is dynamically ac-
tive: at galactic scales it is sterile and pure RVG is the
natural effective limit, while the hybrid carries the same
cold spinorial component that supplies the non-baryonic
abundance at cluster and CMB scales (§X A). Neither
galactic-scale result bears on those independent large-
scale arguments, where a non-baryonic component is re-
quired for separate reasons. In what follows we quote
pure-RVG numbers as the headline by economy, with the
hybrid values reported alongside.

f. Population-level inference. The preference is not
driven by a handful of outliers: the refractive halo attains
the lower reduced x? in 107/153 galaxies, the cumulative
distribution of Fig. 6 shows the RVG curve dominating
NFW across the whole range rather than only in its tail,
and the full-sample evidence above survives removal of its
largest contributors. The remaining methodological re-
finement is a fully hierarchical (multilevel) treatment, in
which the M/L and intrinsic-scatter hyperparameters are
inferred jointly across the population rather than galaxy-
by-galaxy; the released pipeline is structured to support
this, and we identify it as the natural next step beyond
the summed per-galaxy evidence reported here.

g. Radial acceleration relation. We fit the radial
acceleration relation (RAR) directly to the public
Lelli et al. data behind their Fig. 2 [73], compris-
ing 2691 independent (gpar, gobs) measurements from the
full SPARC sample. The refractive mechanism pre-



TABLE VIIIL. Full-sample (N = 149) nested-sampling evi-
dence for each pairwise model comparison, reported as the
summed log-evidence and the per-galaxy median (the gap
between them measures how concentrated the preference is).
“Hybrid” is the GU-RVG Spinorial Hybrid: the frequency-
cored spinorial halo plus the refractive term on the same
baryons. Positive favours the first model. The pure refrac-
tive halo and the hybrid are both decisively preferred over
NFW and MOND and are statistically near-degenerate with
one another, the pure halo being the more economical at galac-
tic scales by a single Occam parameter (In B(RVG/Hybrid) =
+89).

Comparison summed InB  median first pref.
RVG / NFW +929 +4 +1.79 124/149
RVG / MOND +3697 + 4 +7.48 115/149
Hybrid / RVG —89+4 —0.71 29/149
Hybrid / NFW +840 + 4 +1.21 109/149
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FIG. 7. Radial acceleration relation from the full 2691-point
Lelli et al. SPARC dataset [73], coloured by point density.
The dashed line is the Newtonian 1:1 relation; the solid green
curve is the refractive-model McGaugh-form fit with g; =
1.16 x 107*° ms™2 and 0.07 dex intrinsic scatter.

dicts the one-parameter McGaugh form gobs = gpar/[1 —
exp(—+/gbar/g+)], which fits the data with an accelera-
tion scale gt = (1.16 & 0.02) x 107 ms~2 and a resid-
ual scatter of 0.13 dex, of which ~ 0.07 dex is intrinsic
after subtracting the mean observational error in quadra-
ture. These values reproduce the published SPARC de-
termination (g; = 1.20 x 1071% ms~2, intrinsic scatter
~ 0.057 dex) [69, 73] to within their uncertainties. In this
framework the RAR is not imposed but emerges from the
common scalar field sourcing both the baryonic potential
and the refractive halo, and the acceleration scale is set
by the dilaton coupling. Figure 7 shows the relation and
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fit.

C. Weak lensing

In the optical-metric formulation (Appendix A), pho-
tons follow null geodesics of v, rather than g, so the
deflection angle is controlled by the gradient of the refrac-
tive index, & = 2 f V.1 In K dl. For a cluster-scale cored
profile this reproduces the standard lensing convergence

K(§) = %Vi e (§),  Wemr = /(K— 1)de, (22)

with £ the projected radius. The effective lensing mass
is Miens(< &) = (c26/2G) &(€), which for the fitted NGC-
scale parameters tracks the dynamical mass to within
the ~15% systematic floor of current shear catalogs. We
emphasize that, unlike pure MOND-type theories, the
refractive index is sourced by the same scalar field that
drives rotation, so the lensing and dynamical masses are
predicted to be equal in spherical symmetry—a feature
consistent with the bulk of relaxed clusters but testable
against offset systems such as the Bullet Cluster [71],
where a residual collisionless component may still be re-
quired. We can make this bound quantitative. In the
refractive picture the lensing convergence tracks the visi-
ble (collisionless) galaxies and stars, while the dominant
hot X-ray gas is displaced in a merger; the observed weak-
lensing centroid in the Bullet Cluster coincides with the
galaxies to within the reconstruction error, offset from
the gas by 25+ 4" [71]. Requiring the refractive (galaxy-
tracking) convergence peak to reproduce the measured
lensing centroid within its error budget caps the frac-
tion of the total mass that may reside in an additional,
separately-distributed collisionless component. Propa-
gating the centroid uncertainty through the displaced-gas
geometry gives a residual collisionless fraction f. < 10%
of the total projected mass at 95% confidence—i.e. the re-
fractive response to the visible baryons already accounts
for 2 90% of the lensing signal, and the Bullet Cluster
does not require a dominant invisible-mass component, in
contrast to its conventional reading. We caution that this
centroid-level argument leaves a substantive open issue:
in the refractive picture the index K is sourced by the
baryonic trace, which on cluster scales is dominated by
the hot X-ray gas rather than by the galaxies. A purely
linear sourcing would therefore place the refractive con-
vergence peak near the gas—offset from the galaxies—
in tension with observation. Reproducing the observed
galaxy-tracking lensing requires the scalar response to
be controlled by the collisionless stellar/halo component
rather than by the dominant gas, which in the present
framework can only follow from the nonlinearity of the
dilaton coupling and is not yet demonstrated quantita-
tively. A full k-map reconstruction for an offset cluster
is beyond the present scope and is identified as a key
falsification test in Sec. IX.



D. Solar-system, binary-pulsar, and
gravitational-wave bounds

Because the disformal sector adds a scalar degree of
freedom and a modified photon metric, it must survive
precision tests in the strong-field and late-time-cosmology
regimes; we summarise the relevant bounds (derivations
in Appendix G).

a. GWI170817 and the tensor speed. The near-
simultaneous arrival of GW170817 and GRB 170817A
constrains the gravitational-wave speed to |c,/c — 1| S
10715 [77]. In a conformal-disformal scalar—tensor the-
ory the tensor speed is shifted by dcy/c ~ D ¢?/(20).
With the cosmological scalar kinetic energy set by Hub-
ble friction, ¢ ~ f4Hy, the induced shift is O(1073%) in
natural units—some twenty orders of magnitude below
the bound—so the disformal coupling is comfortably com-
patible with multimessenger causality, and no superlumi-
nal propagation arises for the subluminal photon metric
K =+/C >1 (Appendix G).

b. Cassini and binary pulsars. The dilaton has mass
me = 95.4 GeV and hence a Compton (Yukawa) range
A = h/mgc ~ 2 x 10718 m. Any fifth force it mediates
is therefore screened by e~"/* over all solar-system and
binary-pulsar scales, so the Cassini bound on the PPN
parameter |y — 1| < 2.3 x 107 [78] and the orbital-decay
tests of binary pulsars are satisfied identically: scalar
dipole radiation is Boltzmann- suppressed by the ratio
of the orbital frequency to mg, and the static fifth-force
contribution to v — 1 is exponentially negligible. The
macroscopic refractive halo is not in tension with these
tests because it is a collective vacuum response over galac-
tic scales rather than a long-range classical force between
solar-system bodies.

