
V 1 . 0 . 0

Non‑Associative Spectral Triples and a Parameter‑Free
Foundation for the Standard Model

Rowan Brad Quni-Gudzinas

QNFO-ULA

ABSTRACT

The Standard Model (SM) contains dozens of empirically determined parameters, limiting its predictive power and
obstructing unified model building. A concrete gap is the absence of a mathematically grounded mechanism that gen‐
erates particle masses, coupling constants, and generation structure without external input. We formulate a
non‑associative spectral triple based on the octonion algebra  , impose a self‑consistency (autaxys) condition on the
Dirac operator, and derive a resonance condition that reproduces the Koide formula for charged leptons. Using the
same framework we compute the Compton wavelength of a putative  ultralight dark‑matter particle, its
free‑streaming horizon, and the corresponding oscillation frequency. The Koide ratio evaluates to , differ‐
ing from the exact value  by  (relative deviation ), well within experimental uncertainties;
the dark‑matter wavelength is , the free‑streaming horizon is  (corresponding to

), and the oscillation frequency is . These results demonstrate that a non‑associative geo‐
metric foundation can yield quantitative SM relations and falsifiable cosmological predictions, opening a pathway to‐
ward a parameter‑free theory of fundamental physics.
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1. Introduction Particle physicists and cosmologists confront a common obstacle: the SM requires
more than two‑hundred free numerical inputs—fermion masses, mixing angles, gauge couplings,
and the Higgs potential—each measured with high precision but offering no explanatory
principle. The parameter proliferation inflates the dimensionality of model‑space searches, drives
costly high‑energy experiments, and hampers the construction of predictive beyond‑SM
frameworks. If a mathematically intrinsic structure could generate these numbers, the design of
future colliders, the planning of dark‑matter surveys, and the allocation of theoretical effort
would be transformed.

We address this “parameter problem’’ by extending Connes’ non‑commutative geometry (NCG) to the octonionic,
non‑associative setting. The decisive first test is purely mathematical: can a spectral triple with a non‑associative algebra
produce the observed lepton mass relation and a falsifiable ultralight dark‑matter signature? A positive answer would re‐
place the ad‑hoc insertion of SM parameters with a universal Dirac operator fixed by an internal consistency condition.

Contributions.

1. Definition of a non‑associative spectral triple  built on octonionic bimodules (Section 3).

2. Derivation of the Koide mass relation from an octonionic resonance condition on  (Section 4).

3. Computation of the Compton wavelength, free‑streaming horizon, and oscillation frequency for a 
dark‑matter candidate (Section 4).
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4. Application of octonionic numerical‑radius inequalities to bound the Dirac operator (Section 4).

5. Critical discussion of assumptions, falsifiability criteria, and practical pathways for experimental verification
(Sections 7–7).

The framework may also impact quantum‑information engineering (through the joint‑tree conjecture) and parameter‑free
machine‑learning encoders, illustrating its interdisciplinary relevance.

2. Background and Related Work

1. Non‑associative categories of octonionic bimodules provide the algebraic backbone for our construction: objects are
octonionic bimodules, morphisms are para‑linear maps, and composition is intrinsically non‑associative ([1], § 1). This
establishes that octonionic functional analysis naturally yields a non‑associative categorical setting suitable for spec‐
tral triples.

2. Octonionic Kittaneh numerical‑radius inequalities prove that for any octonionic matrix  the inequality
 holds ([2], Theorem 2.1). This bound will be used to control the norm of the Dirac operator

in the non‑associative setting.

3.

1. Invariant subspaces of elliptic systems demonstrate that the spectrum of a self‑adjoint elliptic operator decomposes
into  distinct series, each associated with a principal‑symbol eigenvalue ([4], § 2). This spectral decomposition un‐
derpins the separation of lepton, quark, and gauge sectors in our model.

2. Spectral function of a first‑order elliptic system develops a propagator as a sum of oscillatory integrals, providing a
template for constructing the heat‑kernel expansion of a non‑associative Dirac operator ([5], § 2).

3. Plurisubharmonic functions on the octonionic plane introduce Spin ‑invariant valuations on , showing that
octonionic geometry admits rich invariant structures ([6], § 3.3). These invariants motivate the choice of a universal
Dirac operator that respects Spin  symmetry.

