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Abstract

Standard ACDM cosmology successfully parameterizes the universe but lacks a first-principles deriva-
tion for its energy density components (O, (), Q). Following recent work on arithmetic interferome-
try and topological phase structures, we propose the hypothesis of Universal Topological Convergence.
We postulate that the modular properties of the finite field Z3 g govern stability across scales from
quantum to cosmological. We derive a modified Einstein-Hilbert action where the cosmic energy
budget is partitioned by algebraic topology: Dark Matter corresponds to the stable coprime gen-
erators (¢(30)/30 ~ 26.67%), Baryonic Matter to the surface gauge coupling 27 ~ 4.9%), and
Dark Energy to the modular residue (= 68.43%). We validate this model against Planck 2018 data
(agreement < 0.40 across all components) and perform a rigorous x? analysis using the Pantheon
Sample of 1048 Type la Supernovae. The topological model achieves a superior fit ( x%5,= 1040.49 vs
XAcpy = 1041.36) while using fewer free parameters, yielding a decisively better Bayesian Informa-
tion Criterion (ABIC = —7.87). This suggests that the universe operates as a base-30 modular system
where the cosmic composition emerges from string-theoretic number theory rather than environmental
fine-tuning.

Keywords: cosmology; string theory; modular arithmetic; dark matter; dark energy; topological field

1. Introduction

The precision of the ACDM model is matched only by the mystery of its parameters. Why the
universe consists of approximately 69% Dark Energy, 26% Dark Matter, and 5% Baryonic Matter
remains one of the central open questions in cosmology [2]. The concordance model describes the
evolution of cosmic structure with remarkable accuracy, yet it provides no explanation for the specific
numerical values of the density parameters (); that characterize our universe.

This fine-tuning problem becomes particularly acute when we consider the vast landscape of

possible universes predicted by string theory [3]. Among 10°%

or more vacuum states, why does
our universe select these particular ratios? The anthropic principle offers one answer [4], but a more
satisfying resolution would derive these values from fundamental physics.

Recent work on arithmetic interferometry has revealed deep connections between topological
phase structures and fundamental constants [1]. Building on this foundation, we demonstrate that the
integer n = 30 emerges naturally from SO(32) heterotic string compactification, where nqg4 = 32 — 2 =
30 effective degrees of freedom govern vacuum stability. This same topological invariant successfully
reproduces quantum phenomena at the Compton scale and, as we show here, determines the cosmic
energy budget at cosmological scales.

The success of the Z3y framework motivates a bold hypothesis: What if the same topological
invariant governs the structure of spacetime at all scales? In this work, we extend the Z3; formalism to
cosmic expansion. We propose that n = 30 is a fundamental topological invariant of the vacuum
that manifests universally. By treating the universe as a compact manifold subject to Z3p modular
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constraints, we derive the exact ratios of the cosmic energy budget from number theory and heterotic
string compactification, eliminating the fine-tuning problem entirely.

2. Theoretical Framework
2.1. String Theory Origin of n = 30

We consider a heterotic string theory compactified on a six-dimensional torus T® with an SO(32)
gauge bundle. The critical dimension D = 10 factorizes into R¥! x T®, where the four-dimensional
spacetime emerges as the low-energy effective theory.

The partition function Z for the compactified theory can be written as:

z="Y "% O[T Trsogn [ eme] 1)

sectors

where g = 277

with 7 the modular parameter, and Lo, Ly are the left and right Virasoro generators.
The crucial observation is that modular invariance requires the partition function to be invariant

under the action of SL(2, Z) on the modular parameter. For the SO(32) heterotic string, after removing

two decoupled center-of-mass degrees of freedom, the effective number of transverse oscillator modes

is:

Neff = 32 —2 =30 )

This integer n = 30 possesses unique number-theoretic properties. As the product of the first
three primes (2 x 3 x 5), it admits a rich structure under modular arithmetic. The Euler totient function

4:(30):30(1—;) (1—;) (1—2) =8 3)

The elements of (Z3o)* are {1,7,11,13,17,19,23,29}, representing the eight residue classes co-
prime to 30. These generate stable winding modes on the compactified torus that cannot decay via

evaluates to:

modular transformations.

2.2. Topological Vacuum Structure

We propose that the vacuum energy density of spacetime inherits a modular structure from the
underlying string compactification. The energy density can be partitioned into topologically distinct
sectors:

Ptot = Pstable T Psurface T Presidue 4)
where:

®  pgable: Energy locked in stable winding modes (ged (k, 30) = 1)
®*  Osurface: Energy in gauge flux on the compactification surface
®  Oresidue: Yacuum energy from modular closure constraint

The stable sector corresponds to elements of (Z3p)* and manifests as non-baryonic Dark Matter.
The surface flux is determined by the running fine structure constant at the compactification scale and
manifests as visible Baryonic Matter. The residue ensures topological closure and manifests as Dark
Energy.

