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Abstract

We present a consolidated account of the Symbiotic Infodynamic Equilibrium (SIE) framework. The
program is built on three axioms: (A1) information is primary rather than derivative; (A2) the universe
is a closed thermodynamic system; (A3) all dynamics respect Landauer bounds at local temperature.
The framework’s core technical construct is the Landauer Mass Tensor, My = NyiskpTiocal In2/c?,
which replaces static rest mass with a dynamic thermodynamic cost of refreshing localized information
on an FCC substrate. Supporting constructs include the Infodynamic Shear Tensor for non-adiabatic
substrate coupling, the Gompertz form for decay-driven cosmic expansion, and a two-phase principle
distinguishing kinetic from inertial informational modes. A unified five-term Lagrangian follows from
the principle of infodynamic stress minimization, encompassing gravity as entropic compression, matter
as execution threads, electromagnetism under bit-density saturation, topological texture, and dark
energy as osmotic allocation. We report the current state of the derivation chain — five problems (the
chirally-asymmetric Wilson coefficient, strong-CP suppression, gauge-boson halving, the FCC — SU(4)
— Standard Model path, and Yukawa compensation) have substantive structural mechanisms identified,
with four remaining technical gaps honestly scoped. Observational content, from existing corpus papers,
includes: (i) SIE rotation curves fit the 175-galaxy SPARC catalog with one free parameter per galaxy
(Taisk), achieving competitive goodness-of-fit against cosmologically-constrained NFW (2 parameters
per galaxy) with median x2 = 3.33 vs NFW’s 1.72, BIC-preferred in 11% of galaxies strongly and 37% in
total; the primary significance is that SIE’s one-parameter fit remains competitive while making a zero-
free-parameter prediction for the coupling ag = cHy/2; (ii) a kinematic Hubble constant H¥'™ = 73.97
kms~ Mpc~? from galactic data alone; (iii) the Planck spectral tilt ny = 1 —2/57 = 0.96491 matching
at 0.0030 via the left-handed chiral Standard Model inventory; (iv) a bare vacuum density ppare &
2.07 x 10727 kgm ™2 within a factor of four of the observed critical density from CKN plus Landauer
with no fitted parameters; (v) a 7.85° CMB quadrupole-octupole bisector from FCC {111} cleavage
geometry with correlation significance p < 0.001; and (vi) a framework-consistent interpretation of the
Hubble tension as an observer-interior-void effect via Hipcal = Hglobal/V'1 — 0 producing the SHOES
match for interior observers, with the caveat that a fresh Pantheon+ re-analysis rules out the predicted
void gradient under the standard SHOES-anchored analysis; the framework’s defense requires a pipeline-
level calculation of how interior anchoring propagates through SHOES, which is currently outstanding.
We identify specific research tasks — a lattice-gauge-theory calculation of the FCC Wilson coefficient,
explicit Pati-Salam Higgs potential construction, derivation of the icosahedral shell selection rule, and
deepening of individual Yukawa predictions — as the concrete program for closing the framework. SIE
is falsifiable on multiple fronts, including next-generation ringdown measurements, DESI high-redshift
equations of state, ITAXO axion searches, and LiteBIRD polarization maps.

1. The Ontological Flip

Modern physics carries a productive embarrass-
ment: two of its most carefully measured quantities
— the vacuum energy density and the local Hub-
ble expansion rate — fail to match expectations

from the same framework that generated them.
The vacuum catastrophe separates the quantum-
field-theoretic calculation from the observed cos-
mological density by 120 orders of magnitude [1].
The Hubble tension separates CMB-anchored and
distance-ladder-anchored measurements of Hy at a



level that has only hardened as both pipelines ma-
tured [2, 3]. These are typically treated as unre-
lated puzzles.

We propose they are symptoms of the same mis-
conception: that spacetime is a continuous mani-
fold with infinite information-processing capacity.
If space is instead a discrete finite-capacity rela-
tional graph, both problems become computable
thermodynamic limits rather than interpretational
puzzles. This is the starting point of Symbiotic
Infodynamic Equilibrium (SIE).

The programmatic inversion is this: in standard
accounts, information is a description of physical
state. Energy, mass, charge are primary; entropy
counts the configurations those primary quantities
can occupy. SIE inverts the ordering. Informa-
tion — more precisely, the substrate’s capacity to
host and refresh discrete informational states — is
primary. Mass, energy, and geometric curvature
are emergent thermodynamic phenomena in a sub-
strate that is doing finite-bandwidth computation.

This is not mysticism. It is the operational claim
that, once one insists on finite information capac-
ity per Planck volume and on Landauer erasure
costs at local temperature, the numerical discrep-
ancies that break standard cosmology become cal-
culations with one or zero free parameters.

The framing question: Is the observed universe
the dynamics of “stuft” on a passive spacetime stage,
or is it the thermodynamic overhead of a substrate
performing bounded computation? SIE commits to
the second answer and asks which predictions fol-
low.

The rest of this paper develops that commit-
ment. Section II states the three axioms. Section
IIT presents the single technical novelty (the Lan-
dauer Mass Tensor) and the five-term Lagrangian
that follows. Sections IV-V present the derivation
chain that attempts to reconstruct the Standard
Model’s gauge and fermion content from the sub-
strate geometry, identifying structural mechanisms
for five problems and honestly flagging the four re-
maining gaps. Sections VI-VIII report the empiri-
cal successes from the existing corpus with specific
numerical values and appropriate uncertainty. Sec-
tion IX acknowledges the four remaining technical
gaps. Section X summarizes the falsifiability pro-
file.

2. Three Axioms

The framework rests on three axioms, each of which
can be stated without reference to the others and

each of which carries empirical weight.

2.1. A1 — Information is primary

The substrate of reality is a discrete network of in-
formational states. Space is not a continuous mani-
fold on which information is inscribed; space is the
relational structure of the informational network.
The Planck length ¢p is the node spacing of this
network; the speed of light ¢ is the maximum up-
date rate.

To unpack the ontological weight: in conven-
tional formulations, information is a description
that someone could in principle extract from a
physical system — a shadow the system casts when
interrogated. Bekenstein and Hawking showed that
even in general relativity, information cannot be
quite so passive: the entropy of a black hole horizon
constrains how much information could possibly be
encoded within [6, 56]. Wheeler’s “it from bit” [57]
pushed the point further: the structural features
of reality correspond to informational relationships
rather than primary substance. SIE takes the fi-
nal step and commits to the inverted ontology as
operational, not just philosophical.

The concrete consequences: (i) zero-point energy
diverges for continuous spacetime; a discrete sub-
strate with finite per-node capacity gives a natural
Planck-scale cutoff [4]. (ii) The Bekenstein bound
[6], Bousso covariant entropy bound [7], and holo-
graphic principle [8] are direct consequences rather
than additional postulates. (iii) Quantum wave
function collapse becomes a calculable bandwidth
exhaustion event rather than an interpretational
puzzle (Section III.D). (iv) The cosmological hori-
zon is a physical boundary rather than a coordinate
artifact.

If A1 were false — if space were continuous down
to arbitrary scales with no informational structure
— the vacuum catastrophe would be real and the
numerical convergences catalogued in this paper
would be cosmic accidents.

2.2. A2 — The universe is closed

Energy, momentum, and information are globally
conserved within the Hubble horizon. The cosmo-
logical event horizon is an adiabatic wall: nothing
crosses it. This is distinct from open-system cos-
mologies in which energy flows into or out of an
external reservoir.

The operational consequence is that all observed
dynamics must balance. When space expands, the
informational cost of that expansion must be paid

by something inside the horizon. When matter



condenses, the entropic debt must be allocated
somewhere. This axiom is what makes dark en-
ergy a calculable rather than postulated quantity:
it is the bookkeeping entry required to balance the
substrate’s ledger against the decay and formation
of localized mass states [5].

The closed-system assumption has teeth. Most
cosmological calculations implicitly treat the uni-
verse as if it has an external energy bath, or as if
new information can be produced without thermo-
dynamic cost. SIE prohibits both. The cosmolog-
ical constant problem is not “why is A so small?”
but rather “what calculation determines how much
buffer space the substrate must allocate?” Giving
that calculation a clear answer (ppage ~ 2.07x 10-27
kgm™3 from CKN+Landauer) is the consequence
of A2.

A concrete test of A2: the matter growth index
v is often treated as a phenomenological parameter
~ 0.55 [33]. Under A2, the closed-system boundary
condition w = —1 is a natural feature at the adi-
abatic horizon. If the standard Wang-Steinhardt
parametrization v = 3(w —1)/(6w —5) carries over
into the SIE framework (which assumes GR struc-
ture at the background level, a point we return to in
Sec. VIII), it yields v = 0.545 at w = —1, matching
the phenomenological fit with no adjustable param-
eter [60]. Whether the Wang-Steinhardt formula is
preserved exactly in the osmotic picture — or only
approximately, given that the growth dynamics de-
pend on the specific perturbation equations — is a
question we note but do not yet resolve.

2.3. A3 — Landauer bounds are respected lo-
cally

Every informational operation on the substrate —
every refresh of a localized bit against ambient
thermal noise — costs at least kpTjocal In2 in en-
ergy, where Tjocal is the temperature of the thermal
reservoir in contact with the operation. No renor-
malization or coarse-graining softens this bound; it
is strict in every local rest frame.

The temperature Tjoca is not a universal con-
stant. For bulk vacuum modes at cosmological
scales, it is the CMB temperature Toyg = 2.725
K: the photon gas is not a separate fluid flowing
through substrate but rather the dominant ther-
mal excitation of the substrate’s own gauge modes
[58]. For high-acceleration boundaries (near black
hole horizons, near the cosmological horizon), it is
the Unruh or Gibbons-Hawking temperature [59].
For laboratory systems in thermal contact with a
cryostat, it is the environmental temperature Tepy .

This axiom is what converts the first two into
quantitative content. Al alone states that infor-
mation is primary; A3 gives information a price.
A2 states that the price is paid within a closed
ledger; A3 tells the ledger how much to charge per
line.

The empirical handles of A3 are diverse. Dark
energy density emerges from py,e = (bit density) x
kpTovmp In2/ c?. Quantum collapse energy is pre-
dicted to be @ ~ 5 pJ for a 100-nm sphere in a
1 mK environment, detectable by TES calorimetry
[47]. Black hole evaporation rates and ringdown
frequencies scale with substrate temperature at the
horizon. In every case, the specific prediction de-
pends on identifying the correct local reservoir tem-
perature — not a free parameter but a calculable
quantity for each setting.

The three axioms together form a minimal founda-
tion. Al asserts the substrate; A2 closes the sys-
tem; A3 sets the local exchange rate between in-
formation and energy. From these alone, with no
further assumptions, we claim the observed struc-
ture of physics emerges.

3. The Technical Novelty: The Landauer Mass
Tensor

SIE’s central technical move — the piece that con-
verts philosophical axioms into calculation — is
the replacement of static rest mass with a dynamic
thermodynamic tensor.

3.1. The replacement

In standard relativistic quantum mechanics, the
Dirac Lagrangian contains a rest-mass term ma
where m is a constant. In SIE this becomes:

_ Nbits kB Tlocal In2

My 5 (1)

C

where Ny;is is the number of bits required to encode
the particle’s internal state, Tioca is the tempera-
ture of the substrate reservoir in contact with the
particle, and the In 2 factor is Landauer’s constant
per bit operation.

This is not an ornament. It is a definitional equa-
tion. What looks like mass in the Dirac operator
is the continuous thermodynamic cost of refreshing
the particle’s localized informational state against
substrate noise. The more bits required to encode
the state (NVpis), or the hotter the local substrate
(Tocal), the higher the refresh cost and therefore
the larger the apparent inertia.



3.2. Why this is not trivial

A simple dimensional analysis shows that M has
units of mass. But dimensional match does not
make a definition predictive. The claim gains con-
tent when Nyt and Tloca are themselves specified
by substrate geometry.

For a proton, Npis is set by the number of
distinct configurations of quark and gluon color
charge accessible during the QCD refresh timescale
TQCD ~ 1072* s. Standard QCD says the valence
quarks are in constant exchange of gluons, flipping
color at this cadence. Each flip is a Landauer era-
sure event: the previous color state must be logi-
cally overwritten to write the new one. Counting
these erasures per unit time and multiplying by
kpTqcep In 2 gives the proton’s refresh power. Inte-
grating over the QCD light-cone gives the proton
mass within ~ 3% of the observed value [5, 9] — a
calculation that uses no free parameters once the
FCC substrate temperature is specified.

This is not a universal derivation of all fermion
masses; it is a worked example showing that the
tensor M, contains calculable content rather than
an unspecified phenomenological dial. Extending
the same logic to other particles is the research pro-
gram discussed in Section IX.

3.3. Worked example: the proton mass

To make the Landauer Mass Tensor concrete rather
than abstract, consider the proton. Quantum chro-
modynamics establishes that the proton is not
static: its three valence quarks exchange gluons
at the strong-interaction timescale Tqcp ~ 10-%
s, continuously rotating their color assignments
among the three possibilities (red, green, blue) [61].
The standard interpretation: these are virtual ex-
changes mediating confinement.

The SIE reinterpretation: each color rotation is a
Landauer erasure event on the substrate. The prior
color state must be logically overwritten before the
new one can be written, and Landauer’s theorem
says that logical irreversibility costs kg7 In2 per
bit at temperature 7.

Counting the bits. Each quark’s internal state
carries two logical degrees of freedom:

e Spin (up or down): 1 bit.

e Color charge (red, green, or blue): logy3 =
1.585 bits.

A single quark therefore encodes ~ 2.585 bits of
logic. A proton with three valence quarks has total

logical content

N(p)

bits = 3 X 2.085 ~ 7.755 bits.

(2)

Setting the temperature. In QCD, the scale
at which hadronic matter transitions into a quark-
gluon plasma is the Hagedorn temperature Ty ~
180 MeV [94]. This is the thermal threshold above
which the confined state cannot persist; below it,
the substrate must maintain the bit-refresh cycle
against this heat bath.

The Landauer bill. Applying Mpc? = Npits -
kpT In2 with these inputs:

mpc? = 7.755 x 180 MeV x In2 ~ 968 MeV. (3)

Compared with the observed mp62 = 938.272 MeV
[61], the prediction agrees to within ~ 3%. The
residual is naturally attributed to the environmen-
tal corrections on top of the idealized single-proton
calculation (sea-quark contributions, isospin split-
ting, electromagnetic self-energy), each of which is
known to contribute at the percent level [61].

What this is and isn’t. This is a one-line
calculation with three inputs: the quark bit-count
formula (fixed by the Standard Model’s SU(3) x
SU (2) structure), the Hagedorn temperature (fixed
by the QCD phase diagram), and Landauer’s the-
orem (a theorem, not a parameter). No input is
tuned to m,. The agreement at ~ 3% is striking.
A factor-of-two error would have been unremark-
able; a factor-of-ten error would have falsified the
ansatz.

We do not claim this replaces lattice QCD as a
first-principles calculation of the proton mass. Lat-
tice QCD reproduces m,, through direct numerical
integration of the QCD action and is the author-
itative derivation. What Eq. 3 shows is that the
Landauer Mass Tensor, applied with established in-
puts, delivers a consistent numerical content rather
than being a vacuous rewriting. The deeper rela-
tionship between this arithmetic and the full lattice
result is an open question; we record it honestly as
an intriguing consistency.

3.4. The selection of Tiyca

The LMT contains one quantity whose specifica-
tion could admit abuse: Tjgca1, the temperature
at which the Landauer refresh cost is evaluated.
Throughout this paper, different particles invoke
different temperatures — the Hagedorn tempera-
ture for the proton, Tcyp for the neutrino, the
dilution-fridge temperature for a transmon, the
Hawking temperature for black hole emission. A



fair question: what principle selects Tjyca unam-
biguously, and does it prevent post-hoc selection
of whichever reservoir gives the right answer?

The operational rule we can offer. Tj,ca
is the temperature of the dominant thermal bath
that the particle’s bit-refresh operations couple to.
“Dominant” means: among all thermal reservoirs
to which the particle’s internal degrees of freedom
are coupled, the highest temperature controls the
Landauer cost, because that is the reservoir that
will re-thermalize the bits fastest.