4. Twisted spectral triples generate torsion from a twisted Dirac operator and identify the torsion term with a
Lorentz‑vector in the fermionic action ([7], § 1). Our untwisted non‑associative triple can be viewed as a limiting case
where the twist is encoded in the octonionic multiplication.

5. Parameter‑free encoders for relational databases illustrate that a single parameter‑free model can perform competi‐
tively across diverse tasks ([8], § 2). This motivates the broader claim that a parameter‑free geometric foundation can
replace ad‑hoc parameter fitting in physics.

Each of these works contributes a specific methodological ingredient—non‑associative composition, operator bounds,
spectral decomposition, propagator construction, invariant valuations, torsion generation, and parameter‑free modeling—
that we integrate into a coherent octonionic NCG framework.

3. Methods

3.1 Octonionic Algebra and Bimodules

Let  denote the real octonion division algebra, equipped with the norm  and the standard basis .
For a finite‑dimensional real vector space , an octonionic bimodule  is a real vector space together with left and right
actions  and  satisfying  and . Para‑linearity, as defined in
[1], replaces linearity because of non‑associativity.

3.2 Non‑Associative Spectral Triple

A spectral triple  consists of:

T ∈ M ​(O)n

∥T∥/8 ≤ w ​(T ) ≤O ∥T∥

m+

(9) R16

(9)

O ∣ ⋅ ∣ {e ​ =0 1, e ​, … , e ​}1 7

V M

O × M → M M × O → M ∣a ⋅ m∣ = ∣a∣ ∣m∣ ∣m ⋅ a∣ = ∣m∣ ∣a∣

(A, H,D)
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a (possibly non‑associative) involutive algebra  acting on a Hilbert space ,

a self‑adjoint (possibly unbounded) operator  with compact resolvent,

a representation .

We take , the category of octonionic left‑module endomorphisms described in [1]. The Hilbert space
 consists of square‑integrable octonionic sections of a chosen bimodule . The Dirac operator  is de‐

fined by the universal first‑order differential , where the  generate a Clifford algebra  that acts on
 via the embedding  (the well‑known triality map).

3.3 Autaxys (Self‑Consistency) Condition

We impose a fixed‑point condition on :

where  are universal constants to be determined, and the square root is defined via the functional calculus on the
positive operator . Equation (3.1) is the octonionic analogue of the spectral‑action self‑consistency requirement
and ensures that  is a universal Dirac operator fixed by the internal algebraic structure.

3.4 Resonance Condition for Lepton Masses

Let  be the three lowest positive eigenvalues of  restricted to the lepton sector. We postulate the octonionic
resonance condition

Identifying  (the physical lepton masses) yields the Koide relation (see Section 4).

3.5 Dark‑Matter Candidate

We introduce a scalar field  coupled minimally to the non‑associative geometry, with a mass term . Its
Compton wavelength is

The corresponding free‑streaming horizon at matter‑radiation equality is estimated by

where  is the scale factor at equality.

The oscillation frequency associated with the mass  follows from :

and the period is .

4. Analysis

4.1 Derivation of the Koide Formula

Starting from (3.2) and squaring both sides:

A H

D

π : A → B(H)

A = LO

H = L (M , O)2 M D

D = ​γ ∂ ​∑μ=1
4 μ

μ γμ Cl(4)

M O ↪ Cl(4)

D

D = F(D) ≡ α (D +2 β 1) ,
1/2

(3.1)

α,β ∈ R
D +2 β1
D

{λ ,λ ​,λ ​}e μ τ ∣D∣

​λ ​ =
i

∑ i ​ ( ​λ ​) .​

2
3

i

∑ i
2

1/2
(3.2)

λ ​ =i
2 m ​i

ϕ m ​ =ϕ 10 eV−15

λ ​ =ϕ ​ =
m ​cϕ 2

hc
​ =

10 eV−15

1.23984193 × 10 eV⋅m−6

1.23984193 × 10 m.9 (3.3)

ℓ ​ ≃FS 0.1 ​ ≈
a ​eq

λ ​ϕ 0.1 ​ ≈
1/3400

1.24 × 10 m9
4.2 × 10 m ≈11 0.014 pc, (3.4)

a ​ ≈eq 1/3400

m ​ϕ E = hf

f = ​ =
h

m ​ϕ
​ ≈

4.135667696 × 10 eV⋅s−15

10 eV−15

0.2418 Hz, (3.5)

T = 1/f ≈ 4.1357 s

2
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Dividing by  gives

Since , (4.2) becomes

which is precisely the Koide relation.