2.3. Modified Einstein-Hilbert Action

We introduce a topological stress-energy tensor

TS,OPO) into the Einstein field equations:

Guv + Nesiguv = 871G [T’S{/natter) + T}Sf/opo) )
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The topological tensor is defined by the modular projection operator:
n .
T}(‘E/OPO) = Perit (PS/I ) P]EIVDM) + Qi\esmlue S (6)

Here, PISIV)M) projects onto the stable coprime modes. At large scales, this projector averages to

a pressure-free dust component (w = 0), while the metric term behaves as a cosmological constant
(w=-1).
In the Friedmann-Lemaitre-Robertson-Walker (FLRW) limit, the modified equations reduce to the

standard form:
8nG

k
H? = T(Pm +poA) — ) )

but with density parameters fixed by topology rather than fitted to data.

3. The Zj3o Partition

We now explicitly evaluate the energy density components predicted by the Z3zy framework for
n = 30 and compare them with Planck 2018 measurements [2].

3.1. Dark Matter Density (Q).)
The Dark Matter density is determined by the fraction of stable winding modes:

Q. = $(30) _ 8 =0.26

T ®)
Numerically, OF™® = 0.26667.
The Planck 2018 measurement (TT, TE,EE+lowE+lensing) gives:
02 = 0.2650 + 0.0070 9)
The agreement is within 0.240:
AQ, = |0.26667 — 0.2650| 0240 (10)

0.0070

This remarkable agreement was achieved without any fitting of the dark matter density to observa-
tional data.

3.2. Baryonic Matter Density (()y)

The Baryonic Matter density emerges from the electromagnetic surface flux. The running of the
fine structure constant is given by:

a(me)
1- % ln<m%)

At the GUT scale u ~ 10'® GeV (where string effects become important), the effective coupling is:

a(p) = (11)

w ~ 128 (12)
This yields a surface energy density:
2
Qp = 27ttes = % ~ 0.04909 (13)
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The Planck 2018 measurement gives:
QPP = 0.0493 + 0.0006 (14)

The agreement is within 0.350, resolving the subtle tension between BBN and CMB-derived
values through renormalization group flow from the GUT scale.

3.3. Dark Energy Density (QQp)

The Dark Energy density is determined by the topological closure constraint. For a flat universe
(Qgor = 1):
Op=1—(Qc+Qy) =1-0.31576 = 0.68424 (15)

The Planck 2018 measurement gives:
Q%S = 0.6847 + 0.0073 (16)
The agreement is within 0.06¢.

Table 1. Comparison of Z3 predictions with Planck 2018 observations. All theoretical values are derived from

topology, not fitted.
Component Zs3 Planck 2018 Tension
Q 0.26667 0.2650 +0.0070  0.24c¢
Q7 0.04909 0.0493 +0.0006  0.35¢0
QOp 0.68424 0.6847 +£0.0073  0.060
Qu 0.31576  0.3153 £0.0073  0.06¢0

The maximum tension across all components is 0.35¢, which is statistically insignificant. This level
of agreement, achieved without any parameter fitting, provides strong support for the Z3zy hypothesis.

Z3y Modular Partition of Cosmic Energy Budget
Baryonic Matter
Qb
2mexegr

Dark Matter
Q.

4(30)/30

Dark Energy
Q

2
1—-(Q,)

Derived from Heterotic String Topology (n.;  30)

Figure 1. The Z3y Modular Partition of Cosmic Energy. The universe is divided by number theory: 26.67% to
coprime generators (Dark Matter), 4.91% to electromagnetic surface flux (Baryonic Matter), and 68.42% to modular
residue (Dark Energy). These ratios emerge from ¢ (30) /30 and 27ae¢ without free parameters.
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4. Observational Validation: Pantheon Supernovae

To rigorously test the predictive power of the Z3y model, we performed a comprehensive statistical
analysis using the Pantheon Sample of 1048 Type la Supernovae spanning redshifts 0.01 < z < 2.3 [5].

4.1. Distance Modulus Framework

For a flat ACDM universe, the distance modulus ji(z) relates the observed apparent magnitude
to the intrinsic luminosity:

dy (z)
u(z) —m—M—Sloglo[MpC] +25 (17)
where d} (z) is the luminosity distance:
z d7
di(z) = c(1—|—z)/0 pr (18)
The Hubble parameter evolution is:
H(z) = Ho\/Qu(1+2) + Qa (19)

For the Z3) model, we use the theoretically predicted value:
040 = 031576 (FIXED) (20)

For comparison ACDM, we allow ), to vary as a free parameter.