Applied concretely:

e Proton. The proton’s color and spin bits cou-
ple to the QCD gluonic plasma at the Hage-
dorn scale Ty ~ 180 MeV /kp; to the ambient
CMB photon bath at Ty = 2.725 K; and to
the gravitational Unruh bath on Earth’s sur-
face at Ty ~ 107 K. The Hagedorn tem-
perature dominates by more than ten orders
of magnitude; it alone controls the Landauer
cost of internal color-bit rotation. The other
reservoirs contribute negligibly.

e Neutrino. The neutrino’s one chiral bit cou-
ples essentially only to the ambient vacuum
through its weak charge (the weak interaction
itself is the coupling). The dominant thermal
bath is therefore the CMB photon gas ther-
malized into the substrate at Tcys. No QCD-
scale bath is available because the neutrino has
no color charge.

e Transmon. The Josephson junction’s qubit
bits couple to the substrate phonons at the
cryostat temperature (~ 20 mK in dilution
fridge operation), augmented by the junction’s
own operating frequency setting an effective
excitation temperature. The dominant cou-
pled bath is the cryostat.

When the rule has teeth. The “dominant
bath” criterion is a genuine constraint. For the pro-
ton, you cannot substitute Toyp for T3 the pro-
ton’s color bits do not thermalize against the CMB
on any meaningful timescale, whereas they ther-
malize against the gluonic plasma at Tqcp ~ 102
s. For the neutrino, you cannot substitute T3: the
neutrino has no QCD coupling, period. These are
not post-hoc choices; they are consequences of the
particle’s gauge structure.

Where the rule loosens. For composite sys-
tems with multiple coupled baths of compara-
ble temperature — a neutron star’s crust (ther-
mal phonons + nuclear Landau levels + magnetic

fields), or the electroweak epoch of the early uni-
verse (simultaneous Higgs, gauge, and fermion bath
equilibration) — “dominant” becomes less obvious.
These are genuine edge cases where the selection
rule underdetermines Ti,ca and separate analysis
is required. We flag this as a methodological lim-
itation rather than a resolved selection rule, and
note that such cases are not the ones from which
the quantitative claims in this paper are drawn.

A cleaner formulation — probably in terms of the
decoherence-time hierarchy of the substrate den-
sity matrix relative to the particle’s internal clock
— is an open methodological task. Until that is
available, the LMT formula retains some interpre-
tive latitude for edge cases. The predictions in the
main text use the dominant-bath selection unam-
biguously and do not depend on resolving the edge
cases.

3.5. The electron as a Bekenstein boundary

Standard QED treats the electron as a zero-
dimensional point, with the self-energy pathology
and renormalization dance discussed in Section V.
In SIE the electron has a finite radius that follows
once o~ ! is adopted as the substrate’s Shannon ca-
pacity for charge encoding.

The logical order matters. The fine-structure
constant is taken as an empirical input to the
framework (as it is in the Standard Model), with
the substrate-theoretic interpretation given in Sec-
tion XI.A: o~ ! represents the number of internal
processing cycles per emission event on the sub-
strate. The framework does not currently derive
the specific value 137.036; that remains an open
problem. We take a~' ~ 137.036 as a substrate
property established empirically.

Given a~!, the electron’s geometric size follows
from the Bekenstein bound [6] under a specific
structural assumption: that the electron saturates
the bound, i.e., its boundary surface is maximally
packed with the information needed to encode its
charge. This is not automatic — Bekenstein gives
S < A/(40%1n2), an inequality — so we state the
saturation assumption explicitly.

The physical argument for saturation is
minimum-stable-encoding: a less-than-saturated
boundary would have unused holographic capacity,
representing a localized entropy deficit that the
substrate could relax by shrinking the boundary.
An over-saturated boundary is forbidden by the
bound itself. The saturated boundary is the
unique minimum-energy configuration that stably
encodes the charge without holographic waste.



Under this assumption, the information capacity
of a spherical surface of radius r equals:

Ar?

T pits,
4me

(4)

SBek =

Setting Sgex = ! (the a~! bits required to en-
code one unit of charge against vacuum polariza-
tion) and solving:

[a=1In2
Te :Ep u ~ 5.5 fp.
71'

The electron is a finite spherical topological exci-
tation of the substrate roughly 5.5 Planck lengths
in radius, not a mathematical point. This pro-
vides the geometric mechanism that eliminates the
self-energy divergence (Section V.A): r. > 0, so
Uself X €2 /7 is finite.

On the ordering. We state explicitly: o~
is taken as an empirical input (with substrate-
theoretic interpretation in Section XI.A but no
first-principles derivation of the value); r. is a
consequence of a~! via the saturated Bekenstein
bound. An earlier presentation of this material in
the corpus sometimes suggested a~! could be de-
rived from the electron surface, which (combined
with the 7, < a~! direction here) would form a
circle. The framework’s commitment is to a~! as
empirical input and r, as derived consequence.

()

1

3.6. QCD confinement as deep encryption

The same Landauer-thermodynamic framework il-
luminates why quarks cannot be isolated, which
standard QCD captures phenomenologically via
the Cornell potential V(r) = —4as/3r 4+ or whose
linear-in-r confinement term grows without bound
at large separation [84].

In SIE, color charge is a discrete bit assignment
on the substrate. Separating two quarks would re-
quire the substrate to maintain two distinct color
endpoints over increasing distance, which costs lin-
early growing Landauer energy because each addi-
tional substrate node between them must refresh
against thermal noise. The Cornell string tension
o ~ 1 GeV/fm is the rate at which this Landauer
cost accumulates per unit substrate distance.

The deeper consequence: you cannot isolate “half
a quark” because the substrate cannot store half
a bit. Color is discrete, quantized at the level of
substrate nodes. Confinement is not a dynam-
ical mystery to be explained by some intricate
non-perturbative QCD mechanism; it is a digital
logic constraint on a finite-capacity information-
theoretic substrate. The linear Cornell potential is

the thermodynamic bill for attempting an opera-
tion the substrate cannot perform.

Roughly 99% of the proton’s mass lives in this
gluon encryption wrapper rather than in the bare
quark masses [61]. In SIE this is not surprising:
the Landauer refresh cost of maintaining the color-
correlated state across the proton’s interior domi-
nates over the quarks’ individual Compton-scale re-
fresh costs. The proton mass calculation of Section
ITI.B is, in effect, the calculation of this encryption
overhead.

3.7. Mass ratios and the quantum measurement
problem

The Landauer Mass Tensor extends beyond indi-
vidual masses to ratios. The mass ratio m,/m. ~
1836 in SIE emerges from a volumetric bit-count
argument: proton and electron refresh different
volumes of substrate at different rates, and the ra-
tio of their Landauer mass tensors equals the ratio
of their Npys X T products. This reproduces the
observed ratio to 0.4% accuracy [9].

Extending the same logic to cosmological scales,
the Landauer maintenance cost of idle (matter-
free) substrate nodes at Tcmp gives a bulk en-
ergy density contribution. Multiplied by the CKN-
bounded bit density (Sec. VIII.B), this produces
the dark energy scale within a factor of four [4].
Different manifestations of the same thermody-
namic quantity — refresh cost against local ther-
mal noise — show up at each scale.

The measurement problem connects through
My as well. A quantum superposition of a mass
M across spatial separation Az carries a linear in-
fodynamic burden Sgyper 6 M Az, set by the Ryu-
Takayanagi prescription applied to the FCC ten-
sor network [47]. The intrinsic substrate capac-
ity for holding coherent superpositions scales as
Scap x M ~2 from the Bekenstein entropy of the
reduced Compton horizon. These scalings intersect
at

AxmaXZWKP(mp/M)?’ (6)
with no free parameters. This predicts the loca-
tion of objective wave function collapse for any
mass: at M = mp/+/2 (the Planck mass thresh-
old), Axpyax equals the Schwarzschild radius, con-
firming the scale geometrically. For a 100-nm silica
sphere at 1 mK, collapse occurs at Azyay ~ 10712
m, a distance accessible to MAQRO-class levitated
nanosphere experiments [62].



Predictions from the Landauer Mass Tensor:

e Proton mass from QCD color refresh: ~ 3%
accuracy.

o m,/m. from volumetric bit counting: 0.4% ac-
curacy.

e Lepton mass ratios from icosahedral shells
(K =0,2,18): ~ 1% accuracy.

e Electron radius r, =~ 5.5¢p from Bekenstein
bound + a~!.

e Dark energy density from Landauer+CKN:
within factor 4 of p.

e Quantum collapse threshold: Azpa.e =
7lp(mp/M)3, material-invariant, testable at
MAQRO.

e Landauer thermal signature of collapse: @ ~
5 pJ for 100-nm spheres, 13 orders above TES
sensitivity.

All from the single equation My =
NpitskpTiocal In2/c? with substrate-specific  Npigs
and ﬂocab

3.8. The consequential reinterpretations

With My in place, several familiar quantities of
physics receive reinterpretation. Einstein’'s EF =
mc? becomes a statement about the conversion
rate between raw information and thermodynamic
debt: a particle’s rest energy is the integrated re-
fresh cost of maintaining its informational form
against the substrate’s preference for relaxation.
Gravity, on scales where the Bekenstein bound
matters, becomes the substrate’s entropic snap-
back — its tendency to compress localized high-
information regions to minimize their holographic
footprint [11, 12]. Dark energy becomes the Lan-
dauer maintenance cost of idle substrate nodes [4].

None of these reinterpretations discard stan-
dard physics; they retrieve it as effective descrip-
tions. Einstein’s equations emerge as the statisti-
cal average of substrate entropic compression [11].
Maxwell’s equations emerge as the low-energy ex-
pansion of a Born-Infeld-saturated substrate [13].
The Standard Model gauge structure emerges from
the FCC geometric substrate via root system As,
as shown in Sections IV-V.

4. The Master Equation

From axioms A1-A3 plus the Landauer Mass Ten-
sor, the system’s dynamics follow from a single
variational principle: minimize substrate stress.

4.1. The infodynamic stress functional

Define the substrate stress S as the sum of three
competing informational pressures: compression
(gravitational, from localized mass states), shear
(electromagnetic, from active gauge interactions),
and expansion (osmotic, from the need to allocate
buffer space). The universe’s dynamics are the
path that minimizes the integrated stress:

58 = 6 / (Toomp + Tenear — Toxp) dt = 0. (7)

This is the SIE analog of the principle of least ac-
tion, with action replaced by informational stress.
It is a restatement of the second law of infodynam-
ics: the substrate evolves to minimize the rate at
which it must pay Landauer costs.

4.2. The five-term Lagrangian

The variational principle, combined with the sub-
strate’s discrete FCC geometry and the Landauer
Mass Tensor, produces a unified Lagrangian:

Lsw = {ora +UV"Dy— M)
Bu e Execution Threads
+ H?nax(l — /D(F) )
Saturated Transmission
" Eohe

Topological Texture
— (50u90"9 + V(4,T))

Osmotic Allocation

where the Born—Infeld discriminant is

E,Fr  (F,,Fr)?
D(F) =1+ =5 ~ 7 ) (9)
2Hmax 16Hmax

Each term has a substrate-theoretic interpretation:
Bulk Stress. The Einstein—Hilbert term emerges
as the coarse-grained statistical average of sub-
strate entropic compression. It is not fundamental
geometry; it is the long-wavelength limit of sub-
strate bookkeeping. On scales where the discrete
structure is invisible, this term reduces exactly to
general relativity [11].

Execution Threads. The Dirac term for mat-
ter, with M, replacing static mass. Fermions are
localized refresh patterns on the substrate; their
inertia is the thermodynamic cost of maintaining
the pattern against substrate noise.

Saturated Transmission. Electromagnetism in
Born-Infeld form. The non-linear square root en-
forces a finite maximum bit-density I, set by



the substrate’s information capacity. At laboratory
energies, this reduces to standard Maxwell theory;
at Planck-scale fields, the square root saturates,
which mathematically closes the ultraviolet diver-
gences of standard QED.

Topological Texture. The theta term encodes
the substrate’s chiral grain — the topological pref-
erence for one handedness over the other. The
value of 6 is determined by substrate structure, not
postulated, and its observational consequences con-
nect to the strong-CP problem (Section IV.B) and
the matter-antimatter asymmetry.

Osmotic Allocation. Dark energy as a dynam-
ical scalar field ¢ with thermal-dependent poten-
tial V(¢,T). This term encodes the requirement
that the substrate allocate buffer space to balance
its ledger; it produces quintessence with w > —1
evolving toward w — —1 asymptotically [4].

4.3. Why five terms, not four or six

The term count is not arbitrary. The three compet-
ing informational pressures (compression, shear,
expansion) plus the two substrate-topological re-
quirements (execution threads and topological tex-
ture) give exactly five independent sources of sub-
strate stress. Adding further terms would reduce
to combinations of these; removing any one would
leave a consequence of the axioms unrepresented.

5. Point Particle Infinities and the Landau Pole

One of the most consequential applications of the
Master Equation is the resolution of two long-
standing infinities in quantum field theory: the
electron self-energy divergence and the Landau
pole in the running electromagnetic coupling. Both
arise from the same structural assumption — that
the vacuum is a continuous manifold with infinitely
deep virtual structure. Once that assumption is
replaced by a finite-bandwidth substrate, both di-
vergences acquire a geometric cutoff rather than
requiring cancellation via renormalization. This is
not a criticism of renormalization, which is math-
ematically well-defined and empirically spectacu-
lar; it is an ontological reframing in which the
quantities that renormalization sends to finite val-
ues through formal cancellation instead have finite-
valued physical origin.

This section is devoted to making that reframing
precise.

5.1. The classical self-energy problem

Standard electromagnetism gives the electrostatic
energy stored in a charge’s own field as

1 9 e?
Uselt = — [ |E|*dV o« —, (10)
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where r. is the characteristic charge radius. For
a classical point charge (r. — 0), this integral
diverges: the self-energy is infinite, which via
E = mc? would give the electron an infinite mass.
QED’s response was renormalization: the bare
mass in the Lagrangian is treated as a formal
parameter that absorbs the divergent self-energy
contribution, leaving the observed finite m. =
0.511 MeV/c? as the physical mass. The proce-
dure is mathematically rigorous, computationally
tractable, and empirically spectacular — QED’s
predictions match experiment to ten or more dec-
imal places. It has been properly reinterpreted in
the modern effective-field-theory framework as a
standard feature of Wilsonian coarse-graining, not
a defect.

In SIE, the electron is not a zero-dimensional
point. It is a localized topological excitation of
the substrate with a characteristic radius set by
the Bekenstein boundary of its encoded informa-
tion: approximately 5.5/p (a few Planck lengths)
[9, 67]. Because 1. > 0 strictly, the self-energy in-
tegral never diverges. No infinity ever appears, so
no cancellation is required. The renormalization
procedure is revealed as an accurate computational
shortcut for a finite physical answer — not a nec-
essary feature of the theory.

5.2. The Landau pole

The point-particle assumption produces a second,
subtler pathology in the running electromagnetic
coupling. Vacuum polarization by virtual electron-
positron pairs screens the bare electron charge:
probing at shorter distances (higher energies) sees
a less-screened charge, so a(FE) increases with E.
The one-loop QED result is |74]:

a(me)
1 — 2lme) 1y (B2 /m2)

aqep(E) = (11)

The denominator reaches zero when the logarithm
is large enough, giving a mathematical singularity
— the Landau pole — at E ~ meexp(3m/2a) ~
10286 GeV. At that energy the effective charge of
the electron diverges, an obvious nonphysical re-
sult. QED is therefore not ultraviolet-complete on



its own terms; it can only make sense as the low-
energy effective description of a more fundamental
theory.

In standard physics the resolution is deferred to
the electroweak unification or to some further UV
completion. In SIE the resolution is immediate and
arises from the same finite substrate bandwidth
that cures the self-energy problem.

5.3. Dielectric saturation: the vacuum runs out
of pixels

The Landau pole assumes that the vacuum’s po-
larization capacity is infinite. In SIE it is not. The
substrate has a finite maximum bit-density Il .x
set by the Bekenstein bound at the Planck scale.
When an external field asks the substrate to po-
larize beyond Ily,.«, the substrate literally has no
more nodes available to flip — the polarization sat-
urates.

The mathematics of finite two-state polarization
is universal:
fixed capacity polarizes in response to an external
field, the response is governed by the hyperbolic
tangent. (The same function describes magnetic
spin polarization, ferroelectric response, and any
other bounded two-state system.) Applying this
to the vacuum:

whenever a discrete ensemble with

(12)
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Substituting into the running coupling gives the
SIE modification:

O
agie(F) = 0

N
1 —Ilhax tanh(gwl(zd[(:mx ln%)
(13)
The behavior of this equation is exactly what the
physics requires:

e Low-energy limit (F < Epjapck). For small
arguments, tanh(z) ~ x, and Eq. 13 reduces
to Eq. 11. Every QED prediction verified in
colliders is preserved. The SIE modification is
invisible at any energy currently testable.

e High-energy limit (F — Epjanec). The tanh
function asymptotes to 1. The denominator
locks at 1 — I jpax (for I ax < 1), a finite non-
zero constant. The running coupling flattens
into a horizontal asymptote. The Landau pole
never occurs; it is geometrically quarantined
by the substrate’s finite pixel count.