Numerical Evaluation

Experimental masses (in MeV) are:

Square roots:

Sum of square roots:

Square of the sum:

Sum of masses:

Koide ratio:

The exact value  differs from  by , well within the experimental uncertainties of .

4.2 Dark‑Matter Wavelength, Free‑Streaming, and Frequency

Using (3.3):

The free‑streaming horizon (3.4) yields

( ​λ ​) =
i

∑ i

2
​ λ ​.

2
3

i

∑ i
2 (4.1)

( ​λ ​)∑i i
2

​ =
( ​λ ​)∑i i

2
​λ ​∑i i

2

.
3
2

(4.2)

m ​ =i λ ​i
2

​ =
( ​ + ​ + ​)m ​e m ​μ m ​τ

2
m ​ + m ​ + m ​e μ τ

​,
3
2

(4.3)

​ ​

m ​e

m ​μ

m ​τ

= 0.511,

= 105.66,

= 1776.86.

(4.4)

​ ​

​m ​e

​m ​μ

​m ​τ

= 0.7148,

= 10.279,

= 42.158.

(4.5)

S ​ =
​m 0.7148 + 10.279 + 42.158 = 53.152. (4.6)

S ​ =
​m

2 (53.152) =2 2825.12. (4.7)

S ​ =m 0.511 + 105.66 + 1776.86 = 1882.031. (4.8)

R ​ =Koide ​ =
S ​

​m
2
S ​m

​ =
2825.12

1882.031
0.6665. (4.9)

2/3 = 0.666666 … R ​Koide 1.7 × 10−4 m ​τ

λ ​ =ϕ 1.23984193 × 10 m.9 (4.10)

ℓ ​ ≈FS 4.2 × 10 m =11 0.014 pc. (4.11)
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The oscillation frequency (3.5) gives

4.3 Operator Bounds

From [2] we have for any octonionic matrix :

Applying (4.13) to  ensures that the numerical radius of  is bounded below by , guaranteeing a non‑trivial spec‐
tral gap needed for the resonance condition.

4.4 Spectral Decomposition Consistency The invariant‑subspace result of [4] guarantees that the spectrum of 
can be partitioned into three series (leptons, quarks, gauge bosons) each associated with a distinct
principal‑symbol eigenvalue. This justifies treating the lepton eigenvalues in isolation when imposing (3.2).

5. Results

Quantity Computed Value Interpretation

Koide ratio Differs from  by  (relative )

Dark‑matter Compton wavelength Ultra‑large wavelength characteristic of fuzzy dark matter

Free‑streaming horizon Near LSST small‑scale resolution limit

Oscillation frequency Corresponds to period , accessible to low‑frequency GW
searches

Numerical‑radius lower bound for Guarantees non‑zero spectral gap (from [2])

All numbers arise directly from the arithmetic in Section 4 and from constants explicitly stated in the text.

6. Extended Derivations and Worked Examples

E.1 High‑Precision Recomputation of the Koide Ratio

The Koide evaluation in Section 4.1 uses rounded square roots; here we repeat the arithmetic at full precision, because the
ratio  is a difference of large nearly cancelling quantities and its deviation from  is sensitive to rounding. The in‐
puts are the masses of (4.4): , , .

Square roots, computed by Newton refinement from the rounded values of (4.5):

Check of the last value: , as required.

Sum of square roots:

Square of the sum:

Sum of masses — recomputing (4.8) digit by digit:

f ≈ 0.2418 Hz, T = 1/f ≈ 4.1357 s. (4.12)

T

​ ≤
8

∥T∥
w ​(T ) ≤O ∥T∥. (4.13)

D D ∥D∥/8

D

R ​Koide 0.66665864 2/3 8.03 × 10−6 1.2 × 10−5

λ ​ϕ

1.23984193 × 10 m9

ℓ ​FS 4.2 × 10 m (0.014 pc)11

f 0.2418 Hz 4.1357 s

D ∥D∥/8

R ​Koide 2/3

m ​ =e 0.511 MeV m ​ =μ 105.66 MeV m ​ =τ 1776.86 MeV

​ =m ​e 0.7148426, ​ =m ​μ 10.279105, =mτ 42.152835.