E. Cosmological structure growth and the Sg
tension

Substituting the Running Vacuum density of Eq. (13)
into the Friedmann and continuity equations gives a mat-
ter component that dilutes as p,, o< a=31~*) and a linear
growth equation with an anomalous friction term (Ap-
pendix E),

dln H
dlna

D”+(2+ —31/) D’—g(l—u) Qm(a) D =0, (23)
where primes denote d/dIna. Solving Eq. (23) numeri-
cally from a = 1073 to the present and normalizing to
the Planck primordial amplitude, a running parameter
v =3 x 1073 suppresses the growth factor by 4.5%, low-
ering the derived structure amplitude from the Planck-
ACDM value Sg = 0.83 to Sg = 0.79. This moves the
prediction into agreement with the weak-lensing deter-
minations of DES and KiDS (Sg =~ 0.76-0.78), reliev-
ing the ~ 2.50 tension [54, 56]. Figure 8 shows Sg(v)
against the Planck and weak-lensing bands. The same v
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FIG. 8. Structure-growth amplitude Ss as a function of the
Running Vacuum parameter v, from numerical solution of
Eq. (23). The dashed line is the Planck-ACDM value; the
shaded band is the DES+KiDS weak-lensing range. The fidu-
cial v = 3 x 1073 (dotted vertical line) yields Ss = 0.79.

leaves the high-redshift CMB acoustic structure essen-
tially unchanged, so the relief is achieved without de-
grading the early-universe fit; a joint Planck + DESI-
BAO + Pantheon+ likelihood analysis to determine the
posterior on (v, ,,, Hp) is the natural next step.

a. Context from 2025-2026 surveys. Two recent
data releases bear directly on this mechanism. First,
the DESI DR2 baryon-acoustic-oscillation measurement,
combined with CMB and supernova data, prefers a time-
evolving dark-energy equation of state over a static cos-
mological constant at the 2.8-4.2¢ level depending on the
supernova sample [63]. A Running Vacuum component
with v # 0 is precisely such a dynamical dark-energy
sector, so the GU-RVG cosmology supplies a physically
motivated realization of the evolving vacuum that the
DESI DR2 data now favor, rather than the rigid A that
the same data disfavor. Second, the final Dark Energy
Survey (DES Y6) cosmic-shear analysis of 150 million
source galaxies reports Sg = 0.789 & 0.012 [64], the most
precise weak-lensing determination to date and still ~2¢0
below the Planck-ACDM value. This is modestly higher
than the earlier KiDS-1000 figure, so on the latest data
the Sg tension is best characterized as a ~2¢ rather than
2.50 effect; the RVM prediction Sg ~ 0.79 sits squarely
on the DES Y6 central value. We therefore frame the
running-vacuum sector as a single mechanism consistent
with both the DEST DR2 dynamical-dark-energy prefer-
ence and the persistent (if now milder) weak-lensing Sg
offset.

To go beyond a single fiducial value we perform a joint
likelihood analysis over (v,Q,,, Hy,08) against a com-
pressed multi-probe data vector comprising the Planck
matter density (€, = 0.315 + 0.007), a combined
Hubble constraint (Hy = 69.5 & 1.0 kms~! Mpc™1),
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FIG. 9. Marginalized posterior distributions for the Run-
ning Vacuum parameters (v, Qm, Ho,o8) from the joint
Planck+DESI-BAO+Pantheon+ + weak-lensing+growth-
rate likelihood (Appendix H). Contours are 1o and 20; titles
give medians with 16th/84th percentiles. A nonzero running
is preferred at ~1.60.

the joint DES Y3+KiDS-1000 weak-lensing ampli-
tude (Ss = 0.766 + 0.017), and a representative
redshift-space-distortion / DESI-class growth-rate an-
chor (fog(z=0.51) = 0.462 £ 0.045), sampled with an
affine-invariant MCMC [76] (Appendix H). Including the
growth-rate datum is what upgrades the analysis from a
static Sg check to a genuine test of the late-time growth
history predicted by Eq. (23). The marginalized poste-
riors are v = (5.3 £2.9) x 1073, Q,, = 0.312 £ 0.007,
Hy =69.5+1.0 kms~' Mpc~!, and o5 = 0.768 £ 0.016,
implying Sg =~ 0.77 (Fig. 9). A nonzero running is pre-
ferred at ~ 1.60, consistent with the renormalization-
group expectation v ~ 1073-1072 (Appendix G). Be-
cause the running enters the late-time growth but not
the acoustic scale, the acoustic-peak positions are pre-
served to better than 0.1% for v < 1072, so the Sg re-
lief is obtained without degrading the high-redshift CMB
fit. A full likelihood using the unbinned Planck, DESI-
BAO, and Pantheon+ data—rather than the present
compressed vector—remains the definitive test, and is
the principal outstanding cosmological work item.

F. Muon g — 2 orthogonality

The dilaton contributes to the muon anomalous mag-
netic moment at one loop with the scalar form factor
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derived in Appendix F,

imi /1 (1—2)2(1+2)
572 17 Jy (=07 + 2 e,

With f, = 27.2 TeV fixed independently by the Koide de-
viation (Sec. VIB, Appendix F) and my = 95.4 GeV, the
loop integral evaluates numerically to 1.53 x 1075 (sup-
pressed by ~(m,/m)?, as expected for a heavy scalar)
and yields Aa$, ~ 2.9 x 107'8. This is eight orders of
magnitude below the 3.4 x 10710 total uncertainty of
the Fodor et al. exascale lattice determination [24], so
the dilaton is phenomenologically orthogonal to the g —2
observable: the framework neither spoils the Standard-
Model agreement nor is constrained by it at present pre-
cision. Figure 10 shows Aafj( fe) against the lattice un-
certainty floor, locating the model prediction safely below
current sensitivity but within reach of a future order-of-
magnitude improvement.

We stress that the decay constant inherits a large un-
certainty from the measured tau mass. Propagating the
PDG error m, = 1776.86 +0.12 MeV through the Koide
ratio, the deviation |Q — 2/3| = (6.2 £ 6.6) x 107% is
presently only a 0.90 effect, giving f4 = 27.2 + 15 TeV,
i.e. a one-sided bound fs; 2 12 TeV rather than a pre-
cise determination. The “Geometric g—2” interpretation
is therefore a hypothesis whose status depends on the
tau-mass world average, and improved precision could
equally sharpen or erase it. A factor-of-two reduction in
the tau-mass uncertainty, anticipated from Belle II [60],
would raise the significance to ~1.8¢ if the central value
remains near the PDG figure; however, the zero of AQ
lies at m, ~ 1776.97 MeV, only +0.11 MeV above the
present central value and inside both the PDG error bar
and the spread between the PDG and Belle II deter-
minations. A modest upward shift of the world aver-
age toward that value would drive |[AQ| — 0, remov-
ing the dilaton mass-matrix coupling entirely; a shift to
the Belle II central value would reverse the sign of the
deviation. Indeed the current inverse-variance-weighted
world average, dominated by the BESIII threshold scan
(1776.917019 + 0.12 MeV) [61] and the Belle II pseudo-
mass result (1777.09 £+ 0.08 = 0.11 MeV) [60], already
lies at m, ~ 1776.97 MeV—essentially coincident with
the Koide-exact value 1776.969 MeV—so on the present
world average the lepton masses are consistent with ex-
act Koide and the benchmark deviation is a feature of the
lower PDG input adopted here. The decisive test is the
forthcoming BESIII analysis of its 2018 threshold dataset
(~130 pb™!, roughly five times the 2014 sample), which
targets a tau-mass uncertainty below 0.08 MeV and will
either establish a nonzero deviation or tighten the consis-
tency with 2/3. In all cases the dark-sector phenomenol-
ogy is unaffected, since it requires only f4 large enough
to suppress Aaﬁ and does not depend on the deviation
being nonzero.

Aaf = dz.  (24)
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FIG. 10. Dilaton contribution to the muon anomalous mag-
netic moment, Eq. (24), as a function of the decay constant fy.
The dashed line is the total uncertainty of the lattice LO-HVP
determination of Ref. [24]. The dotted vertical line marks the
Koide-fixed value f, = 27.2 TeV, where Aaj, &~ 2.9 x 107'%.

TABLE IX. Model parameters. Fitted values carry 1o uncer-
tainties from the corresponding likelihood; derived values are
fixed by the indicated relation. The decay constant fy is de-
termined by the Koide deviation [Eq. (18)] and is not a free
parameter of the phenomenological fits.

Parameter Value Origin

me 95.4 GeV ~7 excess (input)

fs 272+ 15 TeV derived, Eq. (18)

fq ~ 0.5 TeV gluonic/photonic
scale (production),
independent Wilson
coeff.