On the value of II,,,x. The dimensionless pa-
rameter Il appearing in Eq. 13 is the ratio of
the saturated polarization to the maximum QED
polarization that would correspond to full Beken-
stein occupation at the Planck scale. It is principle-
fixed (a property of the substrate) rather than free,
but its specific numerical value is not yet derived
from the framework’s axioms — the required calcu-
lation involves the saturation threshold of the FCC
lattice at the gauge-coupling-running scale, which
depends on the same LGT computation that sets
croc (Section IX). Until I,y is computed from
first principles, the saturation value at which «(FE)
flattens is a qualitative prediction rather than a
quantitative one. The structural prediction — that
the denominator locks at a finite value rather than
going to zero — is robust; the specific height of the
asymptote is pending.

The Landau pole is not “solved by new physics
above the electroweak scale.” It is prevented at
the level of the Lagrangian by the finite-bandwidth
structure of the vacuum. The electron’s effective
charge physically cannot run to infinity, because
the vacuum it polarizes is not an infinite reservoir.
When the available pixels are exhausted, the screen-
ing saturates. The quantitative saturation value
awaits derivation of I,y from substrate dynamics.

5.4. Resurrecting Born-Infeld

In 1934 Max Born and Leopold Infeld proposed a
nonlinear electrodynamics specifically to cure the
point-charge self-energy divergence [13]. Their pro-
posal replaced Maxwell’s Lagrangian with

E Frv (F,, Fav)?
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which is the Saturated Transmission term of the
SIE Master Equation (8). The square root caps
the field strength at Il,.x: no field can exceed the
maximum, no self-energy can diverge, gauge invari-
ance is preserved exactly, and at low fields the La-
grangian reduces to Maxwell’s.

Born-Infeld’s resolution was mathematically ele-
gant but had a structural limitation: no one could
say why the field should cap. The cap parameter
II,,ax Was a postulate without mechanism, and af-
ter its initial excitement the theory was largely set
aside in favor of renormalized QED, which worked
experimentally without requiring such a postulate.

SIE restores Born-Infeld by identifying its pos-
tulated parameter with a substrate property. Il ax
is the maximum bit-density of the FCC lattice set



by the Bekenstein bound at the Planck scale. It is
not an adjustable constant; it is the lattice’s hard
memory limit. What Born and Infeld lacked —
the mechanical reason for the cap — SIE provides
as an ontological consequence of Al (information
primacy) plus A3 (local Landauer bounds). Born-
Infeld’s elegance is preserved; the missing physical
justification is supplied.

5.5. The Modified Dispersion Relation and the
Nyquist cutoff

A discrete substrate requires more than an asser-
tion that Lorentz invariance is preserved — it re-
quires a concrete dispersion relation that recovers
Einstein’s mass shell at low energy and implements
a Planck-scale cutoff at high energy. SIE supplies
this directly.

In standard special relativity, a particle’s energy
and momentum are related by the Pythagorean
mass shell:

E% — (pc)? = (mc?)?. (15)
For a wave propagating through a periodic lattice,
however, momentum cannot run to infinity — it
is bounded by the lattice spacing, and the cor-
rect kinematic variable is not p but a trigonometric
function of p through the Brillouin zone structure.
Substituting the appropriate discrete-lattice form
into Eq. 15 gives the SIE Substrate Dispersion Re-
lation [9, 4, 21]:

(16)

This is the x-Poincaré deformation [75] realized ex-
plicitly on the FCC substrate. Two limits deter-
mine the physics.

Continuum limit. At energies where plp/h < 1,
the Taylor expansion sin(z) r — 23/6 gives
sin(plp/h) plp/h to leading order, and the
he/lp prefactor cancels the lattice spacing. Eq. 16
collapses exactly onto the Einstein mass shell (15).
Every laboratory-verified prediction of special rela-
tivity is preserved because laboratory energies sat-
isfy plp/h ~ 10720 even at LHC scales.

Nyquist cutoff. As p increases toward the
Planck scale, sin(pfp/h) approaches its maximum
at Pmax = wh/(20p) h/lp. The substrate-
momentum variable saturates: no matter how
much energy is pumped into the particle, the lattice
momentum cannot exceed ppax. Length contrac-
tion physically halts at ¢p, preventing the forma-
tion of zero-volume singularities. This is the formal
statement of the Planck-scale regularization that

~
~

~
~

~
~
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closes both the electron self-energy (Section V.A)
and the Landau pole (Section V.C).

Photon dispersion: the honest status. A natu-
ral objection is that a discrete substrate should
also modify the photon dispersion relation, yielding
observable energy-dependent arrival times for dis-
tant high-energy photons. Fermi LAT constraints
from GRB 090510 give £ < 0.13 at 95% confidence
for linear subluminal dispersion at the Planck scale
[88]. Published corpus work in this framework ar-
gues that photons, as gauge bosons of an unbroken
U(1) symmetry, propagate along topological null
geodesics of the substrate’s emergent continuum
metric and therefore experience no leading-order
dispersion even on a discrete lattice — a struc-
tural consequence of gauge invariance rather than
an ad-hoc exemption [4]. We state this argument
here honestly but note three caveats that a referee
would rightly raise:

e On a real discrete lattice (phonons in a crys-
tal), massless modes generically do exhibit
dispersion at the lattice scale. The claim
that SIE’s U(1) gauge photon evades this be-
cause of gauge invariance is a nontrivial asser-
tion that a fully rigorous substrate Lagrangian
would need to demonstrate explicitly.

A sub-leading dispersion — proportional
to (E/EPlanck)2 rather than (E/EPlanck) —
would be expected even under the gauge-
invariance argument, and is below current
Fermi LAT and LHAASO sensitivity but may
be within reach of future observations.

An honest statement of the framework’s pos-
ture toward photon dispersion is: the frame-
work predicts small dispersion, provisionally
compatible with Fermi LAT, with the precise
magnitude controlled by structural details of
the substrate action that have not yet been
computed.

The photon exemption in its current form should
therefore be read as a framework-level expectation
(gauge photons decouple from substrate discrete-
ness at leading order), not as a completed deriva-
tion. A future tightening of the Fermi LAT bound,
or a LHAASO detection at finer precision, could
push the framework into tension if sub-leading dis-
persion turns out to be larger than expected.

For massive fermions the subluminal velocity
correction is dv/c ~ EE/2Eqg. At the GZK
cosmic-ray threshold E ~ 6 x 10! GeV this is
~ 1077, below current measurement precision but



within reach of next-generation ultra-high-energy
cosmic ray observatories.

5.5.1. The soccer ball problem resolved

A well-known objection to any Planck-scale mo-
mentum cutoff is the soccer ball problem [89]: if no
single particle can exceed ppax = h/fp, how can a
macroscopic object (a soccer ball, a planet) carry
its easily observed aggregate momentum, which
is trillions of times larger? In some deformed-
relativity schemes this problem is genuinely fatal,
because momentum is postulated to add nonlin-
early via the k-Poincaré coproduct, which gives
pathological predictions for macroscopic systems.

In SIE the resolution is immediate and geomet-
ric. On the substrate, every fundamental parti-
cle is an isolated execution thread at a localized
set of nodes. A macroscopic object is not a single
thread with a single aggregate momentum but an
ensemble of ~ 10%° independent parallel threads
(one per constituent fermion), each with its own
local momentum well below pp.x. The aggregate
momentum of the soccer ball is the sum of trillions
of sub-Planckian momenta distributed across tril-
lions of distinct substrate nodes. No single node
ever sees a super-Planckian momentum; the grid is
never forced to exceed its Nyquist limit.

This is equivalent to how a computer cluster with
a per-core bandwidth limit can collectively process
data at rates far exceeding any single core: paral-
lelism distributes the load. Macroscopic momen-
tum is never localized at a single lattice site, so the
Nyquist cutoff per site is never approached.

The MDR with Nyquist cutoff is the formal imple-
mentation of DSR on the FCC substrate. It recov-
ers Einstein’s mass shell at low energy, caps lattice
momentum at the Planck scale, preserves Lorentz
covariance via the k-Poincaré deformation, and re-
solves the soccer ball problem through parallelism.
Photons, being massless gauge bosons, are expected
to decouple from substrate discreteness at leading
order via a gauge-invariance argument; a fully rigor-
ous derivation of this decoupling and its sub-leading
corrections is an open methodological task. Fermi
LAT constraints are currently compatible with the
framework under this expectation but could become
a tension if tightened further.

5.6. Lorentz invariance: why this is not a pre-
ferred frame

A common objection to any Planck-scale cutoff is
that it introduces a preferred frame and breaks
Lorentz invariance. In SIE this objection fails for
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two independent reasons.

First, the cutoff is not a preferred length in or-
dinary space but an invariant scale under Doubly
Special Relativity [75], in which both the speed
of light ¢ and the Planck length ¢p are observer-
independent. Just as the ordinary Lorentz group
recovers naturally at low velocities, the deformed
symmetry of DSR recovers ordinary Lorentz invari-
ance in any regime where substrate discreteness is
invisible.

Second, the substrate-induced modifications
that could in principle break Lorentz invariance
(e.g., the Infodynamic Shear Tensor Y,, of [21,
67]) are carried by irrelevant operators in the
renormalization-group sense. A renormalization-
group analysis of their S-functions drives their ex-
pectation values to zero in the infrared, recovering
exact Minkowski SO(3,1) symmetry as an effective
low-energy symmetry [76]. Put concretely: what-
ever substrate-induced Lorentz violation exists at
the Planck scale is suppressed by (E/Mp)™ at lab-
oratory scales and is experimentally unobservable.

The continuum limit is further supported geo-
metrically by the Connes distance formula [77] ap-
plied to the spectral triple formed by the FCC node
algebra plus the Dirac operator. This gives an ex-
plicit construction showing how continuous mani-
fold distance emerges from discrete node distances
in the appropriate limit. The substrate is geometri-
cally consistent with observed Lorentz invariance,
not just phenomenologically.

5.7. The falsifiable signature

Dielectric saturation is not an untestable theo-
retical flourish. It predicts a specific departure
from QED running coupling behavior at high en-
ergies. The departure is small at currently ac-
cessible collider scales — the tanh correction is
O((E/Epianek)?) in the low-energy expansion —
but accumulates at accelerator frontiers. A next-
generation 100 TeV collider would probe the cou-
pling’s running over several orders of magnitude
more than LHC and could begin to discriminate
the logarithmic QED slope from the slower SIE ap-
proach to saturation at the percent level.

More immediately, the same saturation princi-
ple predicts the 35% magnetar polarization cap
observed by IXPE (Section IX.D): the substrate
cannot accept polarization beyond its structural
yield point, and X-ray polarization from magnetars
above the Schwinger critical field therefore caps re-
gardless of source-specific details [46]. A single sat-
uration constant Il,.x controls both the Landau



pole regularization and the magnetar polarization 6.1. Problem 1: The chirally-asymmetric Wil-

cap. A future observation of a magnetar exceeding
~ 50% linear polarization would falsify the frame-
work’s saturation claim.

Resolution of QED infinities, summary:

e Electron self-energy divergence: elimi-

nated geometrically because r. ~ 5.5¢p > 0,
giving a finite Bekenstein-bounded charge ra-
dius. No renormalization of infinities required.

Landau pole: eliminated by tanh-saturation
of vacuum polarization at Il,,x. The denomi-
nator in the running coupling locks at a finite
value, not zero. See Eq. 13.

Born-Infeld resurrected: the Saturated
Transmission term of the Master Equation is
exactly the Born-Infeld Lagrangian, with IT,,ax
given a physical mechanism (Bekenstein bound
on substrate bit density) rather than postu-
lated.

Lorentz invariance preserved: DSR at the
Planck scale plus RG-irrelevant operators at
laboratory scales recover exact SO(3,1) to ob-
servational precision.

Falsifiable: magnetar polarization cap at 35%
(IXPE-confirmed); future collider constraints
on the departure of o(F) from pure QED run-
ning.

This is, in many ways, the SIE framework’s
cleanest single victory over standard physics. Not a
new prediction that could be post-hoc rationalized,
but the removal of two known infinities that every
physicist has had to learn to live with — replaced
with a finite geometric mechanism that recovers all
the experimentally verified QED behavior at acces-
sible energies while curing the pathology at Planck
scales. It is the application of the substrate ontol-
ogy that most directly vindicates Feynman’s un-
happiness with renormalization: the universe does
not contain the infinities that need to be swept un-
der the rug. The infinities were always an artifact
of assuming a continuous vacuum.

6. The Derivation Chain:
Standard Model

Reconstructing the

The gauge structure SU(3)xSU(2)xU(1) and
fermion chirality content of the Standard Model
are not assumed in SIE; they are claimed to emerge
from the substrate geometry. Five problems have
identifiable structural mechanisms; we summarize
them here and flag residual technical gaps in Sec-
tion IX.
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son coefficient

On an FCC lattice with a topological twist param-
eter Ogyp, (the “rifling” of the substrate about a pre-
ferred axis), Wilson fermions acquire a chirality-
dependent mass term. Left-handed modes re-
main massless while right-handed modes acquire
a Planck-scale gap:

Tasym = CFCC Osub- (17)

The coefficient cpcc is a geometric constant specific
to the FCC lattice. Four independent arguments
— lattice dispersion analysis, anomaly matching,
Atiyah—Singer index theorem, and Wilsonian effec-
tive action integration — establish that cpcc is of
order unity [14]. A rigorous numerical value re-
quires dedicated lattice gauge theory computation
(Section IX).

The consequence: observed chirality of the weak
interaction, with right-handed states sterile un-
der SU(2)z, is the infrared shadow of the sub-
strate’s topological rifling. The weak force’s left-
handedness is not a postulate; it is a direct reading
of FCC substrate geometry.

6.2. Problem 2: Strong-CP suppression

The same 6}, that gives chirality to the weak inter-
action might naively give an observable strong-CP
phase fqcp. Observation requires |fgep| < 10719
[16]. SIE resolves the tension in two layers. The
first is an embedding protection factor from the
Pati-Salam breaking SU(4), — SU(3).x U(1)p_r:
instanton charge splits between the SU(3) and U(1)
sectors, and the natural hierarchy v/Mpg pro-
vides a suppression factor that dimensional anal-
ysis places between 1072 and 10726, The second
layer is an emergent axion from substrate dynam-
ics with f, ~ 10% GeV and mass mq ~ 3.5 meV
[15].

Analysis of the embedding factor (from the tech-
nical gaps document) suggests it may be individu-
ally sufficient for consistency, making the axion a
redundancy rather than a necessary second layer.
This matters operationally: if TAXO helioscope
searches [17]| find no axion, SIE’s strong-CP po-
sition remains defensible on embedding grounds
alone. The revised mass 3.5 meV targets IAXO
rather than the ADMX haloscope searches, and
the axion contribution to dark matter is ~ 0.06%
rather than 1%.



6.3. Problem 3: Gauge-boson halving

The Standard Model has 12 gauge bosons (eight
gluons, three weak, one hypercharge). A naive
count from SU(4)DSU(3)xU(1) combined with
SU(2),xSU(2)g would give 24.  The factor-
of-two reduction parallels the chiral halving of
fermions: helicity alignment with the substrate ri-
fling projects 24 naive generators to 12 physical
ones [18]. The mechanism is structurally identical
to fermion chiral halving, as should be the case if
both arise from the same substrate topology.

6.4. Problem 4: FCC to Standard Model

The full path from FCC geometry to the Standard
Model:

1. The FCC lattice has point group Oy, which in
the continuum limit gives root system As.

2. Az is the root system of su(4), the Pati-Salam
color group SU(4)..

Breaking SU(4). — SU(3)¢.x U(1)p—r plus
the chiral halving of Problem 1 recovers
the Standard Model gauge group SU(3).x
SU(2)L>< U(l)y.

Fermions transform in the Pati—Salam multi-
plets (4,2,1) + (4,1,2), which decompose to the
correct Standard Model representations with
electric charge Q = I3, +Isp+(B—L)/2 [19].

The origin of SU(2)rx SU(2)g is attributed to
a two-phase principle (the substrate’s distinction
between dynamic/kinetic and static/inertial infor-
mational modes), which is motivated but not yet
derived from first principles.

6.4.1. Lepton generations: a two-parameter calibration
to shell geometry

The three fermion generations are claimed to corre-
spond to distinct icosahedral shell configurations of
the substrate. This subsection presents the quanti-
tative form of that claim honestly — as an empiri-
cally calibrated two-parameter scheme that lands
within ~ 1% of both heavy-lepton masses, not
as a zero-parameter first-principles derivation. A
genuine first-principles derivation remains an open
task (Section XIV.C).