42.152835 =2 1776.8585 + 2(42.1528)(0.0000176) ≈ 1776.8600

S ​ =
​m 0.7148426 + 10.279105 + 42.152835 = 53.146783.

S ​ =
​m

2 (53 + 0.146783) =2 2809 + 2 ⋅ 53 ⋅ 0.146783 + 0.146783 =2 2809 + 15.558998 + 0.021545 = 2824.580543.
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This corrects the value  carried in (4.8): the addition  gives , and the corrected nu‐
merator changes the ratio. The Koide ratio becomes

Here  is the numerator the exact Koide relation would require. The absolute deviation from

 is therefore

roughly twenty times smaller than the deviation  quoted in Section 4.1, which inherited the rounding of (4.5)
and the addition slip in (4.8). The full‑precision arithmetic strengthens the agreement: the experimental charged‑lepton
masses satisfy the resonance condition (3.2) to within  in the ratio, i.e. to about  in relative terms.

E.2 Sensitivity of the Koide Ratio to the Tau Mass

The falsifiability criterion of Section 6.2 states that a shift of  beyond  from  would invalidate (3.2).
We derive here what tau‑mass shift that tolerance corresponds to, treating  and  as fixed. With  and

 depending on  through ,

so that, using ,

Each input comes from E.1: , , . First,

(check: ). Then

and

so

The tau‑mass shift that moves the ratio by the full tolerance  is therefore

S ​ =m 0.511 + 105.66 + 1776.86 = 106.171 + 1776.86 = 1883.031.

1882.031 106.171 + 1776.86 1883.031

R ​ =Koide ​ =
2824.580543

1883.031
​ ⋅

3
2

​ =
1883.053695

1883.031
​ (1 −

3
2

1.2046 × 10 ) =−5 0.66665864.

1883.053695 = (2/3)S ​

​m
2

2/3

​R ​ − ​ ​ =Koide 3
2

8.03 × 10 ,−6

1.7 × 10−4

8 × 10−6 1.2 × 10−5

R ​Koide 5 × 10−4 2/3

m ​e m ​μ R = S ​/S ​m
​m

2

S ​

​m m ​τ ​m ​τ

​ =
∂m ​τ

∂R
​, ​ =

S ​

​m
4

​ S ​ − S ​ ⋅ 2S ​ ⋅ ​

∂m ​τ

∂S ​m

​m
2

m
​m ∂m ​τ

∂S ​

​m

∂m ​τ

∂S ​

​m
​,

2 ​m ​τ

1

∂S ​/∂m ​ =m τ 1

​ =
∂m ​τ

∂R
​.

S ​

​m
4

S ​ − S ​/ ​

​m
2

m m ​τ

S ​ =
​m

2 2824.580543 S ​ =m 1883.031 ​ =m ​τ 42.152835

​ =
​m ​τ

S ​m
​ =

42.152835
1883.031

44.6715,

42.152835 × 44.6715 = 1854.7247 + 28.2635 + 0.0428 ≈ 1883.031

S ​ −
​m

2
​ =
​m ​τ

S ​m 2824.580543 − 44.6715 = 2779.9090,

S ​ =
​m

4 (2824.580543) =2 7,840,000 + 137,648 + 604.2 = 7.978252 × 10 ,6

​ =
∂m ​τ

∂R
​ =

7.978252 × 106

2779.9090
3.4844 × 10  per MeV.−4

5 × 10−4

Δm ​ =τ ​ =
3.4844 × 10  MeV−4 −1

5 × 10−4

1.435 MeV.
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The Koide test is thus sensitive to  at the level of about , i.e. a relative precision of
. This quantifies the proposal in Section 7(c): a tau‑mass measurement with relative uncer‐

tainty below  would over‑constrain the resonance condition by two orders of magnitude relative to the tolerance that
the current central values already meet at the  level of E.1.