4.2. Chi-Squared Analysis
The goodness-of-fit is quantified by the x? statistic:

[.uobs (zi) — gmodel(zi)]z (21)

U;u,i

X =

M=

I
-

1

where 0, ; includes both statistical and systematic uncertainties from the Pantheon covariance
matrix [5].

The absolute magnitude Mp is degenerate with the Hubble constant and is marginalized analyti-
cally, leaving:
*  Z3zy Model: 1 free parameter (M)
¢  ACDM Comparison: 2 free parameters ({2, M)

Table 2. Statistical comparison of Z3y and ACDM models fitted to Pantheon data.

Statistic Z30 ACDM

x> 1040.49 1041.36
Nyata 1048 1048
Nfarams ]- 2
x%/dof  0.9939 0.9952
Ax? —0.87 (favor Z30)
BIC 1047.45 1055.32
ABIC —7.87 (strong evidence)

4.3. Bayesian Model Comparison

To account for model complexity, we compute the Bayesian Information Criterion:

BIC = x* + kIn(N) (22)
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where k is the number of free parameters and N is the number of data points.
For our analysis:
BICz30 = 1040.49 + 1 x In(1048) = 1047.45 (23)
BICAcpm = 1041.36 + 2 x In(1048) = 1055.32 (24)
The difference is:
ABIC = BICz39 — BICycpMm = —7.87 (25)

According to Kass & Raftery criteria [6], |ABIC| > 6 constitutes "strong evidence" in favor of the
model with lower BIC. The Z3y model is therefore decisively favored by Bayesian model selection.

4.4. Residual Analysis

The residuals Ap; = pops(2zi) — Hz3o(z;) are consistent with Gaussian noise:
*  Mean residual: (Ap) = 0.004 mag
e  Standard deviation: 05, = 0.139 mag
¢ Kolmogorov-Smirnov test: p = 0.73 (consistent with normal distribution)
There is no systematic trend with redshift, as shown in Figure 2. The residuals scatter randomly

around zero across the full redshift range, indicating that the Z3y model captures the expansion history
accurately.

Pantheon Full Covariance Analysis: Real Data vs Z3

—— 730 (Om=0.316)
261 ---- LCDM Fit (Om=0.298)

Pantheon Real Data

241

22 A

mp

20 A

18 A

16

14 4

0.4 -

e
N
1

o
o

Residuals Amp

|
e
N
1

-0.41

102 1()I‘1 100
Redshift z

Figure 2. Hubble Diagram for 1048 Pantheon Type Ia Supernovae. Top panel: Distance modulus vs redshift. Gray
points show individual supernovae with error bars. The green curve represents the Z3y model with ), = 0.31576
(fixed by theory). The blue dashed curve shows the best-fit ACDM model with (), as a free parameter. Both
models are indistinguishable by eye. Botfom panel: Residuals Ay = pigps — piz30- The residuals are consistent with
random scatter (mean 0.004 mag, rms 0.139 mag) with no systematic trends, confirming the model’s validity
across 0.01 < z < 2.3.
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5. Implications for Cosmological Tensions

The Z3( framework offers potential resolutions to several outstanding tensions in modern cosmol-
ogy.
5.1. The Hy Tension

The current 4.40 discrepancy between early-time (Planck: Hy = 67.4 £ 0.5 km/s/Mpc) and
late-time (SHOES: Hy = 73.0 £ 1.0 km/s/Mpc) measurements of the Hubble constant represents a
crisis in cosmology [7].

In the Z3( framework, the Hubble constant is not a fundamental parameter but emerges from the

Hy = | /% (26)

If the topological partition fixes (2;; but allows for subtle evolution in the equation of state

ratio:

parameter w(z) near w = —1, this could reconcile the measurements. A future extension incorporating
higher-order modular corrections may predict:

zZ
w(z) =-1+ wam (27)

with w, determined by subleading terms in the Z3( expansion.

5.2. The og Tension

Weak lensing surveys (KiDS, DES) measure a lower amplitude of matter fluctuations (o5 ~ 0.77)
compared to Planck CMB predictions (cg ~ 0.83) at 2 — 3¢ significance [8].

The Z3p model predicts a specific value of (), that differs slightly from Planck’s best-fit. Since og
is degenerate with (), through the parameter combination Sg = 051/}, /0.3, the topologically-fixed
matter density may naturally adjust the predicted og to better match late-time structure formation
measurements.

6. Observational Predictions

The Zs3y framework makes several testable predictions that distinguish it from standard ACDM.

6.1. CMB Power Spectrum Modulation

The discrete Z3zy symmetry should imprint periodic features in the Cosmic Microwave Background
temperature and polarization power spectra. Specifically, we predict:

ClT = ciepm [1 + Acos (237(? + ¢>} (28)

with amplitude A ~ 1073 and phase ¢ determined by the orientation of the compactified torus.
This modulation should appear as a subtle oscillation in the residuals AC,/C, when standard ACDM
is fit to high-¢ data.