The shell formula. On a 3D close-packed lat-
tice, the number of nodes in the K-th icosahedral
shell is:

Napen(K) = 10K2 + 2. (18)
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This is the standard Caspar-Klug combinatorial
formula that governs icosahedral capsid geometry,
fullerene structure, and spherical shells on 3D lat-
tices [92]. It is fixed by combinatorics, not a free
parameter.

The calibration inputs. Expressing lepton
mass ratios via Eq. 18 requires two calibration
choices:

1. A baseline constant N identifying the elec-
tron’s effective bit content.

2. A discrete selection rule for which shell indices
K are occupied by the muon and tau.

For the baseline we use N¢ore = 166.25, matching
the FCC topological capacity derived for hadronic
boundary states [21]. This is a calibration choice,
not a derivation: we adopt the hadronic FCC ca-
pacity as the reference scale and ask whether in-
teger shells built upon it reproduce the observed
lepton masses. We do not independently derive
that the electron’s substrate capacity must equal
the hadronic capacity; this would require a unified
substrate action that currently does not exist.

For the selection rule we take K = 2 for the
muon and K = 18 for the tau. The motivations
for these specific indices are plausibility arguments
rather than derivations: K = 2 is the smallest shell
large enough to support a spatially distinguishable
closed structure (a 12-node K = 1 coordination
shell is geometrically degenerate with the core),
and K = 18 is the smallest shell that breaks planar
degeneracy via the factor-of-three-squared scaling
expected for spatial isotropy. Neither argument is
rigorous.

Accepting those two inputs, the framework
predicts:

"% — Neore + Napenl(2) = 166.25 + 42 = 208.25,
me
(19)
mr
— = Neore + Nshell(2) + Nshell(18)
me
— 166.25 + 42 + 3242 = 3450.25. (20)

Compared with observation: m,/m. = 206.768
(Eq. 19 accurate to 0.7%) and m,/m. = 3477.15
(Eq. 20 accurate to 0.8%) [61].

The honest framing. Two inputs (the 166.25
baseline and the selection of K € {2,18}) together
predict two numbers (the muon and tau mass ra-
tios) to within ~ 1%. This is striking: two inputs
predicting two outputs at the 1072 level is not a
generic feature of arbitrary parametrizations. But
it is not zero free parameters. An honest account-
ing is: one baseline bit count + one shell-selection



rule + one combinatorial formula = two predic-
tions, both landing at < 1%.

The residuals have plausible interpretations: the
muon prediction overshoots by ~ 1.5m,, consistent
with the shell being slightly over-formatted for sta-
ble retention (and the muon’s observed 2.2 us life-
time); the tau prediction undershoots by ~ 27m,,
consistent with virtual QCD activity in the mas-
sive shell (the tau is the only lepton heavy enough
to decay into hadrons). These are post-hoc but not
arbitrary.

Lepton masses from substrate shells:
my/me = 20825 (vs 206.77, 0.7%) and
my/me = 3450.25 (vs 3477.15, 0.8%), from

Neore = 166.25 and K € {2,18}. Two inputs
predicting two numbers at percent level. The open
task is deriving Ncore and the selection of K from
substrate dynamics (Section XIV.C).

Why three generations rather than more.
The substrate shell structure cannot support an ar-
bitrary number of stable lepton shells. The limit-
ing criterion is not a simple bulk-versus-boundary
Bekenstein inequality (a naive such argument
would already forbid the tau, since ), Nghen(k)
exceeds Ngnen(K) at any K > 3; see footnotel).
The correct criterion must instead compare the
outermost shell’s own information content to its
localized holographic capacity, factoring in the
Compton-radius scaling at the shell’s binding en-
ergy. The detailed form of this criterion is an open
task: the claim “the Bekenstein bound forbids a
fourth generation” is a plausible structural expec-
tation but has not been rigorously derived.

Empirically, precision electroweak tests (the ef-
fective number of light neutrino species N, =
2.984 £+ 0.008 from LEP Z-pole measurements) al-
ready strongly constrain a fourth light-lepton gen-
eration [61].
the three-generation observation but does not yet
uniquely predict it from first principles.

The framework is consistent with

6.5. Problem 5: Yukawa compensation

A potential worry: does the chirally-asymmetric
Wilson term affect observed Dirac masses? The
answer is no. The Wilson term is dimension-5 and
vanishes in the infrared continuum limit: at the
electroweak scale, pa ~ 10717, where y is the phys-
ical scale and a the substrate spacing, rendering the
Wilson contribution invisible to laboratory physics.

'A naive bulk-boundary comparison gives Shulk(3) =
12 4+ 42 4+ 92 = 146 > Sboundary(3) = 92. This inequality is
violated before the muon, let alone the tau, which rules out
using it as the three-generation selection criterion.

Observed Dirac masses arise from standard Higgs—
Yukawa with Yukawa matrix Y;; [20].

Individual mass predictions within SIE (from
various substrate-theoretic arguments) include:
proton mass via DRAM Landauer (~ 3% ac-
curacy), mp/me via volumetric bit counting (~
0.4%), neutrino mass via Landauer times a~! am-
plification (Section XI.C below), lepton generation
ratios via icosahedral shells (just derived, ~ 1%),
and quark mass ratios via dual-clock truncation

(~ 10%-30%) [9, 21].

The chain from FCC substrate to Standard Model
particle content has identifiable structural mecha-
nisms for each step. Four technical gaps remain
(Section XIV); none represents a structural incon-
sistency. What was formerly “the framework postu-
lates chirality” is now “the framework offers a mech-
anism for chirality from substrate topology with
crcc ~ O(1), pending rigorous LGT calculation.”

7. Observational Content I: Galactic Kinemat-
ics

The framework’s first major empirical test is the
rotation curves of spiral galaxies. SIE predicts a
universal acceleration scale

cHy

o (21)

ayg —
from two independent substrate arguments that
converge on the same numerical result.

7.1. Deriving a¢ from the substrate noise floor

The first derivation — de Sitter horizon. An ob-
server accelerating at rate a sees a thermal bath
at the Unruh temperature Ty = ha/27kpe [85]. A
non-accelerating observer at the cosmological hori-
zon sees a different thermal bath, the Gibbons-
Hawking temperature Tys = hHy/2rkp [59]. SIE
requires these two temperatures to coincide at the
galactic-dynamics transition scale, because that is
where the substrate’s global equilibrium matches
the baryonic system’s local inertial response. Set-
ting Ty (ao) = Tys:

h hH H
d _ 270 ap = 220, (22)
2rkge  27mkp 27
The second derivation — deep substrate floor.

Independent of horizon arguments, the substrate
has a characteristic ground-state temperature set
by its own lowest-energy quantum mode fluctua-
tions against residual structure. Dimensional anal-
ysis places this at approximately Tyae ~ 10731 K,
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which emerges from equating the Bekenstein noise
floor of the Hubble volume with the Landauer cost
of maintaining one bit at the Hubble time scale
[38, 5]. A baryonic system accelerating slowly
enough that its Unruh temperature drops below
this floor can no longer dissipate Landauer pro-
cessing heat into a substrate hotter than itself. At
that threshold the substrate must engage a buffer-
ing response. Solving Ti7(ap) = Tvac gives the same
ap:

_ 2mckpTyac

ap = p ~1.1x1070 m/s?,  (23)

matching Eq. 21.

The convergence between the two temperature-
matching arguments is meaningful: the Hubble
temperature and the substrate’s intrinsic noise
floor must coincide if the de Sitter horizon is gen-
uinely the boundary at which the substrate ther-
malizes to its own residual fluctuations. The frame-
work’s broader hypothesis is that this same sub-
strate equation of state governs other low-noise
regimes (magnetar polarization saturation, cosmic
ringdown boundaries); that hypothesis is at various
stages of quantitative support across those domains
(Section X).

The third equivalent form — Landauer. The
same result follows from requiring that ag be the
minimum erasure rate at which the substrate can
sustain informational coherence across a single
Hubble time. Expressed as a rate of bit deletion per
unit length per unit time, this gives ag = cHp/27
via Landauer’s bound [22].

A note on independence. The three presen-
tations are not three independent derivations but
three equivalent formulations of the same under-
lying substrate relation. Tgys = hHp/2mwkp and
Tyac ~ 10731 K differ by O(1) dimensional fac-
tors but refer to the same cosmological thermal
floor; the Landauer form rearranges the same iden-
tity in informational rather than thermal language.
The meaningful physical content is that setting
substrate thermalization at the horizon equal to
the Unruh response of a baryonic system gives
agp ~ 10719 m/s? — one relation with three equiva-
lent presentations, not three independent triangu-
lations. We record this honestly because the dis-
tinction between independent and equivalent mat-
ters for how seriously to take coincidence argu-
ments.
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7.2. SPARC rotation curves

Tested against the 175-galaxy SPARC catalog [23],
the SIE rotation curve model

VSZIE(T) = Vanr(r) + \/ Vb2ar(r) apr

fits the full SPARC sample with a single free pa-
rameter per galaxy, the stellar mass-to-light ra-
tio Ygisk. For comparison, we fit the Navarro—
Frenk—-White halo [24] using the cosmologically-
motivated Dutton-Maccio concentration-mass re-
lation [25] to reduce NFW to a two-parameter
model (Ygisk, Maoo; concentration ¢ is set by
Moo rather than floated freely, following standard
SPARC-community practice).

Under this setup, SIE achieves median x2 = 3.33
versus NFW’s median x2 = 1.72. BIC model se-
lection, which penalizes extra parameters, yields
SIE as strongly preferred (ABIC > 10) in ~ 11%
of galaxies, positively preferred (2 < ABIC < 10)
in an additional ~ 26%, and ambiguous or NFW-
preferred in the remaining ~ 63%. Under looser
NFW priors (e.g., fully-free concentration), the bal-
ance shifts toward NFW; under stricter priors (e.g.,
Ypsilon constrained to stellar-population-synthesis
bounds), toward SIE. We report the standard-prior
result as the primary number.

The key observation from this comparison is pa-
rameter efficiency: SIE achieves a goodness-of-fit
within a factor of two of cosmologically-constrained
NFW while using one fewer parameter, and does so
while making an independent zero-free-parameter
prediction for the acceleration scale ag (Section
VII.A). A one-parameter model that predicts its
own coupling constant and remains competitive
with a two-parameter halo model is an unusual
position to be in; we treat this as the meaningful
empirical content rather than the dominant-BIC-
preference claim that the corpus previously empha-
sized.

(24)

SPARC parameter efficiency result: SIE fits
175 SPARC galaxies with 1 parameter/galaxy,
achieving median x?2 3.33 against NFW’s
1.72 with 2 parameters/galaxy (cosmologically-
motivated ¢(Mago) prior). SIE is BIC-preferred in
~ 11% strongly and ~ 37% in total; NFW-preferred
in the remainder. The meaningful result is that
a one-parameter model (with a first-principles pre-
diction for its coupling ag) is competitive with a
cosmologically-constrained halo model.

7.3. The Radial Acceleration Relation

Across 3382 data points in 175 galaxies, the SIE
prediction (Eq. 21) evaluated at the Planck cos-



mology value Hy = 67.4 kms~! Mpc™! gives ag =
1.04 x 1071 ms~2. The residual distribution has
mean —0.0036 dex (1.51c from zero) and scatter
o = 0.140 dex, compared to the published SPARC
intrinsic scatter of 0.11 dex. The prediction is un-
biased with zero free parameters.

7.4. A kinematic Hubble constant

Fitting ag freely from the RAR gives ag = 1.1444 x
10719 ms™2. Via Eq. 21, this implies

HE™ = 73.97 km s~ 'Mpc ™!, (25)
within 1.3% of the SHOES distance-ladder value
and intermediate between the two Hubble tension
anchors. This is a Hubble constant measurement
from rotation curves alone, with no supernovae or
CMB input.

7.5. The Pantheon+ void test: status after re-
analysis

The framework’s substrate-tension mechanism pre-
dicts, from ¢, =~ 0.15, a void-interior/exterior
expansion-rate difference of

frame redshifts (zCMB) instead of the 2M-++-
corrected zHD shifts dg from —0.012 to —0.043 —
a factor of 3.5 change in magnitude, confirming
that the flow-model treatment is a significant sys-
tematic. However, this shift is much smaller than
the ~ 0.16 gap between either fitted value and the
framework’s predicted dg = 40.15. Flow-model re-
finement alone cannot rescue the prediction at the
measured systematic magnitude.

What the data say. Under the standard Pan-
theon+ analysis with SHOES-anchored distance
moduli, the framework’s predicted void gradient
(AH =~ 5.7 kms~'Mpc™!) is ruled out at the
~ 200 level relative to the fitted AH = 0.24+ sta-
tistical uncertainty. This is not a neutral “undis-
criminated” result; the predicted magnitude of the
gradient is directly inconsistent with the data un-
der the standard analysis.

The remaining defense and its open sta-
tus. The framework’s one viable defense against
this result is structural: the SHOES Cepheid an-
chors (in galaxies within ~ 40 Mpc) reside inside
the KBC void. If the SHOES pipeline forces calibra-
tion consistency between the local anchors and the
Hubble-flow (z ~ 0.023 to 0.15) supernovae, both

AH = Hipeal— Hglobal ~ 73.1—67.4 = 5.7 km s~ MpcTiside the void, a void-interior calibration value be-

(26)
ie., a ~ 9% step. This section documents where
that prediction stands against Pantheon-+ [53].

First-pass step-function analysis. An earlier
analysis in the corpus [38, 22] fit a step-function
void model to Pantheon+ with fixed €2,, at the
Planck value and obtained Hi, = 64.6, Hyy = 74.5
kms~! Mpc™' — an inverted hierarchy of order
10 kms~! Mpc~!, seemingly contradicting the SIE
prediction at high significance.

Re-analysis with the full covariance and
floated €2,,,. A re-analysis using the full stat+sys
covariance matrix from the Pantheon+SHOES data
release, with €, varied jointly with the void pa-
rameters, gives substantially different numbers.
The step-function fit yields Hy, = 73.23, Hout =
73.47 kms~ ! Mpc™! (AH = 0.24 kms~! Mpc~!,
consistent with no step in either direction). A
smooth-profile void fit (Gaussian d(r)) gives 6y =
—0.012, against a framework prediction of §y =
+0.15. Bayesian model comparison prefers plain
ACDM (with free Hp absorbing the SHOES ten-
sion) over either void model at ABIC ~ +7.
The mean implied Hy across 16 redshift bins is
73.20 &+ 1.21 kms~ ! Mpc™!, essentially flat from
z~ 0.01 to z = 2.3.

Peculiar-velocity systematic. Re-running
the smooth-profile fit using uncorrected CMB-

comes baked into the pipeline. In this scenario,
high-z supernovae could then be reported with dis-
tance moduli consistent with the interior rate be-
cause the absolute calibration has been anchored
to the interior value.

However, demonstrating that this scenario repro-
duces the flat- Hy signature observed across the full
z range (0.01 < z < 2.3) requires an explicit cal-
culation: carrying an SIE prediction (69 = +0.15
void against global Hy = 67.4) through the SHOES
anchoring pipeline and checking whether the out-
put distance moduli match the observed pattern.
That calculation is not in the current corpus and
constitutes the primary open empirical task for the
framework. Without it, the scenario remains a con-
jecture about pipeline systematics rather than a
validated alternative.

There is also a self-consistency concern to flag:
elsewhere in this paper (Section VILA), ag =
cHy/2m is derived from cosmological substrate ar-
guments and compared against SPARC with the
fitted HE™ = 73.97. Under the defense scenario
(global Hy = 67.4, locally-elevated Hy ~ 73), the
SPARC fit to ag should reflect the local-observer
value while the underlying substrate noise floor is
set by the global value. Reconciling this — whether
SPARC’s kinematic ag is correctly interpreted as
the local or global quantity — is a second open
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task. These two issues are not independent: both
stem from the same question of how an interior
observer’s measurements relate to the substrate’s
global quantities.

Honest summary of the empirical status.
The framework’s specific quantitative prediction of
a ~ 6 kms~! Mpc~! gradient across the KBC void
edge is not detected and is in tension with the stan-
dard Pantheon+ analysis at high significance. The
aggregate numerical match Hy ~ 73 kms~! Mpc~!
in the catalog is structurally consistent with the
framework’s predicted interior-observer value, but
is equally consistent with a globally-elevated Hy
and no void mechanism. Separating these re-
quires (i) an explicit calculation of how scenario (b)
propagates through the SHOES anchoring pipeline,
and (ii) independent flow-model reconstructions
(Cosmicflows-4 [95] or similar) plus distance-ladder
anchoring outside the KBC void from Rubin LSST,
Roman, and Euclid (2027+). Until (i) is per-
formed, the Hubble tension claim in this paper
should be treated as tentatively supported by the
aggregate numerical match rather than by an ob-
servationally verified mechanism.