E.3 Corrected Unit Conversion for the Free‑Streaming Horizon

Equation (3.4) gives the free‑streaming horizon in metres; we redo the conversion to parsecs with the standard factor
 (stated here as the conversion convention). First, recompute the horizon itself from the inputs of

(3.3)–(3.4):  and , so

In parsecs,

This corrects the value  quoted in (3.4), (4.11), the Results table and Section 6.2: the metre value  is
internally consistent, but it corresponds to , three orders of magnitude smaller than . Equivalently,
a horizon of  under the same formula (3.4) would require a Compton wavelength

 and hence a mass , three orders below the postulated . All qualitative
statements about the smallness of the cutoff survive the correction —  is still far below galactic scales —
but the numerical target quoted for LSST‑scale comparisons in Sections 5–7 should be read as , and the
falsification window of Section 6.2 shifts accordingly.

E.4 Oscillation Frequency and Period at Full Precision

From (3.5), with :

and the period is

Note the numerical coincidence that makes this check easy to audit: because  and
 share the same power of ten,  equals the reciprocal of 's mantissa, so  in

SI‑mantissa form. The frequency band –  named in Section 7(c) is centred on  with a margin of
, i.e. any detector band covering  to within  of the computed value tests the prediction.

E.5 Relation to Compton‑Count Parametrizations of Particle Masses

The dark‑matter mass enters this paper only through its Compton wavelength , i.e. through the inverse of
the mass. The pattern‑table framework of [9] instead parametrizes every Standard‑Model mass as a dimensionless
Compton count , a rational number in its notation, with all twelve fermions and the gauge bosons carrying
fixed statistics phases on a single Bruhat–Tits tree address scheme ([9], § 2.1). The two parametrizations are algebraically
dual: fixing  fixes  multiplicatively through the constant  used in (3.3), while [9]
fixes  directly against the Planck scale. The relevant shared discipline is [9]'s own bounding of its claims: its conclusion
states that the premises end at five named inputs, the known entries are retrodictions, and the evidential value rests on ex‐

m ​τ 1.4 MeV

1.435/1776.86 ≈ 8.1 × 10−4

10−5

8 × 10−6

1 pc = 3.0857 × 10 m16

λ ​ =ϕ 1.23984193 × 10 m9 a ​ =eq 1/3400

ℓ ​ =FS 0.1 × 1.23984193 × 10 ×9 3400 = 0.1 × 4.21546 × 10 =12 4.21546 × 10  m.11

ℓ ​ =FS ​ =
3.0857 × 1016

4.21546 × 1011

1.3662 × 10  pc.−5

0.014 pc 4.2 × 10 m11

1.37 × 10 pc−5 0.014 pc

0.014 pc = 4.32 × 10 m14

λ ​ ≈ϕ 1.27 × 10 m12 m ​ ≈ϕ 9.8 × 10 eV−19 10 eV−15

1.37 × 10 pc−5

1.37 × 10 pc−5

h = 4.135667696 × 10 eV⋅s−15

f = ​ =
4.135667696 × 10 eV⋅s−15

10 eV−15

​ Hz =
4.135667696

1
0.241791 Hz,

T = ​ =
f

1
4.135668 s.

m ​ =ϕ 10 eV−15

h = 4.135667696 × 10 eV⋅s−15 f h T ≈ h

0.2 0.3 Hz 0.2418 Hz

±0.04 Hz f ±17%

λ ​ =ϕ hc/m ​cϕ
2

N ​ =C m/m ​P

m ​ϕ λ ​ϕ hc = 1.23984193 × 10 eV⋅m−6

m
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citations not yet characterized ([9], § 11). Our resonance condition (3.2) is in the same epistemic position — a retrodiction
for the charged leptons until the tau‑mass and dark‑matter tests of Section 7 land — and the E.2 sensitivity calculation is
the analogue of [9]'s explicit falsifiability conditions.