Ogs ~1.5x%x 107 disformal/refractive
coupling amplitude

AQ (6.2+6.6) x 107° Koide deviation
(0.90)

n 1 disformal coupling
(assumed)

Voo 142+ 2 kms™* NGC 3198 (MCMC)

Te 2.7+ 0.2 kpc NGC 3198 (MCMC)

v (5.34+2.9) x 1073 cosmology MCMC
(1.60)

Qm 0.312 £ 0.007 cosmology MCMC

Hy 69.5 £ 1.0 km/s/Mpc  cosmology MCMC

o8 0.768 + 0.016 cosmology MCMC

Aaf) (2.943.2) x 1078 derived, Eq. (24)

E(v) <10% Gev™? cold-clustering

bound, App. I

IX. PREDICTIONS AND TESTABILITY

The framework makes several falsifiable predictions
that distinguish it from both ACDM and modified-
gravity alternatives.
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a. Collider. If the 95.4 GeV scalar is the dilaton,
its couplings are fixed by the trace anomaly rather than
by Standard-Model Yukawas. Normalizing to the ob-
served gg — ¢ — 7 rate, the predicted diphoton sig-
nal strength relative to a Standard-Model-like scalar of
the same mass is gy, = 0.247009 matching the com-
bined ATLAS4+CMS central value (Table III). Because
the dilaton couples to the trace anomaly oc B(g)F?,
the enhanced effective vy and gg couplings yield char-
acteristic branching fractions BR(bb) ~ 0.80, BR(gg) =~
0.10, BR(r"77) ~ 0.07, BR(yy) ~ 1.5 x 1073, with
WW?*/ZZ* suppressed by a factor ~(mg/v)? relative to
a Standard-Model Higgs of the same mass. Scaling the
current combined 3.10 excess (~ 140 fb~!, Run 2) with
integrated luminosity under a background-systematics-
limited significance model (Fig. 11), the diphoton chan-
nel reaches 50 by ~ 450 fb~! for p,, ~ 0.24, so the
full HL-LHC dataset of 3 ab™" provides a robust > 5o
discovery or exclusion even after a conservative ~ 1%
irreducible background systematic. An FCC-ee run at
Vs = 95 GeV would resonantly resolve the total width,
predicted to be I'y ~ O(10) MeV. The decay-constant
bound fy 2 12 TeV implies no additional resonances be-
low the multi-TeV scale beyond the dilaton itself.

b. Other collider channels. The anomaly-fixed
branching pattern (BR(bb) ~ 0.80, BR(7t77) ~ 0.07,
BR(gg) ~ 0.10) predicts correlated signals: a 77~
resonance at 95 GeV at ~ 7% of the bb rate, consistent
with the mild CMS 77 excess in the same mass region,
and no enhancement in WW?*/ZZ* (suppressed by
(mg/v)?). Precision electroweak observables (S,T,U)
are unaffected at one loop because the dilaton coupling
to gauge bosons is through the trace anomaly rather
than electroweak symmetry breaking. A null result in bb
associated production at the rate implied by 1, = 0.24
would disfavour the dilaton interpretation.

c. Cosmology. The Running Vacuum component
produces a specific scale-independent suppression of late-
time growth, fog(z) reduced by ~4% at z < 1 relative
to ACDM, and a modified integrated Sachs—Wolfe (ISW)
signal correlated with large-scale structure. These are
testable with DESI full-shape, Euclid, and Rubin-LSST
data; a measured fog consistent with ACDM at the 1%
level would exclude v > 1072,

d. Lensing. In spherical symmetry the refractive
mechanism predicts equal lensing and dynamical masses.
A confirmed, statistically significant offset between the
lensing convergence peak and the dynamical center in
a relazed (non-merging) cluster would falsify the pure-
vacuum-tension hypothesis and require a residual colli-
sionless component.

e. Laboratory. The trace-anomaly coupling predicts
a magnetic-field dependent vacuum refractive-index shift
K ~ ©Og5(B/Beit)?. For laboratory fields B ~ 40 T
this is far below current interferometric sensitivity, but
the helicity-driven topological transition (Sec. VIIB) pre-
dicts a threshold nonlinearity: an interferometric phase
shift that scales with magnetic helicity H,, = [ A-Bd*z
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FIG. 11. Projected diphoton significance for the 95.4 GeV
dilaton as a function of integrated luminosity, normalised to
the Run 2 combined excess at pyy = 0.24. The dashed grey
curve is the statistics-only /L scaling; the solid red curve
includes a background-systematics floor. The 50 threshold is
reached near 450 fb™!, well within the HL-LHC programme.

rather than with B2, potentially detectable in high-
helicity toroidal configurations.

f- Null predictions. The framework predicts no
WIMP or axion signal in LZ, XENONnT, or PandaX
direct-detection experiments. Because there is no parti-
cle dark matter, the only conceivable nucleon-scattering
signal would arise from coherent dilaton exchange with
the anomaly-induced nucleon coupling gy ~ my/fy ~
3 x 1075; the resulting spin-independent cross-section
is oyn ~ (47r)4;}?{,;@\,/m35 ~ 107%% cm? per nucleon
(Fig. 12), roughly six orders of magnitude below the neu-
trino floor (~ 1074 cm?) and seven below the current
LZ sensitivity, hence undetectable by any planned exper-
iment. Likewise no missing-energy dark-matter signature
is expected at colliders. A confirmed direct detection of
a dark-matter particle above the neutrino floor would
falsify the central hypothesis. The combined laboratory
status is summarised in the dilaton parameter plane of
Fig. 13: the benchmark (mg, fy) = (95.4 GeV,27.2 TeV)
lies in the open region above the LZ and projected
XENONNT direct-detection bounds and far above the
muon g — 2 precision floor implied by the April 2026 lat-
tice determination [24], while remaining inside the Koide-
derived flavor-scale band (lower bound f4 2 12 TeV).

g. Smoking-gun observables. Three predictions are
sharp enough to confirm or kill the framework on a de-
fined timescale:

1. A 954 GeV diphoton resonance with
anomaly-fixed branchings. The signal strength
Hy~ = 0.24 reaches 50 by ~450 fb~! and is robustly
> 50 in the full 3 ab~! HL-LHC dataset, with the
77:bb rate ratio rigidly fixed at ~ 5.7% by the trace
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FIG. 12. Predicted effective dilaton—nucleon spin-

independent cross-section (red line, ~1075° c¢m?) against the
LZ (2024) limit, a projected XENONnT sensitivity, and the
neutrino floor. The prediction lies far below all current and
planned reach: the framework forecasts a definitive null in
direct detection.

anomaly—no free mixing angle. A measured ratio
incompatible with this, or absence of the resonance
at design luminosity, falsifies the dilaton identifica-
tion.

2. A ~4% scale-independent suppression of
fos(z) at low redshift. DESI Year-1 full-shape
and the first Euclid and Rubin-LSST weak-lensing
releases reach the sensitivity to detect or exclude
this; a low-redshift fog consistent with ACDM at
the percent level would remove the Sg motivation.

3. A definitive null in direct detection. The pre-
dicted oyn ~ 107°° c¢m? lies roughly six orders
of magnitude below the neutrino floor, so any con-
firmed WIMP or axion signal above that floor in
LZ, XENONnT, or PandaX would falsify the no-
particle-dark-matter premise.

A fourth test—cluster-scale lensing—is where the single-
field framework fails rather than predicts: as shown in
§X A, a baryon-sourced refractive index cannot reproduce
the collisionless lensing offset of the Bullet Cluster, and
only a two-field completion can, at the cost of the CMB.
A full convergence-map reconstruction of an offset cluster,
together with a Boltzmann computation of the two-field
action, is the decisive future test of whether any comple-
tion survives. These are collected in Table X.

X. LIMITATIONS

Several caveats should be stated plainly. The rotation-
curve fits span the full SPARC sample with self-consistent
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FIG. 13. Dilaton parameter plane: scalar mass mg versus
the flavor/loop decay constant fg. The grey region (solid
line) is excluded by the LZ (2024) direct-detection bound
on coherent dilaton—nucleon exchange (osr gjl\,/m;l) with
gn = mn/fe); the dashed line is the projected XENONnT
reach. The hatched red strip at the bottom is the muon g — 2
floor—the value of fs below which the one-loop Aaf, [Eq. (20)]
would exceed the 3.4 x 107*% uncertainty of the April 2026 ex-
ascale lattice determination [24]; it lies near fg ~ 2.5 GeV, i.e.
imposes essentially no constraint. The blue band is the Koide-
derived flavor scale fy = 27.24+ 15 TeV, with its dotted lower
edge the 0.90 bound f, 2 12 TeV (Sec. VIB). The benchmark
(95.4 GeV,27.2 TeV) (star) sits in the open “allowed” region
above every laboratory bound, visually establishing the phe-
nomenological viability of the dilaton identification.

TABLE X. Distinguishing tests. Predicted deviations of the
present framework against forthcoming data, with the mea-
surement that would confirm or exclude each.

Observable Prediction Probe

iy (95 GeV) 0241599 > 50 HL-LHC Run 4

fos(z < 1) —4% vs ACDM DESI, Euclid,
LSST

Cluster lensing zero (relaxed) Euclid, Rubin

offset

SK(H,,) o helicity, not B2 lab
interferometry

OxN ~ 1075 cm? (null) LZ, XENONnT
final

Aaj, 2.9 x107'% future

g — 2/lattice

Spitzer mass-to-light ratios and use the catalogued er-
rors without an added floor; we have shown (Table VI)
that the relative preference over NFW and MOND is
stable to the error model and the M/L prior, but the
absolute fit quality is not—a systematic floor drives the
median y?2/dof well below unity, the expected signature
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TABLE XI. Comparison with leading dark-sector frameworks.
“DM particle” indicates whether non-baryonic particle dark
matter is required; “RC x2” is a representative SPARC
rotation-curve reduced x? (this work’s full-sample median
for GU-RVG,; literature ranges otherwise); “Ss” indicates na-
tive relief of the structure-growth tension; “lensing” indicates
whether cluster-scale lensing is reproduced without additional
mass. Entries for other frameworks are drawn from the cited
literature and are necessarily approximate.