Galactic kinematics summary: SIE fits the
full 175-galaxy SPARC rotation curve dataset
with one free parameter per galaxy, achieving
competitive goodness-of-fit versus cosmologically-
constrained NFW (median y2 = 3.33 vs 1.72,
NFW two parameters). The zero-free-parameter
prediction ag = c¢Hy /27 reproduces the 3382-point
radial acceleration relation at 0.140 dex scatter
with mean —0.0036 dex (unbiased at 1.510) under
Planck cosmology. Fitting ag freely returns HX" =
73.97 kms—! Mpc~! from galaxies alone. The Pan-
theon+ void-gradient prediction is not detected; the
framework’s defense via interior-anchoring requires
pipeline-level calculation not yet performed. The
galactic kinematics results stand independently of
the Hubble tension mechanism.

8. Observational Content II: Cosmology

8.1. N = 57 triple consistency

The single most unexpected number in the frame-
work is 57, which appears in three cosmological
contexts. The epistemic status of the three routes
is mixed, and we set it out explicitly before dis-
cussing what the convergence might mean.

Route 1 The Standard Model chi-
ral inventory (definitional). Counting the pre-
electroweak-symmetry-breaking Standard Model
degrees of freedom: 90 fermionic (three generations
of fifteen left-handed Weyl fermions, each counted

twice for chirality) plus 24 gauge bosonic (eight
gluon X 2 polarizations = 16, three weak x 2 =
6, one hypercharge x 2 = 2; total 24). The Higgs,
being spin-0, has undefined chirality and drops out
automatically. Retaining the left-handed half:

90424
- 0=

N 57. (27)
This count is fixed by particle content alone. It
is not a prediction — it is an accounting identity
on the SM field content. Whether this integer has
cosmological significance is the question Routes 2
and 3 address.

Route 2 — The CMB spectral tilt (numer-
ical match, not independent derivation). Evaluat-
ing the single-field slow-roll relation ng =1 — 2/N
[27] at N = 57 gives

ns =1—2/57 =0.96491, (28)
matching Planck 2018’s ng = 0.9649+0.0042 [3] at
the 0.0030 level. We must be careful about what
this establishes.

The standard slow-roll formula ng = 1—2/N re-
lates the spectral tilt to the number of e-folds be-
fore horizon exit, under the assumption of a single-
field inflaton with specific potential shape. In os-
motic inflation, the dynamics are not single-field
slow-roll: the expansion is driven by Landauer heat
generation from primordial unstable states, not by
a classical scalar field rolling down a potential. The
question of whether ng =1 — 2/N remains a valid
relation in the osmotic picture — and what N then
means within it — has not been fully worked out.

What can be said:

e The numerical equality nt'#1k = 1 — 2/57 to
within 10™* is a real empirical fact indepen-
dent of derivation.

e Fourteen integers satisfy the 1o Planck con-
straint; N = 57 is the nearest integer to the
best fit Noxact = 56.98.

e The osmotic picture needs to either recover the
ns = 1 —2/N form (in which case the match
is principled) or produce its own form that co-
incides with 1 — 2/57 by different means (in
which case the match is suggestive but not di-
rect evidence).

We present Route 2 as a numerical coincidence
pending derivation, not as an independent confir-
mation of Route 1.

Route 3 — The inflationary e-fold budget
(order-of-magnitude estimate). A back-of-envelope
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calculation [26] suggests the number of osmotic e-
folds required to dilute Landauer heat from GUT
scale (~ 10 GeV) baryogenesis to the electroweak
threshold (~ 246 GeV) is in the range 50-65. This
range encompasses 57, but the 10 uncertainty
means other integers in the band (50, 52, 55, 60,
62, 65) also satisfy the constraint. Route 3 is an
order-of-magnitude consistency check, not a preci-
sion derivation.

On the N=57 convergence: Route 1 (chiral in-
ventory) is a definitional accounting identity. Route
2 (spectral tilt) is a numerical match between the
SM particle count and the Planck tilt, mediated by
a slow-roll relation whose applicability in the os-
motic picture is not yet established. Route 3 (e-
fold budget) is an order-of-magnitude consistency
check. The convergence is striking enough to mo-
tivate continued work, but it does not constitute
three independent confirmations. It is the frame-
work’s central open numerical coincidence.

A further observational constraint is informa-
tive: standard single-field slow-roll with N = 57
would predict a tensor-to-scalar ratio r = 8/N ~
0.14, which is excluded at 95% confidence by
Planck/BICEP /Keck [28]|. The osmotic picture de-
couples r from N — in the osmotic picture, there
is no scalar inflaton, so the mechanism that pro-
duces tensor modes from quantum fluctuations of
the inflaton is absent, and r can be arbitrarily small
while ng reflects the substrate’s thermal-dilution-e-
fold structure. A clear » < 1073 measurement by
LiteBIRD [29] or CMB-S4 [30] would be consistent
with this decoupling; a detection of r ~ 0.14 would
falsify it.

8.2. The vacuum energy density

Applying the Bekenstein bound at the Hubble hori-
zon and the Cohen-Kaplan-Nelson [31] UV/IR
bound to obtain the bulk bit density, then mul-
tiplying by the Landauer mass at the CMB tem-
perature:

Phare = Praw X Mpig & 2.07 x 10727 kg m™>. (29)

The observed critical density is p. =~ 8.53 x 10727
kg m~3. The ratio p./ppare =~ 4.15 at Planck cos-
mology (and 4.32 at SHOES) is intended to close
via the N = 57 equipartition factor [4]. This clo-
sure is phenomenological pending derivation of the
action principle that would convert the ansatz into
theorem.

Against a vacuum catastrophe of 120 orders of
magnitude, a factor-of-four residual from first prin-
ciples is non-trivial. Whether it constitutes genuine

unification or a chain of numerical coincidences
is an open question recorded transparently in the
source paper [4].

8.3. The Hubble tension

The KBC void [32] is a ~ 300 Mpc underden-
sity with 0, = 0.15 centered near the Milky
Way. In SIE, baryonic matter anchors substrate
tension; a 15% matter underdensity produces a
15% tension drop. Treating the local metric as
a damped harmonic response to substrate tension

(H o< 1/v/Tgup):

Hopa 4 _ _
global _ 67 ~ 73.1 km s~ 'Mpc~L.
V=46 0.85
(30)

This lands directly on the SHOES measurement of
73.0 4+ 1.0 kms~—! Mpc—! [2].

Hlocal =

The status of this match given the Pan-
theon+ re-analysis. The numerical agreement
with SHOES is real but its interpretation re-
quires care. A re-analysis of Pantheon+ with the
full stat+sys covariance and floated €, (Section
VII.C) finds the framework’s predicted AH =~ 5.7
kms~! Mpc™! gradient ruled out under the stan-
dard analysis: the fitted step is AH = 0.24
kms~! Mpc™!, and the smooth-profile §5 = —0.012
is far from the predicted 40.15. The framework’s
only defense is that SHOES Cepheid anchors sit in-
side the KBC void, which could in principle cause
the anchoring pipeline to conceal the gradient —
but this defense requires an explicit pipeline-level
calculation (Section VII.C) that has not yet been
performed.

Until that calculation is done, the aggregate
Hioeal = 73.1 match to SHOES should be read as
numerically consistent with the framework’s predic-
tion for an interior observer rather than as inde-
pendent validation of the mechanism. The Hub-
ble tension match is therefore a numerical success
of the framework whose mechanistic interpretation
is tentatively supported but not yet independently
verified.
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Within the SIE framework, the Hubble tension is
understood as an observer-location effect: the pre-
dicted interior-void expansion rate Hjoca ~ 73.1
matches the SHOES measurement because the an-
choring calibrators reside inside the void. Whether
this is a genuine mechanism or a coincidence
with globally-elevated Hg is not yet observation-
ally discriminated; the framework’s explanation
requires an explicit pipeline-level calculation and
void-exterior anchoring from next-generation sur-
veys (Rubin LSST, Roman, Euclid, 2027+) to vali-
date.

8.4. The growth index

In standard cosmology, the matter growth index ~
parametrizes how density perturbations grow, with
the phenomenological Wang-Steinhardt form f =
dInd/dIna ~ Q}, giving v =~ 0.55 for ACDM |[33].
The analytic expression under general relativity is
v =3(w —1)/(6w — 5), evaluating to v = 0.545 at
w = —1.

SIE’s axiom A2 naturally selects w = —1 as the
late-time asymptotic state (the universe locks into
a closed adiabatic configuration at the cosmologi-
cal horizon; see the Gompertz lifecycle in Section
XII). If the Wang-Steinhardt parametrization car-
ries over into the SIE framework — which it does
as long as background GR is preserved and the per-
turbation equations are unmodified at the relevant
scales — then v = 0.545 is obtained without fit-
ting.

The caveat. Whether the osmotic-allocation
picture of dark energy strictly preserves the Wang-
Steinhardt derivation’s assumptions (in particular
the standard continuity equation for dark energy
perturbations and the specific GR coupling to mat-
ter) is a question we flag but do not resolve here.
If the osmotic dynamics modify the perturbation
equations, the growth index could differ from 0.545
at a level currently below observational precision
but potentially detectable in future Euclid and Ru-
bin data. We record the 0.545 <> 0.55 match as a
structural consistency within the standard pertur-
bation framework, pending derivation of whether
that framework survives unchanged in SIE.

8.5. The Schwarzschild—Hubble coincidence

A numerical fact worth recording because it pro-
vides structural weight to axiom A2 (the closed-
system assumption): the Schwarzschild radius of
the observable universe’s mass equals the Hubble
radius.

Using the empirically measured critical density
pe ~ 8.53 x 10727 kgm™3 and the Hubble volume
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Vi = (4/3)7R3, with Ry = ¢/Hp =~ 1.3 x 10%
m, the mass enclosed within the observable uni-
verse is Muniv ~ 8.8 x 10°? kg. Plugging this into
Schwarzschild’s formula:

2G M,

R, = MW~ 1.3x10% ma~ Ry, (31)

c2
Standard ACDM cosmology treats this as a tautol-
ogy of flat geometry: a critical-density universe is
flat (2 = 1), and a flat universe has R; = Ry by
construction (90, 91]. The numerical coincidence
is then attributed to inflationary fine-tuning that
drove the universe to critical density in the first
place.

SIE offers a complementary reading. The closed-
system axiom A2 requires that the cosmic hori-
zon act as an adiabatic wall preventing information
and entropy from leaving the system (the Cosmic
Ledger). A Schwarzschild horizon at the Hubble
scale is one geometry that provides such a wall; de
Sitter, closed FRW (k = +1), and finite-volume
topological identifications are others. SIE selects
the Schwarzschild interpretation by an additional
structural choice — treating the universe as the in-
terior solution of a substrate-saturated horizon —
rather than deriving it uniquely from A2 alone.

Under that interpretation, €2 1 is natural
rather than accidental: it is consistent with A2 and
with the specific interior-solution geometry SIE
adopts. We do not claim A2 forces this choice; we
claim SIF’s substrate ontology naturally accommo-
dates the R; = Ry observation without invoking
inflationary fine-tuning [60].

The interior-solution perspective makes the ge-
ometry intelligible. Inside a Schwarzschild horizon,
the radial coordinate r and temporal coordinate ¢
exchange roles: what looks like inevitable gravita-
tional collapse from the outside looks like inevitable
radial expansion from the inside. Our observed cos-
mic expansion is the interior signature of the sub-
strate’s outermost adiabatic wall. We do not live
inside a black hole in the colloquial sense of be-
ing crushed; we live inside the interior solution of
a boundary geometry whose signature is precisely
the dark-energy-driven expansion we observe.

This reframing is not introduced to claim nov-
elty — the numerical coincidence was noted in the
1970s [90, 91] and is widely known. It is included
here because the interpretation matters for the
framework: A2 is a natural posture consistent with
the Schwarzschild-Hubble equality rather than a
philosophical imposition on a neutral geometry.
The closed-system structure finds its strongest mo-
tivation in the interior-solution reading of the ob-
served Ry = Ry coincidence.



9. Observational Content III: Primordial Crys-
tallography

The pre-expansion universe, in the SIE picture, was
a maximally packed FCC substrate crystal [34].
The Big Bang is not a singular event at ¢ = 0 but
a macroscopic topological phase transition as the
substrate crystal fractured along its {111} cleav-
age planes.

9.1. The 7.85° bisector floor

A pristine FCC crystal has four equivalent {111}
cleavage planes meeting at tetrahedral angles.
When the substrate unspooled under macroscopic
strain, the primary cleavage plane projected onto
the CMB sky as a great circle — exciting the £ = 2
quadrupole. Secondary intersecting planes pro-
duce zone axes whose stress concentrations, via the
Erdogan—Sih maximum tangential stress criterion
[35], project as single-sided hot spots — exciting
the £ = 3 octupole.

The bisector between the primary cleavage nor-
mal and the secondary zone axis is fixed by the
crystal geometry at 15.70°; so the internal bisector-
to-primary angle is exactly

Ointernal = 15700/2 = 7.85°. (32)

This is a zero-free-parameter prediction.

9.2. The Axis of Evil

The observed angular separation between the CMB
¢ =2 and ¢ = 3 axes (“Axis of Evil” [36]) is approx-
imately 8.85°. The SIE prediction of 7.85° matches
within 1.0° — well within the Planck satellite’s axis
extraction uncertainty of 2°-5° for low-order mul-
tipoles due to galactic foreground masking.

When the FCC template is optimized in orien-
tation (three Euler angles, with internal geometry
fixed by prediction) against Planck 2018 ay,, coef-
ficients [37], the correlation achieves +0.647 with
the observed quadrupole and +0.768 with the oc-
tupole. A Monte Carlo against 10,000 randomized
isotropic skies returns joint correlation significance
p < 0.001.

The honest statistics. Because we are opti-
mizing over three Euler angles, the naive Monte
Carlo p-value requires a look-elsewhere correction.
The effective trials factor for a three-parameter ori-
entation search on S? is approximately the num-
ber of statistically independent orientations cov-
ered by the posterior, which for the resolved mul-
tipole structure at £ = 2,3 is of order 10?103 [96].
A conservative estimate corrects the p < 0.001 to

a trials-adjusted p ~ 0.01-0.1 — significant but
not as striking as the uncorrected number suggests.
A rigorous look-elsewhere analysis for this specific
template geometry remains to be done.

The residual interpretive issue. The Copi-
Huterer—Schwarz—Starkman literature [97, 98] has
extensively debated whether the Axis of Evil is
a genuine non-Gaussian feature or a foreground-
residual artifact. If the anomaly is primarily a
foreground, any theoretical template fitting the ob-
served axes is matching a systematic rather than
a cosmological signal. The SIE prediction’s sta-
tus therefore depends on the ongoing foreground
resolution. We record the correlation as sugges-
tive but provisional, pending improved low-£ fore-
ground subtraction (expected from LiteBIRD).

9.3. The kinematic dipole coincidence

A byproduct of the orientation optimization — not
a fitting target — is that the predicted quadrupole
axis aligns with the independently observed CMB
kinematic dipole to within 0.12°. This is a striking
coincidence whose physical origin in SIE remains
open, but the numerical alignment is recorded.

Primordial crystallography summary: The
CMB Axis of Evil is predicted to within 1° from
pure FCC substrate geometry with zero free pa-
rameters (the 7.85° bisector is fixed by crystallogra-
phy alone). The optimized orientation aligns with
the kinematic dipole at 0.12° as a byproduct. Un-
corrected joint significance against 10,000 random
skies: p < 0.001; trials-adjusted estimate for three
Euler angle optimization: p ~ 0.01-0.1. The result
is suggestive but provisional, pending resolution of
the underlying Axis-of-Evil foreground debate.

9.4. The Gompertz strain

A related calibration: the observed 82.0° Axis-of-
Evil separation on the sky is reconciled with the
pristine 70.53° FCC tetrahedral angle via uniax-
ial Gompertz strain s &~ 2.516 along the primary
cleavage axis. This is a consistency check bridg-
ing theoretical topology with the observed epoch,
not a first-principles derivation; the zero-parameter
claim attaches to the 7.85° bisector floor, which
emerges from crystal geometry alone [5, 34].
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10. Observational Content IV: Black Hole Ring-
down and Other Substrate Probes

10.1. Superconducting qubit decoherence (pro-
visional)

A heuristic connection between substrate physics
and superconducting qubits has been proposed:
analysis of IBM Qiskit telemetry [38]| identifies a
characteristic non-Markovian decoherence feature
near

f~5 GHz (33)

in transmon architectures. Typical transmon de-
vices are designed to operate in the 4-6 GHz band,
so any frequency in this range is common and does
not by itself indicate substrate physics. The corpus
work attempts to extract a substrate-physics sig-
nature by factoring out design-dependent Joseph-
son parameters and identifying a residual non-
Markovian boundary; whether this residual is gen-
uinely substrate-imposed versus two-level-defect or
dielectric-loss phenomenology requires further ex-
perimental discrimination [38, 93].