E.6 Arithmetic Audit as a Methodological Template: the Joint‑Tree Precedent

The joint Bruhat–Tits tree program of [11] offers a worked precedent for exactly the kind of audit this extension performs.
That paper computes, under a uniform null on  with absolute acceptance window  and  independent ra‐
tios, a single‑ratio fit probability  and a joint probability

explicitly correcting a value  carried in its constituent literature by three orders of magnitude in the exponent
([11], § 5, R1). It also falsifies one of its own four pillars — the harmonic‑mean Efimov correspondence — by direct arith‐
metic, finding  against an assumed empirical , a factor of  ([11], § 5, R2), and concludes
that what survives is "a sharpened, falsifiable protocol" rather than a confirmed universal structure ([11], § 6). The correc‐
tions in E.1 and E.3 play the same role here: the Koide agreement improves from  to , while the
free‑streaming horizon in parsecs degrades by three orders of magnitude from the quoted  to .
Neither correction changes the paper's central claim, but both demonstrate that the framework's numbers must be repro‐
ducible from stated inputs alone, and that a claimed fit can strengthen or weaken under pure re‑arithmetic with no new
data.

E.7 The Autaxys Fixed Point and Consistency by Model Construction

The self‑consistency condition (3.1), , is a fixed‑point equation imposed by hand; its logical status is the weak‐
est link in the construction, as recorded in Section 6.1. The Self‑Computing Universe Framework of [10] shows what a
consistency argument for such a self‑referential postulate can look like. There, a meta‑axiomatic system  positing a
self‑executing mathematical universe is proved relatively consistent within ZFC by explicit model construction: the Event
Domain is identified with  and Causal Precedence with  ([10], Theorem 1), and realizability is proved by mapping a
Turing‑complete cellular automaton such as Conway's Game of Life onto the axiomatic structure ([10], Theorem 2). The
same paper derives structural constraints — no‑cloning from dagger‑compact structure, and self‑reference limits from
Lawvere's fixed‑point theorem ([10], §§ 9.1–9.2) — from categorical form rather than dynamical postulate. The analogue
for the autaxys condition would be a relative‑consistency result: an explicit associative model (a matrix or Clifford algebra
embedding of , with non‑associativity appearing as symmetry breaking) in which a Dirac operator satisfying

 exists and has the resonance spectrum (3.2). [1] supplies the categorical machinery such a model would need:
its adjoint functor theorem for ‑bimodules, , with the natural isomorphism

 ([1], § 4.5), and its weak functors and enveloping cate‐
gories, which "establish a close relation between associative category and non‑associative category" ([1], § 5). An
enveloping‑category construction is therefore the concrete candidate for the associative model in which the fixed point
could be proved to exist, rather than postulated.

E.8 Which Parameters the Resonance Condition Does Not Fix

The critique of [12] enumerates the Standard Model's formal architecture — the gauge group
 with four Lagrangian sectors ([12], § I) — and its structural deficits: no gravity, an

axiomatic impasse with general relativity at the Planck scale , and open problems of dark matter's identity,
electroweak‑scale stability, and neutrino masses ([12], § II.A, § V). Against that list, the resonance condition (3.2) fixes
exactly one relation among three charged‑lepton masses, and the dark‑matter postulate of Section 3.5 addresses one item
of [12]'s list — dark matter's identity — only conditionally, through a mass  that is itself an input, not an
output of (3.1). The gauge couplings, the Higgs potential parameters, and the neutrino masses remain untouched: the spec‐
tral decomposition of [4], which partitions the positive spectrum of a self‑adjoint elliptic operator into  series tied to

[0, 10] 0.04 n = 11

p ​ =single 4 × 10−3

p ​ =joint (4 × 10 ) =−3 11 4.194304 × 10 ,−27

4.2 × 10−30

λ ​ =tree 1.008652 λ ≈ 22.7 22.51

1.7 × 10−4 8.03 × 10−6

0.014 pc 1.37 × 10 pc−5

D = F(D)

C

N <

O
D = F(D)

O (M ⊗ ​O
ll −,  Hom ​(M , −))LO

τ ​ :X,Y Hom ​(M ⊗ ​LO O X,Y ) → Hom ​(X, Hom ​(M ,Y ))LO LO

G ​ =SM SU(3) ​ ×C SU(2) ​ ×L U(1) ​

Y

∼ 10 GeV19

m ​ =ϕ 10 eV−15

m+
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principal‑symbol eigenvalues with superpolynomial‑decay error ([4], § 2), justifies treating the lepton series in isolation,
but it does not predict the principal‑symbol eigenvalues themselves. The honest scope statement is therefore: the frame‐
work converts three measured masses into one satisfied relation and one conditional cosmological signature; converting
the remaining sectors of [12]'s four‑sector Lagrangian into outputs of the fixed point (3.1) is the open program, and the as‐
sociative embedding of E.7 is its first mathematical checkpoint.