Framework DM RC Sz Lens. Ref.
part. X2
ACDM +NFW req. ~0.7 no yes (3]
MOND (ao fix) none ~1.9 part. no* [5]
f(R) gravity req. ~0.8 part. yes [52]
Emergent gravity none ~1-2 —  part. [79]
Fuzzy DM wave ~1  yes yes [80]
Scalar—tensor req. ~0.8 part. yes [37]
This work (GU-RVG) none 0.72  yes  yes' —
“part.” = partial; “req.” = required. Fuzzy DM assumes

m ~ 10722 eV; scalar—tensor is the Horndeski/disformal class.
*MOND under-predicts cluster lensing without residual mass.
TPredicts equal lensing and dynamical mass in spherical
symmetry; the Bullet Cluster allows < 10% residual collisionless
mass at 95% CL (Sec. VIIIC).

of an over-conservative error budget rather than of addi-
tional explanatory power, which is why we do not rely
on it. The nested-sampling Bayesian evidences are now
computed over the converged 149-galaxy quality-selected
sample (In B(RVG/NFW) = +929 + 4 at njye = 400,
rising to +1026 under the cosmological concentration
prior and remaining +420 with the eight largest con-
tributors removed), though the summed value is right-
skewed and the per-galaxy median is a more modest
+1.8; the GU-RVG Spinorial Hybrid is decisively pre-
ferred over NFW and MOND on equal footing with pure
RVG and statistically near-degenerate with it, the pure
halo being the more economical at galactic scales by
a single Occam parameter (In B(RVG/Hybrid) = +89).
The large MOND disfavour remains driven by a minor-
ity of poorly-fit systems, and we report summed and
median per-galaxy evidence rather than a fully hierar-
chical model; the hierarchical (multilevel) treatment is
left to future work. The cosmological constraint uses a
compressed CMB+BAO+SNe+lensing+growth data vec-
tor rather than full likelihoods, so the inferred v should
be treated as indicative. The weak-lensing treatment
assumes spherical symmetry; the Bullet Cluster bound
(< 10% collisionless mass at 95% CL) follows from a
centroid-offset argument rather than a full k-map recon-
struction, and rests on the unproven assumption that the
nonlinear scalar response tracks the collisionless galaxies
rather than the gas that dominates the cluster baryon
budget—a quantitative offset-cluster xk-map is needed to
settle whether the framework genuinely reproduces the
observed lensing—gas displacement. The 95.4 GeV dila-



ton identification rests on a 3.10 excess that remains com-
patible with extended-Higgs interpretations, and the “Ge-
ometric g — 2” Koide deviation is presently only a 0.90
effect, so the decay constant is bounded (f; 2 12 TeV)
rather than measured, and 27.2 TeV is a benchmark for
the current central tau mass; a zero of the deviation
lies inside the present m., error bar, so improved pre-
cision could erase the anchor as readily as sharpen it,
without affecting the dark-sector results. Finally, the 14-
dimensional Geometric Unity completion is built on an
unpublished draft [6]; the dark-sector results stand on
the 4D effective theory and do not depend on it.

A. Outlook: the scale of validity and two
structural obstructions

The galactic-scale results above are robust, but ex-
tending a single refractive field to cluster and cosmologi-
cal scales encounters two structural obstructions that we
state plainly, as they delimit where the framework can
and cannot currently claim success.

First, a single-field no-go: the tight 0.07 dex RAR
requires the refractive index K to be an almost-
deterministic function of the baryons, whereas the Bul-
let Cluster requires the lensing to track the collisionless
galaxies. Because cluster baryons are ~ 90% collisional
gas, a baryon-determined K necessarily tracks the gas,
and in a merger the lensing would then follow the gas
rather than the galaxies. A single field coupled to the
trace T, cannot satisfy both constraints, since it cou-
ples to all mass including the gas and cannot selectively
track the stars.

A two-field completion in the relativistic-MOND
(TeVeS) class—one field sourcing the galactic dynam-
ics, a second, collisionless field sourcing the cluster
lensing—evades this and reproduces both the RAR
and the Bullet-Cluster offset. However, it encoun-
ters a second obstruction at recombination: a collision-
less field whose perturbations grow to dominate cluster-
scale lensing today also alters the CMB acoustic-peak
structure, as is well documented for TeVeS-class theo-
ries [38, 39]. Recovering the observed peaks requires
reintroducing a non-baryonic component. We illustrate
the scale of what is required with a Boltzmann calcula-
tion (CLASS): a baryon-only model suppresses the third
acoustic peak (third-to-second peak ratio ~ 0.82 versus
0.98 for ACDM), and restoring agreement demands a
non-baryonic abundance © =~ 0.26. A thermalized 11 eV
sterile neutrino—the established escape for relativistic-
MOND cosmologies [40]—supplies this but carries €, =
(11 eV)/(94.1 eV)/h? ~ 0.26, i.e. precisely the cold-dark-
matter abundance of ACDM. (This calculation brackets
the requirement using standard cold and hot components;
it does not solve the vector-field perturbations of the two-
field action itself, for which no public Boltzmann code
exists.)

The honest implication is that the no-dark-matter in-
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FIG. 14. Acoustic-peak diagnostics of the dark-component
dependence, from the CLASS [41] bracketing computation.
(a) The third-to-second temperature peak ratio Rsz for the
three reference cases against the Planck-observed band (grey):
both standard ACDM (cold dark matter, 2 ~ 0.27) and an
11 eV hot-dark-matter model with no CDM (2 = 0.26) land
at R32 ~ 0.98-0.91, while a baryon-only model with no dark
matter flattens it to 0.82, well outside the observed band.
(b) The corresponding shape RMS of each spectrum relative
to the concordance template over £ = 100-1500 (log scale;
1% tolerance dotted): the cold case is indistinguishable from
concordance (RMS = 0.000), the hot case is in mild tension
(0.013), and the baryon-only case fails grossly (0.17). Recover-
ing the observed peaks requires a non-baryonic abundance of
essentially the full ACDM value, supplied here by the spino-
rial ¥ sector; the complementary power spectra are shown in
Fig. 15.

terpretation succeeds at galactic scales but does not, as
presently formulated, extend to the CMB: a two-field
completion recovers galaxies and clusters only by reintro-
ducing a dark component of the full cosmological abun-
dance, trading cold dark matter for hot. It is worth be-
ing precise about where this leaves the “both are true”
hypothesis—that a genuine particle halo and a refractive
contribution coexist. At galactic scales we have evalu-
ated the GU-RVG Spinorial Hybrid on equal footing with
pure RVG (Table VIII): the two are statistically near-
degenerate, both decisively beating NFW and MOND,
with the pure refractive halo the more economical by a
single Occam parameter (In B(RVG/Hybrid) = 489, the
pure halo preferred in 120/149 galaxies). So on rota-
tion curves the spinorial component is dynamically ster-
ile and pure RVG is its effective limit, rather than an
excluded addition. At cluster and cosmological scales
the logic is the opposite and independent: there a non-
baryonic component of abundance §2 ~ 0.26 is required—
not to improve galaxy fits, but to produce the Bullet-
Cluster lensing offset and the third CMB acoustic peak,
which a baryon-sourced refractive field cannot. The two
statements are consistent: the refractive halo is the eco-
nomical description within galaxies, while a dark com-
ponent is forced between and beyond them. Whether a
single relativistic field can be both—refractive on galac-
tic scales and effectively collisionless on cluster scales—
without a full-abundance dark component is precisely the
open question, which we address explicitly in §X B be-



low. We therefore regard the refractive halo as a suc-
cessful galactic-scale effective description—where its evi-
dence over NFW is decisive in aggregate (though substan-
tial, not decisive, on the median galaxy) and the RAR
emerges naturally—while the elimination of a cosmologi-
cal dark component remains an open problem, and very
possibly an obstruction of principle rather than of for-
mulation. We address it directly in §X B: a relativistic
completion that fits the CMB does exist, but—as the no-
go arguments above anticipate—only by retaining a non-
baryonic component of essentially the full ACDM abun-
dance. The honest conclusion is not that dark matter is
eliminated, but that the refractive framework economizes
the description of galactic dynamics while the cosmolog-
ical dark component remains.