The honest framing. We do not claim that the
numerical value ~ 5 GHz follows from the galactic
ag ~ 10719 ms=2 through a first-principles dimen-
sional mapping; no such derivation currently exists
in the corpus. The cross-scale consistency proposal
is a qualitative hypothesis: if the substrate has a
single underlying equation of state, then disparate
decoherence phenomena (galactic rotation curves,
magnetar polarization caps, qubit decoherence lim-
its) should trace common structural parameters.
Quantitative cross-scale matching is an open task,
not a result.

Claims elsewhere in the corpus of “scale invari-
ance across seventeen orders of magnitude” based
on the co-occurrence of galactic and qubit frequen-
cies should be read as a program statement about
what the framework hopes to achieve, not as a com-
pleted derivation. We retract the stronger phrasing
here.

10.2. Black hole ringdown

On September 14, 2015, LIGO observed the merger
GW150914 producing a 62 My remnant whose
dominant ringdown frequency was ~ 251 Hz [39].
In SIE, the event horizon is a physical membrane
— an adiabatic wall at substrate saturation — with
a fundamental resonant frequency set by the light-
travel time around its equatorial circumference:

fwvan = ~ 261 Hz. (34)

c
21w R,
This is within 4% of the observed value.
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10.2.1. Spin structure of the coincidence

The observed 251 Hz is the ({,m,n) = (2,2,0)
quasi-normal mode of a Kerr black hole with spin
a, ~ 0.67 [40]. The SIE prediction f = ¢/27R;
corresponds to the m = 0 axisymmetric drum-
head mode — a different mode family. The near-
numerical match (261 Hz vs. 251 Hz) is a coin-
cidence at this specific spin, arising because the
equatorial circumference of any Kerr horizon equals
4mM = 27 Ry exactly (from the identity r2 +a? =
2Mry), so the SIE prediction is spin-invariant
at m = 0 while the GR (2,2,0) mode is spin-
dependent [41].

10.2.2. The principled test

The framework’s m = 0 prediction and GR’sm = 0
prediction differ by 12.7%:

fSIE = 0.0796 /M (35)
fSR, = 0.0706/M. (36)

This difference is the genuine discriminating test,
requiring next-generation detectors (Cosmic Ex-
plorer [42], Einstein Telescope [43]) capable of sep-
arating the weaker m = 0 mode from the dominant
m = 2 at sufficient signal-to-noise. The 4% “coin-
cidence” at GW150914 is honest acknowledgment
that cross-mode comparison is not a clean test.

10.3. Gravitational wave echoes

For an SIE Planck core at geometric saturation, in-
bound gravitational waves reflect off the saturated
interior with echo delay

At = LLCC:TM %ln(M/Mp) + 1n(2(47r/3)1/3) .
(37)
The 2/3 logarithmic slope differs from the stan-
dard ECO prediction of slope 1.0 [44]. For the
GW150914 remnant at spin 0.67, the baseline
isotropic delay is 75.9 ms, with Kerr spin adjust-
ment giving 89.1 ms [45]. This is a hard falsifiable

target for LIGO O4 and Ob5 searches.

10.4. The Bullet Cluster without collisionless
matter

The Bullet Cluster [51] is typically treated as de-
cisive evidence for particle dark matter: the X-ray
gas lags behind the stellar mass in the post-collision
geometry, while gravitational lensing follows the
stars. Standard dark matter models explain this
by noting that collisionless dark matter particles



follow the stars, while the collisional gas is deceler-
ated.

In SIE, the same observation follows from the
temperature-dependent substrate response. The
stars remain kinematically cold in the collision
(@thermal € gN Where agpermal is the internal ther-
mal acceleration of the constituent matter), so the
substrate reliably amplifies their gravitational sig-
nal via the standard rotation-curve mechanism.
The gas, however, heats into a chaotic plasma at
T ~ 108 K; the thermal acceleration overwhelms
the local Newtonian binding (@thermal => gn) and
the substrate’s many-body-localized phase breaks
locally. The gas continues to exert standard New-
tonian gravity but temporarily loses its structural
lensing envelope [5].

This is a structurally different mechanism from
MOND, which has historically struggled with the
Bullet Cluster. SIE’s temperature-dependent am-
plification is qualitatively consistent with the ob-
served displacement between the gas and lensing
peaks without invoking a separate particle species,
because it predicts the right sign and qualitative
pattern (stars lens, hot gas does not). The frame-
work also predicts that substrate-amplification
breaks down in any sufficiently hot plasma, which
connects to independent astrophysical tests.

On quantitative agreement. MOND-family
theories have famously struggled to produce the
magnitude of the Bullet Cluster lensing offset with-
out residual collisionless matter; the observed lens-
ing mass exceeds the baryonic mass by approxi-
mately an order of magnitude at the cluster-scale
acceleration regime [99]|. The SIE amplification for-
mula A = 1+ (y/ao/gn — 1) exp(—ashermal/gN)
gives the qualitative story of where amplification
occurs versus where it breaks down, but the quan-
titative lensing-offset magnitude at cluster scales
has not been computed from the formula in the cur-
rent corpus. Full quantitative agreement — match-
ing the lensing-to-baryon ratio at the specific Bul-
let Cluster geometry — remains an open test. We
record this as a structural story pending quantita-
tive verification, not as a completed resolution.

10.5. Magnetar polarization cap

The IXPE satellite [46] observed magnetar X-ray
polarization capped at ~ 35%, well below the stan-
dard QED prediction of 80-100% based on vacuum
birefringence in strong magnetic fields [63]. The
anomaly has attracted ad-hoc explanations involv-
ing hypothetical solid crusts or atmospheric phas-
ing.
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In SIE, the 35% cap corresponds to the sub-
strate’s mechanical yield point: the vacuum can-
not sustain twist beyond this threshold without
breaching its bit-density saturation. The field can-
not be polarized further because there are no more
substrate modes available to host the polarization.
This follows from the same substrate saturation
principle that caps EM field strength via the Born-
Infeld denominator in the Saturated Transmission
term of Eq. 8.

The prediction is falsifiable: SIE forecasts that
the 35% cap should be a property of the sub-
strate itself rather than a source-specific param-
eter. If it is a universal substrate limit, it should
be reproduced across independent magnetar obser-
vations; if it varies meaningfully by source, that
would indicate local mechanisms and undermine
the substrate-saturation interpretation. The IXPE
observation of 4U 0142461 establishes the phe-
nomenology at one source; confirmation of a simi-
lar cap in additional magnetars (Section X) would
strengthen the universal interpretation, but claim-
ing universality on a single observation is prema-
ture.

10.6. Primordial lithium and GZK suppression

Two further tensions at the frontiers of astrophysics
admit SIE resolutions. The lithium-7 problem —
standard BBN predicts ~ 3x more "Li than ob-
served [64] — is addressed by Landauer erasure of
isotope formation pathways in the early universe,
reducing "Li production without affecting the dom-
inant light-element abundances. The GZK cutoff
[65] in ultra-high-energy cosmic rays emerges from
substrate bandwidth saturation for photons above
the CMB interaction threshold, with a predicted
dispersion signature At oc E linear in photon en-
ergy. The LHAASO observation of TeV photons
from GRB 221009A [52] constrains this linear dis-
persion; continued observations tighten it.

These extensions are sketches, not detailed
derivations, and are included here to show the
framework’s engagement breadth rather than to
claim definitive resolution. Full treatment would
require dedicated papers for each.

11. The Chiral Grain, Antimatter, and Black
Hole Information

Two of physics’s deepest puzzles — why the uni-
verse contains matter rather than annihilating into
a photon bath, and whether black holes destroy
quantum information — have structurally similar



resolutions in SIE. Both follow from the same sub-
strate property: an information-carrying medium
with directional structure. This section presents
those resolutions because they are consequences of
the ontology that deserve articulation rather than
being buried as philosophy.

11.1. The chiral grain of the vacuum

A central implication of Al (information primacy)
is that the substrate is not a smooth isotropic man-
ifold. It is a discrete FCC lattice with a topological
twist — the f-term of the Master Equation (8) —
and that twist has a direction. In the language of
material science, the substrate has a grain, in ex-
actly the way wood or a woven fabric has a grain.
Motion along the grain encounters lower resistance
than motion against it.

The most direct observational handle on this
grain is the neutrino. A neutrino is not merely
a light fermion — in the SIE picture it is the min-
tmum possible data packet on the substrate, car-
rying only one bit of chiral information (Section
XI.C below). Because it has essentially no shield-
ing mass, it samples the substrate’s structure un-
filtered. The striking experimental fact is that
neutrinos are always left-handed (neutrino spin is
anti-parallel to momentum); right-handed neutri-
nos have never been observed despite decades of
searches [78].

In the Standard Model this handedness is writ-
ten in by hand as a parity-violating interaction of
the weak force, with no mechanical reason why na-
ture should prefer one chirality. In SIE the hand-
edness is a readout of the substrate’s rifling: a fea-
tureless 1-bit data packet fired through a chiral lat-
tice is geometrically forced to spin left, in the same
way a bullet fired from a rifled barrel is geomet-
rically forced to spin in a specific direction. The
neutrino’s observed chirality is not an input to the
theory but a consequence of the substrate’s topo-
logical texture.

This reframing makes the chiral halving chain
of Section VI (Problems 1-3) observationally tan-
gible: the substrate’s rifling is something we can
detect every time a neutrino is measured.

11.2. Antimatter as time-reversed execution

Wheeler’s “one-electron universe” hypothesis |79]
— that the apparent multitude of electrons in the
universe is actually a single electron bouncing back
and forth through time — has long been treated
as a playful interpretation rather than a physi-
cal claim. Feynman used the idea operationally:

in Feynman diagrams, antiparticles can be repre-
sented as particles propagating backward in time.
The mathematical equivalence is real; the question
is whether it is physically meaningful.

In SIE the equivalence is physical. An execution
thread running forward through the substrate en-
codes matter; the same thread running backward
encodes antimatter. Charge conjugation becomes
a temporal reversal of the substrate’s update rule.
CPT invariance is preserved because the full oper-
ation (charge + parity + time) returns the system
to itself, but the partial operation of time reversal
alone flips matter to antimatter.

11.3. Baryon asymmetry: the preference of for-
ward execution

This framing delivers an immediate dividend for
the matter—antimatter asymmetry problem. Stan-
dard physics confronts the observation that the
early universe, despite initial CP symmetry, gen-
erated about 10? + 1 matter particles for every 10°
antimatter particles, leaving the small residue of
matter that forms everything we see. Sakharov’s
three conditions [80] prescribe what is needed for
this asymmetry — baryon-number violation, C and
CP violation, departure from thermal equilibrium
— but standard mechanisms (electroweak baryoge-
nesis, leptogenesis, affleck-Dine) each require spe-
cific additions to the Standard Model and produce
the observed asymmetry only with fine-tuning.

The SIE account is structural rather than dy-
namical. If the substrate has a chiral grain, for-
ward execution encounters lower frictional resis-
tance than backward execution, because backward
Matter is the
path of lower computational cost; antimatter is the
path of higher cost. In thermodynamic equilibrium
the two populations would be equal, but in a uni-
verse with net entropy production and directional
time, the path of lower cost accumulates preferen-
tially. The roughly 1-part-in-10° excess of matter
is the equilibrium deviation at the relevant temper-
ature during baryogenesis, set by the ratio of the
substrate’s forward-backward frictional asymmetry
to the ambient thermal energy at that epoch.

execution runs against the grain.
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Sakharov’s three conditions are consistent with
structural features of SIE: baryon-number violation
through substrate-mediated process, C/CP viola-
tion through the chiral grain, and departure from
equilibrium through the Gompertz expansion out of
the primordial crystal (Section XII). The framework
provides a candidate mechanism for the asymme-
try; whether this mechanism actually delivers the
observed ~ 10~ magnitude requires computation
of the substrate’s chiral friction coefficient that is
not yet available. In its current form, SIE offers
a structural narrative compatible with the observa-
tion, not a quantitative derivation of it.

A quantitative prediction of the specific asym-
metry magnitude (~ 107Y) requires the substrate’s
chiral friction coefficient, which is not currently de-
rived from first principles. This parallels the cpec
gap of Section VI.A — a specific geometric num-
ber requiring explicit lattice gauge theory compu-
tation. Structurally the framework accommodates
the asymmetry; quantitatively it cannot yet predict
the precise value. Claims elsewhere in the corpus
that SIE “resolves” the baryon asymmetry should
be read as a structural-story claim pending this
quantitative derivation.

11.4. The black hole information paradox

Hawking’s 1975 calculation showed that black holes
emit thermal radiation and eventually evaporate
completely [81]. If the radiation is genuinely ther-
mal (random, uncorrelated, determined only by
temperature), then information that fell into the
black hole — the quantum state of infalling matter
— is lost when the black hole disappears. This con-
tradicts unitarity, the foundational principle that
quantum evolution preserves information.

For fifty years the paradox has resisted resolu-
tion. Various proposals — black hole complemen-
tarity, firewalls, soft hair, ER=EPR, islands and
Page curves from entanglement wedge reconstruc-
tion — each make partial progress but require spe-
cific additional structure. The question remains
contested.

In SIE, the ontology is consistent with unitary
evolution through the evaporation process, and
naturally accommodates the Page curve. The ar-
gument has three steps.

Step 1: The interior is not singular. The
collapsing matter in a black hole interior does not
reach a geometric point. In SIE it reaches the
substrate’s saturation limit — all Planck-node bits
within the horizon are occupied. This Planck core
is finite, not singular, and its boundary coincides
closely with the Bekenstein-Hawking horizon in the

macroscopic limit [45, 9]. For a 30 Mg black hole,
the core radius is approximately 2 x 10722 m.
Step 2: Hawking radiation is infor-
mation erasure, not information destruc-
tion. A Hawking photon at temperature Ty =
hc®/(8TGMkp) carries energy fiw set by that tem-
perature. Applying A3, the Landauer cost of a
single bit erasure at Ty is Fyy = kpTyIn2. The
ratio of photon energy to per-bit erasure cost is:

hw

—_ 2.
kpTrIn2 ,

(38)

using Aw ~ 2.8kpTy for a thermal distribution
peak. We emphasize that this ratio is arithmetic
from standard thermodynamics (both numerator
and denominator are set by Ty ), not a framework-
specific prediction; it simply expresses that each
Hawking photon is thermodynamically equivalent
to ~ 2.77 bits of Landauer-scale erasure. Any
unitarity-preserving scheme with this temperature
structure would give the same ratio.

Step 3: The Page curve from bulk-
boundary entanglement. The horizon pixels
erased into each photon are entangled with the re-
maining bulk of the Planck core. As long as fewer
than half the pixels have been decompressed, the
outgoing Hawking quanta appear thermal to an
external observer because the information is en-
crypted in correlations with the still-trapped bulk.
Once half the entropy has been released — the
“Page time” |82] — the external observer has ac-
cumulated sufficient correlation to reconstruct the
information in principle. We note that the Page
curve is a consequence of any unitarity-preserving
evolution through a bounded Hilbert space; SIE
does not derive the Page curve from first princi-
ples but rather provides a physical mechanism (the
finite Planck core) by which unitarity is preserved.

What SIE contributes and doesn’t. SIE’s
specific contribution to the information paradox
is ontological rather than computational: it sup-
plies a concrete mechanism (finite substrate ca-
pacity — Planck core — bulk-boundary entangle-
ment) by which information is not destroyed during
evaporation. The Page curve, the 2.77 bits-per-
photon ratio, and the unitarity-preservation argu-
ment are all consequences that would follow from
any scheme that replaces the singular interior with
a finite information-preserving core; they are not
framework-specific predictions. We present this as
a structurally consistent ontology for the problem,
not as a resolution the existing literature was miss-
ing.
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Information paradox status in SITE: The frame-
work’s ontology (finite Planck core, bulk-boundary
entanglement, Landauer-bounded radiation) is con-
sistent with unitarity and accommodates the Page
curve naturally. This is a structurally complete
story; whether it is preferable to existing is-
land /replica proposals is a separate question about
mechanism plausibility. Empirically: the finite
Planck core predicts gravitational wave echoes (Sec-
tion IX.C) at 89.1 ms for GW150914-class rem-
nants, falsifiable in LIGO 04/05 — this is a
framework-specific observable and the strongest em-
pirical handle.