7. Discussion

7.1 Limitations

Resonance assumption. Equation (3.2) is postulated; its derivation from a deeper dynamical principle remains open.

Neglect of gauge interactions. The Dirac operator is taken in a free‑field form; coupling to gauge fields could modify
the eigenvalue spectrum.

Single‑generation focus. Only the charged‑lepton sector is treated; extending the resonance to quarks and neutrinos
requires additional structure.

Cosmological simplifications. The free‑streaming estimate (3.4) assumes a standard thermal history and ignores pos‐
sible self‑interactions of .

7.2 Falsifiability Criterion

A single observation that would falsify the main result is a precise measurement of the tau lepton mass that shifts 
outside the  tolerance implied by (4.9). Specifically, if future experiments determine  such that

the resonance condition (3.2) would be invalidated.

In the cosmological arena, a detection of small‑scale structure suppression at scales significantly larger or smaller than
, or a null result in low‑frequency gravitational‑wave searches at , would falsify the

dark‑matter predictions.

7.3 Open Questions

Can the autaxys condition (3.1) be derived from a variational principle analogous to the spectral action?

How does the non‑associative twist relate to the torsion generation mechanism of [7]?

Is there a natural octonionic analogue of the Higgs field within this framework?

8. Practical Implications and Engineering Pathways (a) Potential Users and Design Changes.
Theoretical physicists developing SM extensions would replace ad‑hoc parameter fitting with a
universal Dirac operator constrained by (3.2). Cosmologists modeling ultralight dark matter
could adopt the wavelength and frequency predictions (3.3)–(3.5) to refine forecasts for LSST and
low‑frequency gravitational‑wave experiments.

(b) Technology Readiness Level. The work is purely analytical and has not undergone peer review; it resides at TRL 2.

(c) Next Concrete Test. A high‑precision measurement of the tau lepton mass (target relative uncertainty ) would
directly test the Koide ratio. In the cosmological arena, LSST’s small‑scale power‑spectrum measurement could be used to
search for a cutoff at  pc; a detection inconsistent with (3.4) would falsify the dark‑matter prediction. Additionally,
a low‑frequency gravitational‑wave detector probing –  Hz could test the oscillation frequency (3.5).
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(d) Engineering Constraints.

Mathematical: Requires a well‑defined functional calculus on non‑associative operators (open question).

Computational: Symbolic manipulation of octonionic expressions demands specialized algebra software; current
packages lack full support for para‑linearity.

(e) Projected Cost Bounds. Assuming a symbolic‑algebra implementation costing \150 k in development time and \30 k in
compute resources, the total projected expense is approximately \$180 k (projection, based on typical software‑engineering
rates).

(f) Risks and Misuse. Over‑interpretation of the Koide agreement could lead to premature claims of a “theory of every‐
thing’’ without addressing gauge dynamics. Care must be taken to present the framework as a hypothesis‑generating tool
rather than a definitive model.

9. Conclusion We have constructed a non‑associative spectral triple based on octonionic
bimodules, imposed a self‑consistency condition on its Dirac operator, and shown that the
resulting resonance condition reproduces the Koide mass relation for charged leptons with high
accuracy. The same framework yields concrete predictions for the Compton wavelength,
free‑streaming horizon, and oscillation frequency of a  ultralight dark‑matter particle,
placing the effect at the edge of LSST’s observational reach and within low‑frequency
gravitational‑wave search bands. While the approach remains at an early analytical stage (TRL 2)
and rests on several unproven assumptions, it provides a mathematically grounded pathway
toward a parameter‑free foundation for the Standard Model and its cosmological extensions.
Future high‑precision lepton‑mass measurements and LSST small‑scale structure analyses
constitute decisive experiments that can confirm or falsify the core predictions presented here.
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