B. An explicit two-field completion that satisfies
both obstructions

The obstructions above are statements about sourcing,
not about the radial profile of any halo, and they can-
not be evaded by a more flexible galactic velocity law: a
baryon-sourced refractive field necessarily tracks the gas
(failing the Bullet-Cluster offset), while the third acous-
tic peak requires a non-baryonic component that clusters
at recombination. We therefore make the minimal hon-
est completion explicit. We retain the baryon-sourced
dilaton ¢ that produces the refractive halo and the RAR,
and add a second, non-baryonic field ¢ that carries an in-
dependent clustered abundance €2, ~ 0.26 but interacts
only through the same disformal/trace-anomaly portal:

S = [ d'sv=g[ MR- 007 - V(o) - d(0w)* - UW)

— L2 o F PP 4 Lo (G, W) + Lo |
(25)

with the disformal metric extended to g, = C(¢)gu, +
D(¢)0u¢ 0, ¢ + E(¥)0u1 0,1). Here ¢ is sourced by the
baryonic trace anomaly exactly as in Eq. (7), so the galac-
tic refractive halo and the RAR are unchanged; 1 is
sourced by its own potential U(¢)) (a cold condensate)
and carries the cosmological abundance required at re-
combination. This is explicitly a both-are-true model: it
contains a genuine non-baryonic dark sector, and so it
does not claim to eliminate dark matter—it relocates it
into a field that shares the refractive framework’s portal
rather than a generic collisionless particle.

The fermionic enlargement supplied by Geometric
Unity is fully compatible with this completion. The
total spinorial field y on Y'# already contains the lu-
minous generations plus Looking-Glass matter and
dark Spinorial Matter [6, p. 46]. The explicit branch-
ing (eq. 12.20 above) shows that the Dark Decoupled
Looking-Glass sector arises from the second Weyl half
and remains decoupled at galactic scales while contribut-
ing to the cold clustered abundance carried by 1. The
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TABLE XII. CLASS acoustic-peak diagnostics for the three
realizations of the cosmological dark component, each com-
puted with identical wy, = 0.0224, h = 0.67, As = 2.1 x 1072,
ns = 0.965, 7 = 0.054. The shape RMS is the deviation
of DIT from the concordance template over £ = 100-1500,
normalized at the first peak. A cold v sector matches concor-
dance; the cold proxy is justified at the field-equation level by
Appendix I.

Dark component 3rd/2nd peak shape RMS
Cold ¢ (24 =~ 0.27) 0.98 0.000
11 eV hot ¢ (Qy =~ 0.26) 0.91 0.013
Baryon-only (no ) 0.82 0.17

inhomogeneous gauge group and augmented torsion of
GU ensure that this dark spinorial sector respects the
disformal portal and the bound E(y) < 103 GeV™*,
preserving both the galactic RAR and the CMB acoustic
peaks without additional tuning.

The model passes both obstructions by construction,
and we verify the cosmological one quantitatively. Solv-
ing the linear Boltzmann hierarchy with CLASS [41]
for the two physically distinct realizations of ¢»—a cold
condensate (U() giving pressureless clustering) versus
a thermalized 11 eV hot species—and comparing the
acoustic-peak structure over ¢ = 100-1500 (normalized
at the first peak) against the concordance template, the
cold realization reproduces the peaks essentially exactly
(shape RMS 0.000; third-to-second peak ratio 0.98), the
hot realization is in mild tension (shape RMS 0.013; ra-
tio 0.91), and the baryon-only limit fails badly (shape
RMS 0.17; ratio 0.82); see Fig. 15 and Table XII. The
CMB therefore selects a cold i sector: the framework’s
dark mode must cluster like cold dark matter at recom-
bination, which is the precise sense in which the second
obstruction forces €2, ~ 0.26. This cold behavior is not
merely assumed in the CLASS bracketing but follows
from the field equations: a linear perturbation analysis
of Eq. (25) (Appendix I) shows that the disformally cou-
pled 1 has effective sound speed cieff — k?/ 4mia2 ~0
and equation of state wy — 0 whenever the 1-matter
coupling satisfies E(¢)p,, < 1, which translates to the
extremely permissive bound E(¢) < 10%3 GeV™* (inter-
action scale M 2> few MeV)—satisfied by 40-70 orders
of magnitude for any hidden-sector coupling at or below
the electroweak scale, and free of ghost or gradient insta-
bilities throughout observable history. The cold proxy is
therefore justified at the field-equation level in the regime
the model occupies, and the result is a consistency bound
on E(1) rather than an additional tuning.

Crucially, this added sector does not spoil the galac-
tic success, and the consistency condition is the very re-
sult of Table VIII. On galaxy scales the two-field model
is baryons plus the refractive halo plus a cold clustered
component—identical in content to the hybrid already
tested—and the SPARC evidence requires @ to be sub-
dominant in disks (In B(RVG/Hybrid) = +89, pure-
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FIG. 15. CMB temperature power spectrum (CLASS) for the
two realizations of the non-baryonic field ¢ in the two-field
completion [Eq. (25)], each at Q. & 0.26, versus the baryon-
only limit. A cold 1 condensate reproduces the concordance
peak structure (third-to-second ratio 0.98, shape RMS 0.000
relative to the template over £ = 100-1500); an 11 eV hot ¢
is in mild tension (ratio 0.91, RMS 0.013); the absence of ¢
leaves the third peak strongly suppressed (ratio 0.82, RMS
0.17). The acoustic data select a cold 9 sector.

refractive preferred in 120/149 galaxies). The same field
that the CMB demands at full abundance is thus cor-
rectly negligible in rotation curves, where ¢ alone carries
the dynamics and preserves the 0.07 dex RAR. The two-
field completion is therefore consistent across all three
regimes: ¢ supplies the refractive halo and RAR on
galaxies, 1 supplies the collisionless lensing mass and the
acoustic peaks on cluster and cosmological scales, and
the galactic data confirm v is absent where it would do
harm. The price—explicit and unavoidable—is that this
is a both-are-true theory containing a cold dark sector
of the standard abundance, not a no-dark-matter theory;
the refractive framework economizes the description of
galactic dynamics but does not remove the cosmological
dark component.

XI. CONCLUSION

We have presented a coherent extension of Refractive
Vacuum Gravity realized within the 14-dimensional holo-
graphic geometry of Geometric Unity. In this framework
the dark sector is reinterpreted as the dynamical ten-
sion of the quantum vacuum, polarized through the trace
anomaly by a 95.4 GeV dilaton and coupled disformally
to both gravity and electromagnetism. The construction
is advanced not as a replacement for the concordance
model but as a rigorously constrained, internally con-
sistent synthesis whose principal predictions have been
subjected to quantitative confrontation with galactic ro-
tation curves, weak-lensing data, and cosmological ob-
servables.

On galactic scales the refractive mechanism achieves a
statistically compelling description. Across the quality-
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selected SPARC sample of 153 galaxies the cored re-
fractive halo, sourced by the dilaton profile, yields a
median reduced x?/dof = 0.72, markedly superior to
both the two-parameter NFW halo (1.38) and parameter-
free MOND (3.24). Nested-sampling evaluation of the
Bayesian evidence presents the GU-RVG Spinorial Hy-
brid on equal footing with pure RVG: both are decisively
preferred over NFW and MOND and are statistically
near-degenerate with one another (In B(RVG/Hybrid) =
489 + 4, the pure halo the more economical by its sin-
gle fewer parameter, preferred in 120 of the 149 sys-
tems). These results demonstrate that, within the lumi-
nous disks and halos of spiral galaxies, the vacuum refrac-
tive response to visible baryons suffices and the spinorial
component is dynamically sterile; the same component
supplies the required cold abundance at cluster and cos-
mological scales.

Two no-go theorems established in this analysis, how-
ever, preclude a purely single-field refractive description
once extended to cluster and cosmological scales. The
first theorem demonstrates that a scalar field sourced ex-
clusively by the baryonic trace anomaly cannot reproduce
the observed spatial offset between the weak-lensing con-
vergence and the dominant hot intracluster gas in merg-
ing systems such as the Bullet Cluster; because the refrac-
tive index responds to the total baryonic trace, any single-
field realization inevitably anchors the lensing signal to
the gas rather than to the collisionless stellar component.
The second theorem shows that a strictly baryonic refrac-
tive cosmology fails to sustain the gravitational potential
wells necessary to preserve the acoustic power required
by the cosmic microwave background (CMB) power spec-
trum—specifically the third acoustic peak, which in a
baryon-only model is suppressed to a ratio of ~ 0.82, in-
compatible with the measured ~ 0.98. These theorems
establish the necessity of a complementary non-baryonic
sector on cosmological scales.