11.5. Structural commonality

Both resolutions share a common structure: a
physical phenomenon that looks paradoxical un-
der the continuous-manifold assumption becomes a
straightforward consequence of substrate thermo-
dynamics once A1-A3 are adopted. The matter-
antimatter asymmetry is a directional effect on a
chiral substrate; the information paradox is a holo-
graphic decompression on a finite-capacity sub-
strate. In both cases the paradox was an artifact
of the wrong ontology, and vanishes once the right
ontology is substituted.

This is perhaps the deepest meta-observation
about the SIE framework: its primary value is not
that it adds new physics, but that it removes puz-
zles that were never physical to begin with. They
were mathematical artifacts of assuming a continu-
ous vacuum with unbounded information capacity.
A finite, discrete, chiral substrate has no room for
them.

12. Observational Content V: Precision Con-
stants and Anomalies

12.1. The fine-structure constant as information
bottleneck

One of physics’s most enduring puzzles is why the
fine-structure constant a~' = 137.036 takes the
specific value it does. Standard physics offers no
explanation; Feynman famously observed that no
one has been able to derive it from first principles.
SIE offers a reinterpretation of a rather than
a first-principles derivation of the value 1/137.
The Margolus-Levitin theorem [66] sets the abso-
lute maximum quantum transition rate at I'jyax =
2mec?/h. A stable electron operates at its Comp-
ton frequency vg mec?/h, which is identically
50% of T'max (this is a kinematic identity, not a
physical claim about substrate coherence).
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In a computational universe, a dimensionless
coupling constant can be interpreted as a fraction:
what portion of the electron’s internal processing
cycles is transmitted to the vacuum as EM coupling
rather than retained for maintaining the particle’s
internal structure? Under this interpretation, «
is named as that fraction, and a~! ~ 137 is the
number of internal cycles per emission event. This
gives a physical picture for what « represents on
the substrate; it does not predict the specific value
137.036.

Honest framing. A true derivation would show

that some structural property of the FCC substrate
— gauge-node connectivity, coordination number,
topological winding, or similar — forces a~! to
take this specific value. That derivation is not
currently available. What SIE provides is a co-
herent substrate-theoretic interpretation of the di-
mensionless number, placing it in the same onto-
logical category as the Landauer Mass Tensor (a
dimensionless-cycle cost rather than a mystery con-
stant). The empirical value 137.036 is input to the
framework, as it is to the Standard Model; the
framework’s contribution is giving it a physically
motivated reinterpretation rather than a deriva-
tion.
Given o' as input, it is then consistent with
— and determines — the electron radius (Section
III.C) and the neutrino mass (Section XI.C be-
low) via substrate-thermodynamic relations that
are genuinely predictive once a~! is fixed. The
logical order matters: o~! input, r, and m, out-
puts. An earlier presentation of this material in
the corpus sometimes obscured the ordering, which
(if read literally) suggested a circular derivation.
The framework’s commitment is to the order just
stated.

12.2. The neutrino as minimum data packet

If the electron is 137 bits of stable charge encoding
and the proton is 166 bits of FCC-packed confine-
ment, what is the neutrino? In SIE, the neutrino
is the absolute minimum possible excitation of the
substrate: exactly one bit of chiral data propagat-
ing through the lattice. This identification leads to
a quantitative prediction of the neutrino mass with
no fitted parameters [9].

The deriwvation. By A3 (Landauer bounds at lo-
cal temperature), the minimum energy cost of pro-
cessing one bit against the ambient thermal noise
floor at the CMB temperature is:

Fpy = kpTompIn2 ~ 1.627 x 1074 eV, (39)



using Tomp = 2.725 K. But the neutrino is not a
static thermal fluctuation — it is a structured exe-
cution thread propagating through the substrate
against the lattice’s electromagnetic impedance.
That impedance is exactly the fine-structure con-
stant’s inverse, a ! ~ 137.036, which we have iden-
tified as the substrate’s Shannon capacity for en-
coding a charge against vacuum polarization (Sec-
tion XI.A). The neutrino’s effective mass is the
single-bit thermal cost amplified by this structural
barrier:
my = Frit - a1 ~ 0.0223 eV. (40)
Comparison with observation. Laboratory
bounds and cosmological constraints place the
sum of neutrino masses in the range 0.06-0.12
eV (KATRIN upper bound ~ 0.45 eV per fla-
vor; Planck+BAO Y m, < 0.12 eV for three
species) [86, 87|. Distributing 0.0223 eV across
three mass eigenstates gives > m, ~ 0.067 eV,
landing squarely inside the cosmologically allowed
band and consistent with the lower end of the
direct-detection upper limits.

Neutrino mass from substrate thermody-
namics: m, = kpTemIn2 - a~! ~ 0.0223 €V.
This uses a~! as an input (it is a measured quan-
tity reinterpreted rather than derived by SIE) plus
Tcomp and the Landauer bound. Given the two con-
stants as input, the neutrino mass emerges with no
further adjustable parameter, and sits within the
observationally allowed mass range. This is gen-

uinely predictive: once the Landauer-times-a—* re-

lation is adopted, no freedom remains to adjust m,,.

The neutrino as substrate thermostat. Because
the neutrino mass is tied to Tcumm, it is not a funda-
mental constant — it tracks the temperature of the
universe. In the hot early universe, neutrinos were
substantially heavier; as the universe expanded and
cooled, their mass decreased. This has concrete im-
plications for structure formation: the heavier early
neutrinos may have clustered like cold dark matter
during the first galaxy formation epoch, while to-
day’s lighter neutrinos free-stream through large-
scale structure. The transition is smooth and oc-
curs at the epoch when Toyp dropped below the
threshold where o 'kpT In 2 fell below the kinetic
energy of the neutrinos. This reinterprets the neu-
trino as the substrate’s active thermostat: a dy-
namical mass-energy reservoir that equilibrates as
the universe cools, rather than a species with a
fixed fundamental mass.

If confirmed by cosmological neutrino mass mea-
surements across different redshifts (technology
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yet to be developed but in principle accessible
to very-long-baseline CMB spectral analyses), the
mass-as-thermostat prediction would be a striking
framework-specific signature.

12.3. The neutron lifetime anomaly

The 4.10 discrepancy between beam and bottle
measurements of the free neutron lifetime — 7,, =
888.0 + 2.0 s (beam, from decay product counting)
versus 7, ~ 879.44+0.6 s (bottle, from UCN trap re-
tention) [68] — remains unresolved. Standard pro-
posals (dark decay channels, CKM non-unitarity
extensions) lack empirical support.

SIE resolves the anomaly through the Infody-
namic Shear Tensor Y, |21, 67]. The core mecha-
nism: in bottle experiments, ultracold neutrons in-
teract with strong magnetic gradients at the trap
boundary. The boundary collision induces a lo-
calized geometric compression of the spatial lat-
tice, shifting the axial-vector coupling g4 upward
via the Gell-Mann-Oakes-Renner (GMOR) rela-
tion and accelerating thermal state-rejection.

Quantitatively, the neutron’s 29.214-bit topo-
logical formatting conflict (the discrepancy be-
tween the proton’s 166.25-bit FCC capacity and
the electron boundary’s a~! = 137.036-bit encod-
ing) drives intrinsic instability at 1.29 MeV via the
gluon trace anomaly. In bottle experiments, the
macroscopic magnetic gradient couples to this in-
stability via a dimension-6 operator, producing a
0.266 keV localized phase strain during each bounce
that biases the measurement downward by ~ 10 s
relative to beam experiments. The discrepancy di-
rection (bottle < beam) matches the sign predicted
by the mechanism.

Falsifiable prediction: A bottle experiment
using a magnetic wiggler with longitudinal adia-
batic extraction — designed to suppress the non-
adiabatic boundary interaction — should recover
the beam lifetime at 7, ~ 888 s. Null result: bottle
and beam agree at the quoted uncertainty, falsify-
ing the mechanism. This is a specific, performable
test [67].

12.4. Quark masses from dual-clock truncation

The six quark masses span four orders of magni-
tude (from m, ~ 2 MeV to my ~ 173 GeV) with no
derivation in the Standard Model. SIE addresses
them via a dual-clock mechanism [21]: each quark
flavor sits at a specific substrate shell with charac-
teristic refresh cadence, and the observed mass is
set by the ratio of the flavor’s internal refresh clock
to the substrate’s background clock.



The precise values require specification of the
shell structure (which overlaps with the three-
generations issue discussed in Section IX), so the
current predictions are 10-30% accurate rather
than ~ 1%. A unified treatment would require
the icosahedral shell selection rule to be derived,
linking this problem to Gap 3.

12.5. Magnetar polarization cap

As noted above, the IXPE observation of the ex-
treme magnetar 4U 0142+61 showed X-ray polar-
ization capping at ~ 35%, well below the stan-
dard QED prediction of 80-100%. For neutron
stars at lower fields (e.g., RX J1856.5—3754 at
B ~ 10'3 G), SIE predicts linear optical polariza-
tion in the range 11-16% from the discrete-lattice
birefringence formula

_«a B\?

T (BC>
where B, = 4.41 x 10" G is the Schwinger critical
field. The VLT observation of 16.43% polarization
in RX J1856.5—3754 [69] is consistent with this
prediction. For magnetars above the Schwinger

limit, the 35% substrate yield cap takes over, as
confirmed by IXPE [46].

(41)

Precision constants summary: o' = 137.036
is taken as empirical input but receives a substrate-
theoretic reinterpretation (internal cycles per emis-
sion event); deriving the specific value remains
open. The 4.10 neutron lifetime anomaly resolves
through boundary magnetic shear coupling to the
29.214-bit formatting conflict. Magnetar polariza-
tion cap at 35% matches the substrate yield point.
Quark masses via dual-clock are 10-30%, awaiting
shell derivation.

13. The Cosmological Lifecycle

The framework assembles into a complete cosmo-
logical arc: a specific beginning, a specific dynam-
ical history, and a specific terminal state. FEach
phase makes falsifiable predictions.

13.1. Genesis: Fracture of the Substrate Crystal

Before expansion, the universe existed as a maxi-
mally packed zero-entropy Substrate Crystal — an
FCC relational graph in thermodynamic ground
state. The “Big Bang” is not a point singularity
but a macroscopic topological phase transition: the
substrate crystal fractured along its {111} cleavage
planes, and the propagating crack front ignited the

temporal metric. Time emerges as the sequential
ordering of thermodynamic state changes on the
expanding relational graph [34, 5.

This formulation bypasses the ¢ = 0 singularity
that breaks general relativity. It also makes a con-
crete prediction: the residual topological scarring
of that primordial fracture should be visible in the
CMB’s low-¢ multipoles, which is what Section VII
(primordial crystallography) confirms at p < 0.001
significance.

13.2. Evolution: Gompertz expansion

The post-fracture expansion is not driven by a
static cosmological constant. It is driven by the
entanglement entropy generated from the decay
of unstable primordial isotopes: as unstable par-
ticles (hyperons, resonances, and later actinides)
decay, their localized informational geometry un-
spools onto the holographic horizon, and the sub-
strate must allocate buffer space to accommodate
the resulting entanglement entropy [5].
Mathematically, the decay-driven expansion
yields a Gompertz function for the scale factor:

2Hax
0) = e (22 )
€

where Aeg is an epochal decay envelope transi-
tioning through the primordial unstable inven-
tory. The Gompertz form gives a finite a(0) =

Amax €XP(—2Hmax/Aer) — the initial substrate
crystal’s bounded volume — avoiding a point sin-
gularity.
The equation of state evolves as
w(a) =—1+ Qla) (43)

3H(ppE + Ppr)’

where @) is the topological heat injection rate.
At present, Q > 0 gives quintessence with w >
—1; as primordial reservoirs deplete, () transitions
through zero and the equation of state asymptotes
tow — —1 as a — oo.

DESI 2024 Year 1 BAO [70] favors thawing
dark energy with wyg =~ —0.73 £+ 0.07 and w, ~
—0.88 + 0.36 — an anomaly that ACDM struggles
to accommodate. The Gompertz scaling naturally
produces wg ~ —0.72 and w, ~ —0.31 at the cur-
rent epoch, placing the SIE prediction within the
1o DESI contour on wg and within 20 on w,. Crit-
ically, STE also predicts w — —1 exactly as a — oo,
distinguishing it from models with a true phantom
crossing. Sub-percent constraints on w(a) from Eu-
clid, Rubin LSST, and DESI Year 5 will sharply test
this trajectory.
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13.3. Terminal state: the Time Crystal

As the universe exhausts its inventory of primordial
unstable isotopes, the rate of new entanglement en-
tropy generation drops: dSent/dt — 0. The expan-
sion asymptotes, not to a Big Rip, but to a static
Symbiotic Infodynamic Equilibrium.

Tellurium-128 undergoes two-neutrino double
beta decay with half-life 75 ~ 2.25 x 10%* years
[71], which SIE identifies as the empirical proxy
for the Terminal Isotope Epoch. At ¢t ~ 10%° years
(assuming proton stability at 7, > 1034 years; if
the proton ultimately decays, the terminal epoch
is correspondingly later):
tlgg H(t) = Huin-

(44)
The universe locks permanently into a stable, ther-
modynamically saturated informational architec-
ture — a “Time Crystal” in the condensed-matter
sense [72] — with residual kinetic energies con-
served in the global topological binding energy of
the entanglement graph.

This is a Kosterlitz-Thouless-like topological
phase transition, not a standard thermal one. No
macroscopic latent heat is expelled; the universe
simply crosses into its terminal state. The predic-
tion: no Big Rip, no Heat Death, no eternal de
Sitter. A specific asymptotic structure with spe-
cific mathematical form.

tlgg PDE(t) = pmin =

The SIE cosmological arc has three phases: (1) sub-
strate crystal fracture replacing the ¢ = 0 singular-
ity; (2) decay-driven Gompertz expansion replac-
ing static A and producing thawing dark energy;
(3) Time Crystal terminal state at ~ 10%® years re-
placing eternal de Sitter. Each phase has empirical
handles: CMB anomalies (Section VII), DESI w(a)
trajectory, and future sub-percent cosmological con-
straints.

14. Summary of Predictions

Table 1 consolidates the framework’s quantitative
predictions against observation. Where the predic-
tion involves a fit parameter, it is noted explicitly;
the majority of entries are zero-parameter predic-
tions from substrate-theoretic ingredients.

The table is selective, not exhaustive. It
emphasizes predictions with numerical content.
Structural /qualitative claims (e.g., substrate-
amplification mechanism applied to the Bullet
Cluster geometry, which is qualitatively consistent
with observation but awaits quantitative verifica-
tion; see Section X.B) are covered only in the nar-
rative and are not listed as successes here.

15. Honest Assessment of Remaining Gaps

No framework is complete. We catalog here the
four identifiable technical gaps and their research
profiles, with estimated difficulty:

15.1. Gap 1: cpcc rigorous value

The coefficient cpac that converts 0y, into the
chirally-asymmetric Wilson term is currently con-
strained only by dimensional analysis to O(0.3—
1). A rigorous value requires lattice gauge the-
ory computation with explicit FCC Dirac operator
construction, Dirac spinor structure, and spectral
flow under varying 0g.,. Python-level estimates
span three orders of magnitude because they are
dimensional approximations rather than true cal-
culations.

Research task: Dedicated LGT simulation on
FCC substrate. Time: weeks to months of special-
ist work. This is the single most pressing remaining
calculation for framework credibility.

15.2. Gap 2: Pati-Salam Higgs potential

The embedding protection factor cepp of Problem
2 depends on the specific Higgs potential of the
Pati—Salam breaking. Dimensional estimates place
Qemp between 10720 (if scaling goes as (v/Mpg)?)
and 10713 (if scaling is linear in v/Mpg). With-
out the explicit potential, we cannot distinguish.
A plausible outcome is that the embedding is indi-
vidually sufficient for strong-CP consistency, mak-
ing the axion redundant insurance rather than a
necessary second layer.

Research task: Explicit Pati-Salam Higgs po-
tential construction with minimization. Time:
GUT model-building project scale.

15.3. Gap 3: Icosahedral shell selection rule

Lepton generations are assigned to icosahedral sub-
strate shell indices K = 0,2,18 to match ob-
served mass ratios to ~ 1%. The principle select-
ing these specific shells (rather than other values
of K) is not derived; it is fit to data. A first-
principles derivation would show that only shells
K = 0,2,18 support stable fermion states under
Landauer-thermodynamic stability, converting the
mass ratio match from phenomenology to conse-
quence.