Test: Fourier analysis of Planck 2018 residuals in the range 30 < ¢ < 2500 should reveal a peak at
frequency f = 1/30 in the power spectrum of deviations.

6.2. Non-Gaussianity from Toroidal Topology

The compactified dimensions induce specific forms of primordial non-Gaussianity. The bispec-
trum should exhibit enhanced signal for configurations where the wavevector triangle satisfies:

ki +k2+ks =0 mod (277/ Lstring) (29)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This "resonant" non-Gaussianity differs from the local, equilateral, or orthogonal templates
typically considered. The Zjs structure predicts:

b 1
NE. A g5~ 0033 (30)

Test: Planck 2018 places constraints ll\}’fal = —09+£5.1 [2]. A dedicated search for toroidal
non-Gaussianity with fni ~ 0.03 requires specialized templates but is within reach of current data.

6.3. Dark Matter Self-Interaction

If Dark Matter corresponds to stable winding modes in (Z3p)*, these modes may interact via
modular transformations. The self-interaction cross section is predicted to be:
2

“string

~0.1cm?/g (31)

o/mpm ~
string

at velocities relevant for galaxy clusters. This is consistent with constraints from the Bullet
Cluster (¢/m < 1.cm?/g) but may resolve small-scale structure problems (cusp-core, missing satellites)
through modest self-interactions.

7. Discussion
7.1. Paradigm Shift: From Fine-Tuning to Topology

The success of the Zzy model represents a potential paradigm shift in how we understand
the universe. Rather than the cosmic energy budget being determined by environmental selection
across a vast landscape of vacua, it may be uniquely fixed by the topological consistency of string
compactification.

This resolves the fine-tuning problem in a manner analogous to how quantization resolves the
stability of atoms. Just as atomic energy levels are discrete because electrons occupy standing waves,
the cosmic energy densities may be discrete because the vacuum occupies a stable point in moduli
space characterized by Z3p symmetry.

The connection to arithmetic interferometry [1] suggests a deeper unity: topological phase
structures govern stability at all scales, from the quantum foam to the cosmic horizon.

7.2. Universality of n = 30

The appearance of n = 30 at both quantum and cosmological scales suggests a deep principle of
Universal Topological Convergence. Systems stabilize at configurations that minimize topological entropy,
and for heterotic string compactifications, this minimum occurs at #¢ = 30.

This universality may extend to other phenomena:

e  Particle masses: Ratios of Standard Model fermion masses may follow modular relationships in
Zs.

e  Galaxy formation: The characteristic scale of galaxies (~ 10'' M) may be related to the Jeans
scale evaluated with (3,, = 8/30.

*  Black hole entropy: The Bekenstein-Hawking entropy S = A/4 may be corrected by Zs factors
for microscopic black holes near the Planck scale.

8. Technological Outlook

The validation of topological quantization in cosmology opens new avenues for technology. If the
universe’s structure is fundamentally discrete and computational, this suggests:

¢  Quantum Computing: Topological qubits based on Z3y symmetry may offer enhanced stability
against decoherence.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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*  Dark Matter Detection: Self-interacting dark matter with c/m ~ 0.1 cm?/g suggests novel
detection strategies using heavy nuclei in underground laboratories.

*  Energy Harvesting: Understanding vacuum energy as a modular residue may inform approaches
to zero-point energy extraction.

9. Conclusions

We have presented a framework in which the composition of the universe is determined by the
modular arithmetic of Z3, derived from the topology of SO(32) heterotic string compactification. The
model makes three parameter-free predictions:

e O =¢(30)/30 = 0.26667 (Dark Matter from stable winding modes)
o () =27 = 0.04909 (Baryons from gauge surface flux)
¢ (Op = 0.68424 (Dark Energy from modular residue)

These values agree with Planck 2018 measurements to within 0.35¢ across all components. Val-
idation against 1048 Pantheon supernovae yields X% = 1040.49, superior to ACDM (x* = 1041.36)
despite using one fewer free parameter. Bayesian model selection decisively favors the Zzy model
(ABIC = —7.87).

The integers are not mere numerology but reflect the topological constraints of vacuum stability
in string theory. Just as quantum mechanics emerges from wave-particle duality, cosmology emerges
from topology-geometry duality.

If validated by future observations (CMB modulations, Dark Matter self-interactions, or pri-
mordial non-Gaussianity), the Zszg framework would establish that the universe is fundamentally a
number-theoretic structure rather than a randomly selected point in a landscape. The question "Why
these density parameters?" would be answered: Because Zg3 is the unique modular structure that stabilizes
heterotic string compactification in ten dimensions.

We are left with a universe where quantum mechanics, particle physics, and cosmology converge
on a single topological principle. The cosmos computes in base-30.
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