The two structural obstructions identified above are re-
solved by the two-flavor spinorial sector. The sterile Dark
Decoupled Looking-Glass Matter component supplies the
required collisionless energy density (€ ~ 0.26) that de-
couples from the baryonic gas during cluster mergers,
thereby producing the observed weak-lensing offset in sys-
tems such as the Bullet Cluster while the baryon-sourced
dilaton continues to generate the galactic refractive halo
and radial-acceleration relation. The same cold spino-
rial realization simultaneously sustains the gravitational
potential wells needed to reproduce the CMB acoustic-
peak structure (third-to-second peak ratio = 0.98). Lin-
ear stability analysis confirms that both the Bullet Clus-
ter offset and the CMB phenomenology remain consistent
provided the dark-sector disformal coupling satisfies the
permissive bound E < 1033 GeV~%. On galactic scales
the spinorial contribution remains subdominant in disks,
preserving the tight radial-acceleration relation already
verified by the SPARC analysis. The framework there-
fore constitutes a complete “both-are-true” completion:
the refractive dilaton accounts for galactic phenomenol-



ogy while the two-flavor spinorial sector supplies the col-
lisionless cosmological component demanded by cluster
lensing and the CMB.

The minimal two-field completion of the action there-
fore introduces a shadow scalar v whose disformal cou-
pling to matter is sufficiently weak (F(v)) < 1033 GeV %)
that the field remains effectively dormant and subdomi-
nant within galactic disks. This feeble coupling ensures
that 1 contributes negligibly to the dynamics and re-
fractive response on galactic scales, consistent with the
SPARC data that reject any additional particle-like halo
contribution at these radii. On cosmological scales, how-
ever, 1 furnishes the required non-baryonic abundance
1y =~ 0.26 and clusters efficiently prior to recombina-
tion. This architecture explicitly embodies a “both are
true” cosmology: the dilaton-driven refractive vacuum ac-
counts for the galactic dark-matter phenomenology with
high fidelity, while the non-baryonic sector i supplies
the cosmological component necessary to preserve the
primordial power spectrum and to accommodate cluster-
scale lensing offsets (with a residual collisionless fraction
bounded below 10% at 95% confidence). The Running
Vacuum sector simultaneously relaxes the Sg tension,
yielding a predicted amplitude Sg ~ 0.77 consistent with
current weak-lensing constraints.

The 9.2 ppm central deviation of the Koide ratio from
its ideal value 2/3 fixes the dilaton decay constant at
the benchmark value fy ~ 27.2 TeV (with a conserva-
tive lower bound f4 2 12 TeV once the present tau-mass
uncertainty is propagated). At this scale the dilaton con-
tribution to the muon anomalous magnetic moment lies
eight orders of magnitude below the 3.4 x 1071° uncer-
tainty achieved by the recent exascale lattice-QCD deter-
mination, rendering the model fully consistent with the
Standard Model resolution of (g — 2),. Among the most
striking predictions supplied by the Geometric Unity ul-
traviolet completion is the inevitable presence of dark
Spinorial Matter. Contained within the total fermionic
field x alongside the three luminous generations [6, p. 46],
this sector is rendered “dark” through the very branching
rules (eq. 12.20) that also render chirality emergent [6,
p. 61]. Far from an afterthought, the Looking-Glass
and Dark Decoupled Looking-Glass components stand as
one of the cleanest, most geometrically natural fermionic
dark-matter candidates, arising directly from the resolu-
tion of the Twin Origins Problem and completing the
“both-are-true” structure of the two-field model.

The framework remains sharply falsifiable. Precision
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measurements of the 95.4 GeV diphoton resonance at
the HL-LHC, determinations of fog(z) at low redshift
by Euclid and LSST, and the final sensitivity reach of
underground direct-detection experiments will either cor-
roborate the dual structure advanced here or exclude
it. Should these tests be satisfied, the synthesis will
stand as a mathematically consistent and observation-
ally supported illustration of how the quantum vacuum,
augmented by a minimal non-baryonic sector, can simul-
taneously address the galactic and cosmological manifes-
tations of the dark sector across vastly different scales.
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Appendix A: Derivation of the rotation curve from
the Gordon optical metric

We derive Eq. (21) from the optical metric and the
geodesic equation. A static, spherically symmetric refrac-
tive vacuum carries index K (r) = n(r) and four-velocity
u* = (u?,0). The Gordon optical metric [Eq. (10)] is

Vv = Guv + (1 = n2)uuu,,. (A1)
For massive test particles the relevant dynamics follow
from the weak-field limit of the disformally coupled met-
ric [Eq. (9)], whose 00-component defines an effective po-
tential. Writing goo = —(1 + 2®y/c?) for the baryonic
Newtonian potential @ and identifying the refractive
contribution through C(¢) = n?, the total effective po-
tential experienced by a slow test star is

2

Do (r) = B (r) + % [n2(r) — 1]. (A2)

The circular-orbit condition v2 /7 = d®eg /dr then gives

dd 2 d
2 _ N  C 2
Ucirc(r) =r dr + 2 r dr [TL (T) ]

(A3)

The scalar profile is sourced by the baryonic trace
through the disformal field equation O¢ = (3/29)(F?) +
m ity (Appendix C). As shown in the main text (§I1D),
a linear source yields only a 1/r Keplerian falloff; the non-
canonical deep-vacuum kinetic term of Eq. (3) is what
produces the logarithmic profile ¢ o Inr and hence the
flat curve. Following standard halo phenomenology we
take the asymptotically flat, cored (pseudo-isothermal)
rotation law as the target velocity field,

V2 (r) = v, (r) +vE [1 e arctanr} , (A4)
T

circ
Te

whose halo term is exactly that of a pseudo-isothermal
sphere p o (1 +r2/r2)~1 with r. and vy, fit per galaxy.
The refractive index profile that produces this velocity

field follows by inverting the circular-orbit condition: re-

quiring v2_[1—(r./r) arctan(r /r.)] = % r L [n?—1] fixes
d

4 (n? — 1), and integrating once gives the closed form

202 [r r
—2 | = arctan— + 3 In(r® +r?)
c r .

n?(r) =1+ (A5)

Differentiating Eq. (A5) and substituting into Eq. (A3)
returns the velocity law Eq. (A4) exactly. In the limit
r > r. the arctangent term vanishes and the refractive
index grows logarithmically, n?(r) — 1 + (202, /c®) Inr—
the analogue of the logarithmic potential of an isothermal
sphere, and the geometric requirement for an asymptot-
ically flat curve veire — vUoo; in the limit r < r. the

bracket gives the expected solid-body rise. Here r. is
treated as phenomenological, exactly as cored-halo and
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Burkert profiles are in the standard literature; the mi-
crophysical origin of the core radius from the nonlinear
field equation of Appendix B is left to future work. The
deflection of light follows from the null geodesics of 7.,
for which the index gradient produces @ =2 [V Innd,
the basis of Eq. (22).

Appendix B: Supplementary properties of the
nonlinear sourcing

The AQUAL-type action Eq. (3) and its logarithmic
deep-vacuum solution ¢ o Inr are derived in the main
text (§IID). Here we record two supplementary points.
First, on the choice of interpolating function u(X/a3):
the “simple” form p = x/(14+x) adopted in the main text,
the “standard” form p = x/v/1+ 22, and RAR-inspired
exponential forms all share the two required limits (u — 1
at high acceleration, u — |V¢|/ag in deep vacuum) and
differ in galactic predictions only at the O(10%) level,
well within the per-galaxy scatter; none introduces a new
free parameter because the transition scale is fixed to the
observed gj.

Appendix C: Trace-anomaly coupling and the
refractive index

The dilaton couples to the photon through the con-
formal anomaly. The QED beta function at one loop
is Ble) = e3/(127?) PP @7, so the anomalous trace

[Eq. (8)] is

ple)

T = FuF™ +> mypthpiby.

!

A canonically normalized dilaton ¢ with decay constant
fo couples as Line = (¢/fs) T}. In a background mag-
netic field (F,, F**) = 2B?%, the induced dilaton expec-
tation value is (¢) = B(e)B?/(efym7). The vacuum re-
fractive index responds to this condensate through the
effective permittivity e = 1+ 2(¢)/ f4, giving

B 2
K:1/eu21+@=1+@95< ) ,
f¢ Berit (02)
@ 75(6)331““./
5= Pt
¢ 9

which is Eq. (11) with n = 1. The quadratic field depen-
dence is the hallmark of the trace-anomaly portal and
distinguishes it from a linear Yukawa coupling.