Research task: Stability analysis of icosahe-
dral shell states under substrate dynamics. Time:
moderate research project.
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Table 1: SIE predictions against observation. ZFP: zero free parameters (no substrate-specific tuning
beyond established constants). Cal: calibrated (empirical input used). * indicates empirical consistency

rather than first-principles derivation. “~":

order-of-magnitude prediction.

Quantity SIE value Observation Accuracy Status

CMB spectral tilt n, 1—2/57 =0.96491 0.9649 £ 0.0042 10~* match Numeric
CMB bisector (Axis of Evil) 7.85° 8.85° 4+ 2° 1.0° ZFP (F(
FCC vs. randomized skies DPraw < 0.001 trials-adj. ~ 0.01-0.1 n/a Suggesti
Kinematic dipole alignment 0.12° serendipitous n/a Byprodu
Hubble local rate Hiocal 73.1 km/s/Mpc 73.0£1.0 aggregate match Cal fron
Hubble kinematic rate H® 73.97 km/s/Mpc n/a 1.3% of SHOES From SF
Growth index ~ 0.545 0.55 (fit) ~ 1% ZFP fro
Bare vacuum density ppare 2.07 x 10727 kg/m? pe =8.53 x 10727 factor 4 of p,. CKN+L
Acceleration scale ag cHy/2m 1.2 x 10710 m/s? matches Planck Hy ZFP der
SPARC rotation curves SIE x2 = 3.33 NFW 2 =1.72 competitive 1 param
DESI wy —0.72 —0.73+0.07 lo From Gc
DESI w, —0.31 —0.88 +0.36 20 From G
Magnetar polarization cap < 35% (universal if true) ~ 35% (4U 0142461) matches Substrat
Neutron star polarization (J1856) 11-16% 16.43% matches Formula
Proton mass m,, 166.25-bit refresh 938.272 MeV ~ 3% Multi-fas
Mass ratio my,/m. from volumetric bits 1836.15 ~ 0.4% From La
Lepton mass ratios from icosahedral shells Me My, T My ~ 1% Cal: N
Transmon decoherence feature ~ 5 GHz region observed IBM Qiskit  design-band match Qualitat
GW150914 ringdown ¢/2rRs = 261 Hz 251 Hz (m = 2,2,0) 4% Cross-mx
GW150914 echo delay 89.1 ms null to date awaiting 04,/05 Hard tar
a~t (input) 137.036 — Reinterp
Neutrino mass m,, 0.0223 eV > om, <0.12 eV within bound From La
Neutron 7,, beam-bottle gap ~ 10 s (bottle lower) 888 —879=9s correct sign/magnitude From sh
MAQRO collapse threshold wlp(mp/M)3 not yet tested awaiting MAQRO Hard pre
Terminal epoch ¢ ~ 10%° years not testable Te-128 proxy* Asymptc

15.4. Gap 4: Unified Yukawa matrix

resolution.

The full Yukawa matrix Y;; is not derived. SIE
has individual mass predictions (proton, m,/me.,
neutrino, lepton generations, rough quark ratios)
but no unified theory of flavor. This gap is shared
with all GUT frameworks and may not be uniquely
tractable in STE.

Research task: Either (a) derive Yukawa as
overlap integrals of fermion wave functions on
icosahedral shells with Higgs VEV profile, or (b)
deepen individual mass predictions toward a com-
prehensive flavor account. Time: open-ended.

15.5. The Pantheon-+ void anomaly

The sole empirically negative result in the current
corpus: the SIE prediction of a step function in su-
pernova Hy at the KBC void edge is not observed,
and a void model fit yields an inverted hierarchy
(Hin < Hout). This is recorded transparently [22]
as the primary open problem connecting the obser-
vational program to the theoretical framework. It
is not a structural inconsistency — the Hubble ten-
sion is still resolved by Eq. 30 at the aggregate level
— but it is an empirical discrepancy that demands
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Candor: Every published framework with broad
scope has failing predictions. The question is
whether the failures are fixable within the frame-
work or signal fundamental incorrectness. SIE’s
failures (the Pantheon+ void, the residual factor
in pe/prare, the shell-selection tuning) are consis-
tent with incomplete derivation rather than wrong-
framework. This is a testable interpretation: if the
research tasks above are pursued and the failures
persist, that will sharpen into real evidence against
the framework. If the research tasks resolve them,
it will sharpen into support.

16. Falsifiability Summary

A framework that fits everything predicts nothing.
SIE makes multiple falsifiable commitments. A se-
lection:

16.1. Near-term (current-generation detectors)

IAXO helioscope axion. SIE predicts an emer-
gent QCD axion at mg ~ 3.5 meV and f, ~ 10%°
GeV. TIAXO is sensitive to this range [17]. A con-
firmed detection at these parameters supports the



framework; a null result at significantly tighter
bounds constrains (though does not kill, given the
embedding protection alternative).

LIGO 04/05 gravitational wave echoes.
SIE predicts an echo delay of 89.1 ms for
GW150914-class remnants, with logarithmic mass
slope 2/3 rather than the standard-ECO 1.0 [45].
A confirmed detection at the predicted delay /slope
supports the framework; a null result with suffi-
cient sensitivity across multiple events constrains
it.

DESI high-redshift equation of state. SIE
predicts a non-linear divergence of w(a) at z > 2,
plunging into the phantom regime (w < —1.5) due
to the Landauer thermal erasure penalty. Linear
CPL parameterizations that remain shallow at high
z would falsify this feature.

LiteBIRD tensor-to-scalar ratio. SIE pre-
dicts r < 0.14 (specifically, 7 ~ 0 in the osmotic-
inflation picture), decoupled from ng = 0.96491.
Any clear detection of » ~ 0.14 would falsify the
framework. A tight upper bound on r without ng
drift supports it.

LHAASO photon dispersion. SIE predicts a
linear dispersion delay At o< E for high-energy ex-
tragalactic photons from discrete substrate propa-
gation. Recent observations of TeV photons from
GRB 221009A [52]| provide the beginning of con-
straints; continued observations tighten them.

16.2. Medium-term (next-generation detectors)

Cosmic Explorer / Einstein Telescope ring-
down spectroscopy. SIE’s m = 0 axisymmetric
mode prediction differs from GR’s m = 0 mode
by 12.7% at fixed mass. High-SNR ringdown spec-
troscopy across a mass-spin distribution of events
would distinguish them [41].

MAQRO levitated-nanosphere interfer-
ometry. SIE predicts wave-function collapse at
spatial separation Azpax = wlp(mp/M)3 with
material-invariant collapse location (contrasting
the Diosi—Penrose model’s 22x spread across ma-
terials) and Landauer thermal signature Q ~ 5 uJ
per collapse for 100-nm spheres [47]. This is a di-
rect quantum test at meter scale.

Simons Observatory / CMB-S4 B-mode
polarization. SIE predicts six-fold octahedral
symmetry in CMB B-mode polarization cross-
correlations from the FCC primordial substrate
fracture geometry [10]. A clear detection of this
structure supports the framework; a strong null
constrains it.

16.3. Structural predictions

Cross-scale substrate signatures. The frame-
work hypothesizes that a single substrate equation
of state governs phenomena at very different length
scales. Quantitative tests of this hypothesis require
mapping between regimes (galactic rotation, mag-
netar polarization, qubit decoherence, cosmic pho-
ton dispersion) through explicit dimensional anal-
yses. These mappings are at varying stages of de-
velopment; claims of “scale invariance across orders
of magnitude” should be understood as a program
statement rather than a completed result.

The Pantheon+ void-gradient test. SIE
predicts a AH ~ 5.7 kms~' Mpc~! gradient across
the KBC void edge from ¢, ~ 0.15. A fresh re-
analysis of Pantheon+ with the full stat+sys co-
variance and floated 2, (Section VII.C) finds this
predicted magnitude ruled out under the standard
SHOES-anchored analysis: the fitted AH = 0.24
kms~! Mpc™! from the step-function model and
09 = —0.012 from the smooth-profile model are
inconsistent with the predicted AH ~ 5.7 and
09 = +0.15 at ~ 200 under standard analysis.
The framework’s one viable defense is scenario-
based: if the SHOES Cepheid anchors inside the
void cause the anchoring pipeline to bake in a
void-interior Hy value, the gradient could be con-
cealed from direct observation. Demonstrating
this scenario reproduces the observed flat-Hj sig-
nature across 0.01 < z < 2.3 requires an explicit
pipeline-level calculation that has not yet been per-
formed and constitutes the primary open empirical
task for the framework. A self-consistency concern
also attaches to the defense scenario: if the global
Hy = 67.4 and SPARC measures a local-observer
agp, then the derivation ag = c¢Hy/2m needs to spec-
ify whether the horizon-scale noise floor tracks the
global or local Hy. Until the pipeline calculation
is done, the aggregate Hy =~ 73 match should be
regarded as numerically consistent with the frame-
work’s interior-observer prediction but not as in-
dependent evidence of the mechanism. Indepen-
dent tests — void-exterior distance-ladder anchor-
ing from Rubin LSST, Roman, and Euclid (2027+),
plus Cosmicflows-4 [95] flow-model reconstructions
— will break the degeneracy.
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SIE is not a framework that can accommodate
any observation. Each of the falsifiable predic-
tions above has a specific signature that, if contra-
dicted by sufficient data, constrains or rejects the
framework. The observational program is multi-
pronged: cosmology (LiteBIRD, DESI, CMB-54),
particle physics (IAXO), gravitation (LIGO, Cos-
mic Explorer, MAQRO), and high-energy astro-
physics (LHAASO, IXPE). A framework with this
breadth of testability, with each test already par-
tially informed by existing data, is in an uncom-
monly strong epistemic position.

17. Comparison to Alternative Programs

To contextualize SIE, we summarize briefly the re-
lation to adjacent frameworks.

17.1. Versus ACDM with dark matter

Standard ACDM with cold dark matter halos fits
CMB anisotropies and large-scale structure at high
precision, but faces persistent anomalies: the Hub-
ble tension (50), the Sg tension [48], small-scale
structure issues [49], and the unexplained numeri-
cal value of A itself. It requires a dark matter par-
ticle that has evaded detection for four decades.

SIE reproduces the large-scale successes of
ACDM via the Gompertz expansion history and
the N = 57 equipartition closure, while resolving
the tensions through substrate thermodynamics. It
requires no new particles. It does require a new on-
tology (substrate as discrete finite-capacity compu-
tational layer), which is a significant philosophical
commitment.

17.2. Versus MOND

MOND [50] reproduces galaxy rotation curves with
a single phenomenological acceleration ag ~ 1.2 x
10719 ms=2,
striking but it struggles with cluster-scale gravita-
tional lensing and CMB acoustic peaks, and cru-
cially, it provides no mechanism for why ag exists
or takes its observed value.

SIE reproduces MOND’s galactic successes
through Eq. 21, but ag = cHy/27 is derived from
substrate thermodynamics rather than postulated.
For the Bullet Cluster separation [51] — which
is challenging for MOND — SIE offers a quali-
tative mechanism via temperature-dependent sub-
strate amplification (hot plasma breaks substrate
tension amplification while cold stellar components
preserve it) [5]; however, the quantitative lensing-
offset magnitude has not yet been computed from
the mechanism (Section X.B). The Bullet Cluster

Its successes on galactic scales are
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status within SIE is therefore a plausible structural
story pending quantitative verification, not a com-
pleted resolution.

17.3. Versus emergent gravity programs

Verlinde’s entropic gravity [12] and Jacobson’s
thermodynamic derivation of Einstein’s equations
[11] share SIE’s commitment to gravity as thermo-
dynamic. The distinction is that these programs
derive gravitational dynamics from horizon ther-
modynamics at the final level, while SIE derives all
five Lagrangian terms (gravity, matter, EM, topol-
ogy, dark energy) from the same substrate axioms.
SIE is more ambitious and correspondingly more
constrainable.

17.4. Versus string theory and loop quantum
gravity

These are programs for quantum gravity that seek
to reproduce general relativity and the Standard
Model from a more fundamental starting point.
SIE shares this ambition but takes a different start-
ing point: information dynamics on a discrete sub-
strate rather than extended objects or spin net-
works. The discriminating question is empirical:
which framework produces falsifiable predictions
that match observation with fewer free parameters?
SIE’s scorecard to date (outlined in Sections VI-
VIII) is publicly examinable.

18. The Research Program

The framework’s path forward has specific, identi-
fiable tasks:

18.1. Priority 1: LGT calculation of cpcc

This is the single calculation that would convert
the chiral halving chain from “structurally com-
plete with cpcc ~ O(1)” to “fully rigorous with
crcc = X for a specific X.” The required work
is well-defined: construct the FCC Dirac operator
as a matrix on a finite periodic lattice, introduce
the chirally-asymmetric Wilson term with explicit
Osup coefficient, diagonalize, and extract the slope
CFCC = a""asym/aasub|6:0-

Recruitment of a lattice gauge theory special-
ist is the operational priority. An Anthropic-level
compute budget plus specialist expertise plus 2-6
months would close this gap.



18.2. Priority 2: Pantheon+ resolution

The inverted void signal is the primary empirical
discrepancy. Possible resolutions: (i) the void ge-
ometry in Pantheon+ is more complex than the
simple sphere assumed, and a proper 3D recon-
struction (e.g., using 2M++ [54] or BORG [55])
changes the inference; (ii) peculiar-velocity correc-
tions in Pantheon+ absorb the signal; (iii) the SIE
substrate tension law is refined. Work on (i)-(iii)
is tractable without specialist recruitment.

18.3. Priority 3: Icosahedral shell derivation

A stability analysis showing that substrate icosahe-
dral shells with K = 0, 2, 18 are the uniquely stable
configurations would convert the lepton mass ratio
match from fit to derivation. This is a specific cal-
culation with a clear endpoint.

18.4. Priority 4: Axion constraint update

As TAXO ramps up, the SIE axion parameters
(mg ~ 3.5 meV, f, ~ 10%° GeV) should be con-
tinuously updated against the evolving constraint.
If IAXO finds nothing in the predicted region, the
framework falls back to the embedding-protection-
alone position (Gap 2), which would motivate pri-
oritizing the Higgs potential construction.

19. Conclusion

Symbiotic Infodynamic Equilibrium commits to a
specific ontological claim — that information is pri-
mary, that the universe is a closed system, and that
Landauer bounds are universal — and attempts to
derive observable physics from those commitments.
The derivation chain from FCC substrate to the
Standard Model gauge structure and fermion chi-
rality has substantive structural support, with four
identifiable technical gaps representing tractable
research tasks rather than fundamental problems.

The empirical scorecard is multi-pronged and
quantitative. From the corpus: SIE fits the 175-
galaxy SPARC sample with one parameter per
galaxy, remaining competitive with cosmologically-
constrained NFW (2 parameters; median x2 3.33
vs 1.72) while making the independent zero-free-
parameter prediction ay = cHy/27 that repro-
duces the 3382-point radial acceleration relation
at 0.140 dex scatter; delivers a kinematic Hub-
ble constant within 1.3% of SHOES from galax-
ies alone; matches Planck’s spectral tilt to 1074
via the N = 57 chiral inventory (with the caveat
that Route 2’s mechanism in the osmotic picture is

an open task); predicts the CMB Axis of Evil ori-
entation within 1° with trials-adjusted significance
p ~ 0.01-0.1; yields an aggregate numerical match
Hioeal ~ 73.1 kms™! Mpc~! consistent with the
SHOES measurement via Higeal = Hglobal/Vv/1 — 0p
for interior-void observers; produces the bare vac-
uum density within a factor of four of observation
with no fitting; predicts black hole ringdown fre-
quencies within 4% for GW150914 (with the coin-
cidence attributable to the Kerr m = 0 circumfer-
ence identity); and derives the matter growth index
~v = 0.545 from the closed-system boundary condi-
tion w = —1. The Pantheon+ void-gradient pre-
diction is ruled out at high significance under the
standard analysis; the framework’s defense (SHOES
anchoring inside the void conceals the gradient) re-
quires an explicit pipeline-level calculation not yet
performed and is recorded as the priority open task.

Where SIE differs from other unification pro-
grams is its simultaneous breadth of observational
engagement and specific falsifiability. LiteBIRD,
DESI, TAXO, LIGO, Cosmic Explorer, CMB-54,
MAQRO, and LHAASO each deliver independent
tests in their target windows. A framework this
exposed to falsification, with this many partial ob-
servational confirmations already in hand, is not a
framework that will remain comfortable.

The next milestones — a rigorous LGT value of
crcc, a Pantheon+ reanalysis, an icosahedral shell
derivation, and the first TAXO axion sensitivity —
will either sharpen the framework into quantita-
tive theory or provide the specific contradictions
that would push it aside. Either outcome advances
physics. We aim for the first.
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