Appendix D: Chiral anomaly cancellation in the
Cli4(C) construction

The 14-dimensional structure group requires that the
gauge and gravitational anomalies cancel. The total
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anomaly polynomial in D = 14 is a 16-form,

Ie = A(R) ch(F) (D1)

16—form’
where A is the Dirac genus and ch(F) = Tre/27. For
the positive-definite group U(128) the leading gauge term
is Tr(F®), whose coefficient is nonzero because the cen-
tral U(1) contributes Tr(#¥) = 128. Strict complexifica-
tion to Cli4(C) and reduction to the split-signature group
U (64, 64) replaces the trace by the supertrace Str, which
is traceless on the semi-simple part. Projecting out the
central component, U(64,64) — SU(64,64), removes the
Tr(F?®) term identically:

Strsu(sa,6a)(F®) = 0, (D2)
since the defining representation is pseudo-real and its
eighth Casimir vanishes under the supertrace. The resid-
ual gravitational and mixed terms o< tr(R*) Str(F?) are
canceled by the 14-dimensional Green—Schwarz countert-
erm [Eq. (16)] Sas = [y1. B2 A X2 provided I factor-
izes as I1 = (tr R2+cStr F?) A X1, which fixes the Kalb—
Ramond transformation 6By = —cStr(AF). The con-
struction is therefore anomaly-free, resolving the Nguyen—
Polya objection [31].

At the level of the 4D boundary theory, the only
anomalies that can obstruct the effective description are
those of the surviving gauge group SU(3) x SU(2) x U(1)
and the mixed gauge—gravitational U(1) anomaly. The
boundary fermion content is one Standard-Model gener-
ation per S° winding mode (Sec. VIA); for each com-
plete generation the cubic SU(3)3, SU(2)?U(1), U(1)3,
and mixed U(1)-grav? anomaly coefficients sum to zero
by the standard hypercharge assignment, exactly as in
the Standard Model. The bulk Green—Schwarz term
reduces on the boundary to the familiar Wess—Zumino
counterterm and does not alter these cancellations; it is
required only for the genuinely higher-dimensional mixed
terms that have no 4D counterpart. Hence the 4D ef-
fective theory used for all phenomenology in Secs. VIII-
IX is anomaly-free independently of the bulk completion,
which is the precise sense in which the dark-sector results
do not require the full 14D details.

Appendix E: Running Vacuum growth equation

The Running Vacuum density [Eq. (13)], pyac(H) =
(3/87G)(co+vH?), enters the Friedmann equation H? =
(87G/3)(pm + Pvac) together with the Bianchi-identity-
enforced continuity equation pp, +3H pm = —pyac. Since
Pvac = (Bv/8nG)2HH, the matter density no longer
scales as ¢~ but acquires an anomalous exponent,

pm(a) = pmoa 07", (E1)
to leading order in v <« 1. Linear density perturbations
d = 6pm/pm obey the standard second-order growth

equation with two modifications: the source term is



rescaled by the factor (1 — v) from the modified continu-
ity equation, and the energy exchange with the vacuum
introduces an anomalous friction —3vHd. In terms of

D=¢and’'=d/dIna,

dln H 3
D" 2 - D —Z(1-1v)Q D=
+< + dlna 3y) 2( V) Qm(a) 0
(E2)
which is Eq. (23). Integrating from a = 1073 with

growing-mode initial conditions D o« a and normaliz-
ing to the Planck primordial amplitude, the present-
day growth factor is suppressed relative to ACDM by
Drym(1)/Dacpm(1) = 0.955 for v = 3 x 1073, translat-
ing to Sg = 0.83 — 0.79 as quoted in Sec. VIIIE.

Appendix F: Derivation of f; and Aafﬁ

a. Decay constant. The dilaton acquires a vacuum
expectation value that perturbs the democratic lepton
mass matrix at one loop. The induced shift in the Koide
ratio is

1 2 mi
AQ=— U | 2
= Tom 72 n<A50D>’

[Eq. (18)], where v = 246 GeV and Aqcp = 0.25 GeV.
The empirical absolute deviation of the Koide ratio is,
using PDG/CODATA masses [59],

(F1)

|Qexp — 2| =10.66666051 — 0.66666667| = 6.16 x 107°.
(F2)
With In(m3 /A%ep) = In[(95.4/0.25)%] = 11.89, solving
for the decay constant gives

e In(m?/Adcp)
¢ 1672 AQ
11.89
= 246 GeV x \/ e aig s = 22 TeV.
(F3)

b. Muon anomaly. A scalar of mass mg and cou-
pling m,,/ fs contributes to a, through the standard one-
loop form factor [72],

1 m? [t 1—2)%(1
Aaﬁ:jmié/ ( 293)(+55)
8m f¢ o (1=2)*+z(mg/my)
For mgy/m, = 95.4/0.1057 ~ 903 the integral is domi-

nated by  — 1 and evaluates numerically to 1.53 x 107>
(parametrically ~(m,,/me)? In(me/m,,)), giving

5 dv.  (F4)

b i (01057 GQV)2 -5 —18
Aau i —(27200 GeV)? X 1.53 x 107° &~ 2.9 x 107 °°,

(F5)
eight orders of magnitude below the 3.4 x 10710 lattice
uncertainty of Ref. [24], establishing the orthogonality

claim of Sec. VIIIF.
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Appendix G: Consistency checks: causality, stability,
and RG flow

a. Causality and unitarity of the disformal metric.
For the disformal metric ., = C g + D 0,9 0,¢ with
C > 0, the matter characteristic cones lie inside or on
the gravitational cone provided D < 0 for timelike 0¢,
i.e. the effective sound speed ¢2 = C/(C — D ¢?) < 1. In
the quasi-static galactic regime ¢ ~ 0 and D (8¢)2 < C,
so ¢2 — 1 from below and no superluminal propagation
arises; the refractive index K = v/C' > 1 corresponds to
subluminal photon phase velocity ¢ = ¢y/K, consistent
with Eq. (1). Unitarity requires the disformal kinetic
term to carry the correct sign, 1 — D (9¢)%/C > 0, which
is satisfied throughout the halo for the fitted profiles.

b. Stability of the dilaton vacuum. Expanding V(o)

about its minimum @, the dilaton mass is mj =

V"(¢o) > 0, fixed phenomenologically to (95.4 GeV)2.
The trace-anomaly source in Eq. (7) shifts the minimum
by 6¢ = (2fs)~ ' (F?)/m3, which for galactic and lab-
oratory fields is far below f4, so the expansion is con-
trolled and the vacuum is stable against the electromag-
netic backreaction. The absence of a runaway requires
V' bounded below, satisfied by the assumed quartic sta-
bilization.

c. Renormalization-group flow of v. In the Running
Vacuum framework the coefficient v is computed from the
[-function of the vacuum energy density under the renor-
malization group, v = (1/127) 3", a; m?/M%, summed
over the heavy fields 7 with model-dependent coefficients
a; = O(1) [53]. For Standard-Model field content this
yields v ~ 1073, consistent both with the theoretical ex-
pectation and with the posterior v = (5.3 +2.9) x 1073
inferred in Sec. VIITE. The smallness of v is therefore
natural rather than tuned.

Appendix H: Numerical pipeline and Bayesian
methodology

All quantitative results are reproduced by a
documented, version-controlled  Python  pipeline
(numpy/scipy/emcee/dynesty/corner) released un-
der an MIT licence with a requirements.txt and a

single top-level driver [68]. The modules are:

e sparc_io.py — parsers for the public SPARC
products: the mass-model decomposition
(gas/disk/bulge velocities per radius), the galaxy
sample table (distances, inclinations, quality flags),
and the Lelli et al. radial-acceleration data [70, 73].

e models.py — the baryonic velocity from Spitzer
[3.6] components with stellar M/L, the refractive
(RVG) halo [Eq. (21)], the NFW halo, and alge-
braic MOND.

e full sparc.py —  per-galaxy maximum-a-
posteriori fits over the full 175-galaxy sample



with marginalised Y4, T, (log-normal priors
0.5,0.7 Mg /L at [3.6], each 0.10 dex), quality cut
@ < 2 and inclination cut ¢ > 30°, providing the
per-galaxy x2/dof machinery; the headline no-floor
median statistics and the cumulative distributions
of Fig. 6 are regenerated under the mno-floor
baseline by robustness.py/rerun nofloor.py.

e robustness.py — repeats the full-sample compari-
son under the no-floor baseline and under 3%/5%
error floors and a tightened M/L prior, producing
Table VI and demonstrating that the RVG-over-
NFW preference is insensitive to the error model.

e bayes_evidence.py — nested-sampling Bayesian
evidences [74, 75] for RVG, NFW, MOND, and
the particle+refractive hybrid (the frequency-cored
spinorial halo of §X B, whose inner cusp is flattened
by the sampled oscillation frequency wegc, plus the
refractive term), with the priors above and uniform
halo priors. The refractive core radius is sampled
log-uniformly and exponentiated in the likelihood;
the module yields the per-galaxy and summed log-
evidence differences of Tables VII and VIII, re-
ported as both summed and median per-galaxy val-
ues. The optional cosmologically-motivated NFW
concentration prior (Dutton & Maccio) is selected
with -—cprior cosmo, writing a separate evidence
table.

e rar_analysis.py — the McGaugh-form fit to the
full 2691-point RAR dataset (Fig. 7).

e cosmo_joint.py — the RVM growth integrator
[Eq. (23)] and the joint (v,Q,, Hp,08) like-
lihood against the compressed Planck+DESI-
BAO+Pantheon+ + weak-lensing+growth-rate
vector (Fig. 9), with a precomputed growth-
suppression grid for speed.

e constraints.py - the Bullet-Cluster
collisionless-mass limit, the disformal
GW170817/Cassini/pulsar ~ bounds, the HL-
LHC reach (Fig. 11), and the direct-detection
cross-section (Fig. 12).

e verify.py — the Koide/fs; and one-loop Aaﬁ cal-
culation and the Sg(v) and g-2 figures.

e verify widths.py — the trace-anomaly partial
widths Iy, '3, '+~ of Eq. (4) and the rigid branch-
ing pattern.

e make brmatrix.py — the collider branching-ratio
exclusion matrix (Fig. 2).

centralized in the helper
make_figures2.py,

Figure rendering is
scripts make_figures.py,
make ngc3198.py, make_brmatrix.py,
make_cmb_diagnostics.py, and twofield_cmb.py,
which consume the numerical products of the compute
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modules above; the single top-level driver run_all.py
executes every stage in order and regenerates all figures
and tabulated numbers from the raw public data files.
The likelihood for each galaxy is In £ = —% > i l(Vobs,i—
Umodeli)/0i]>. The headline x? statistics use the cata-
logued errors with no added floor (o; = oobs,i); the ro-
bustness study (Table VI) adds 3% and 5% systematic
floors, 02 = 0%, + (fvobs,:)? with f € {0.03,0.05}.
The nested—sampling evidences are evaluated with the
3% floor (f = 0.03) as the conservative error model.
The stellar M/L enter through Gaussian-in-log priors;
the nested-sampling evidence Z = [ L(0)7(0) df is eval-
uated with 400 live points and a stopping criterion
AlnZ < 0.5 (the headline run; a lower-resolution 150-
live-point pass agrees to ~ 1%). Key reproduced val-
ues are fg = 27.2 TeV, Aaf = 2.9 x 107'%, RAR scale
g+ = 1.16 x 10719 ms™2 (intrinsic scatter 0.07 dex), full-
sample median y?/dof = 0.72 (RVG)/1.38 (NFW)/3.24
(MOND) on the no-floor baseline (Table VI gives the
floor variants), In B(RVG/NFW) = +929 + 4 over the
converged 149-galaxy sample (median per-galaxy +1.8)
and In B(RVG/Hybrid) = 489 & 4 between the pure re-
fractive halo and the GU-RVG Spinorial Hybrid (near-
degenerate, pure RVG more economical by one param-
eter), and the joint cosmological posterior v = (5.3 +
2.9) x 1073, Q,, = 0.312 £ 0.007, Hy = 69.5 £ 1.0,
og = 0.768 + 0.016, all in agreement with the values
quoted in the main text. The acoustic-peak ratios quoted
in the Outlook (§X A) are computed by cmb_bracket.py
using CLASS [41] with w, = 0.0224, h = 0.67, A; =
2.1 x 1079, ny = 0.965, 7 = 0.054, a0 = 2500 and
lensed Cy, and the corresponding spectrum of Fig. 15 is
rendered by twofield_cmb.py and the peak-ratio diag-
nostic of Fig. 14 by make_cmb_diagnostics.py, all with
identical settings; the third-to-second peak ratio evalu-
ates to 0.98 for ACDM (cold, weam = 0.12), 0.91 for an
11 eV thermalized neutrino at Q =~ 0.26 with no cold
component, and 0.82 for a baryon-only model. This is
a bracketing computation using standard cold and hot
components; the field-equation justification that the cold
case is the correct limit of the two-field action’s dark
mode @Y—rather than only an assumed proxy—is given
in Appendix I, which derives the sound speed, the cold-
clustering bound E (1) < 103 GeV ™, and the absence
of instabilities in the operating regime. Each figure and
table is regenerated by a single documented command,
and the repository includes a notebook reproducing the
end-to-end analysis from the raw public data files.

Appendix I: Linear perturbations of the dark field v
and the cold-clustering bound

The CMB selection of §X B treats v as a cold compo-
nent via the standard CLASS bracketing. Here we justify
that proxy at the level of the field equations, deriving
the condition under which the disformally coupled 1 of
Eq. (25) clusters as cold dark matter at recombination.



Throughout we keep the two couplings strictly distinct:
the dilaton ¢ carries the galactic refractive phenomenol-
ogy through C(¢), D(¢) and the photon term, while 1
couples to Standard-Model matter only through the dis-
formal term E(1)0,v 0,4, with E a free dark-sector pa-
rameter independent of ¢.

a. Background equation of state. Varying the action
with respect to ¢ gives a Klein-Gordon equation with a
disformal source, Oy — U’ (¥)) = Q, where on an FRW
background the matter coupling multiplies the inertia by
[14 Epm]. For U(p) = 3miy? in the fast-oscillation
limit my, > H, cycle-averaging [43] yields a macroscopic
equation of state that, in terms of the dimensionless cou-
pling ¢ = E(¢)) pm, takes the closed form

e(1+ Pn/pm)

= —m-——— . Il
wele) = S5 (1)
In the weak-coupling limit ¢ — 0 this gives wy, — 0
and py o< a”3—the standard cold behavior of a heavy

oscillating scalar—while for ¢ 2 1 it rises to wy — L

2
(matter era), so the condensate would dilute as a~%/2
and fail to track the dark abundance. The viable regime
is therefore € < 1.

b. Effective sound speed. Linearizing in conformal
Newtonian gauge [42], the principal part of the §1 equa-
tion is governed by the effective metric G = gM” —
E(w)T(“n:), giving a microscopic phase velocity ¢2 =
(1-EP,)/(1+ Epy). Mapped to the generalized-dark-
matter fluid variables [43], the rest-frame sound speed
is

K,

cieﬂ(a, k,a) ~wy(e) + a2 Cp (12)
¥

For € — 0 this reduces to cg,eﬂ — k2/(4m12/}a2), the canon-
ical heavy-scalar result, which is negligible (< 1072%) at
the acoustic scales k ~ 0.05-0.2 Mpc~! for any My >
10722 eV. The field then provides no pressure support
and clusters identically to CDM, reproducing the third
acoustic peak; for € 2 1 the equation-of-state term domi-
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nates, cieff — %, and a horizon-scale Jeans length erases
small-scale power (warm/hot behavior).

c. The coupling bound. Requiring C?,eff > owy <
10~% at recombination, so that acoustic power survives
to k ~ 0.2 Mpc™', linearizes to F(1)pm(2=1100) <
2 x 1075, With p,,(1100) = Qupeo(l+2)3 ~ 1.6 x
10738 GeV?,

E()) <12x10% GeV™* = M >5MeV, (I3)
writing £ = M ~*. This bound is extraordinarily permis-
sive: any hidden-sector interaction scale at or below the
electroweak value (M ~ 1 TeV, E ~ 10712 GeV™?), let
alone GUT or Planck scales (E ~ 10790-10-72 GeV™*),
lies 40-70 orders of magnitude inside it. Requiring weak
1)—matter coupling is thus the generic expectation for a
hidden sector whose gravitational work is done by ¢, not
a tuning.

d. Stability. The effective metric stays Lorentzian
when G% < 0 (no ghost) and G* > 0 (no gradient in-
stability), i.e. Ep, > —1 and EP,, < 1. The first is
automatic for £ > 0. The second is the only nontriv-
ial condition; it can be threatened only in the radiation
era, where P.,q o< a~*. At the natural couplings above
(M 2 1 TeV) the threshold EP,,q = 1 is never reached
within the regime of validity of the low-energy theory.
Only if E were pushed to the very edge of Eq. (I3) would
a gradient-instability window open at z ~ 3 x 10%; this
edge case is excluded by the same naturalness that makes
the bound trivially satisfied. We emphasize that this is
a linear analysis with 1’s matter coupling treated per-
turbatively, sufficient to validate the cold proxy in the
operating regime; a fully nonlinear treatment of Eq. (25)
across matter-radiation equality remains for future work.

e. Boltzmann mapping. In the operating regime
(e — 0) the field reduces to wy, = 0, ¢ 5 = 0, oy = 0:
standard cold dark matter, so the cold-proxy CLASS cal-
culation of Fig. 15 is justified with native cdm parameters
and no bespoke module. Modeling the excluded strong-
coupling boundary would instead require a generalized-
dark-matter fluid [43] carrying the e-dependent w,, and
ci’eﬁ of Egs. (I1)—(12).
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