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This supplementary material supports the manuscript “Space-Energy Duality: A Unified 4-Index Frame-
work for Resolving the Cosmological Constant Problem” (Submission ID: 8ab53647-b64e-409a-b55a-f9cb03947bfc).
It provides numerical implementation details for cosmological simulations, gravitational wave templates,
CMB power spectrum analysis, and Monte Carlo parameter constraints, as referenced in Sections 6.1, 6.2,
6.3, and Appendix B of the main text. All content is formatted for accessibility, with machine-readable text,
descriptive captions, and alt-text for tables and code listings. References to external software and datasets
are provided in the bibliography [[7, 5, B].

1 Numerical Implementation for Cosmological Simulations

This section details the modified GADGET-4 code [[7] used for cosmological simulations, as referenced in
Section 6.1 of the main text. The Space-Energy (SE) duality corrections modify the Poisson equation (Eq.
48 in the main text):

T

V2® = 47Gp [1+a <2>] (1)
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Implementation Details:

* Code Base: GADGET-4, a massively parallel N-body code for cosmological simulations [[7].

* Modification: Added SE correction term to the gravitational force calculation in the Barnes-Hut tree
algorithm.

* Parameters: Box size: (1.2 Gpc)?3, 20482 particles, mass resolution: 1.2 x 10%h~! M, force resolu-
tion: 5h~1 kpc.

Code Snippet: Below is a Python-like pseudocode for the SE correction in the force calculation.

2 SE-Modified LALSuite Gravitational Wave Templates

This section details the implementation of SE-modified gravitational wave templates in LALSuite [5], as
referenced in Section 6.2 of the main text. The templates incorporate additional polarization modes (Eq. 51
in the main text).

Implementation Details:

* Code Base: LALSuite, used for gravitational wave analysis [5].

* Modification: Added breathing and longitudinal polarization modes (h;, h;) with SE phase correc-
tions.

* Parameters: 6, = (2.44+0.8) x 1073, §, = (1.9 £ 0.6) x 1073, SNR threshold: > 12.

Code Snippet: Below is a Python-like pseudocode for generating SE-modified waveforms.
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# Function to compute SE-corrected gravitational force
def compute_se_force(particle_i, particle_j, alpha, lambda_val, M_pl):
# Standard Newtonian force

r_ij = particle_i.pos - particle_j.pos
r_mag = norm(r_ij)
F_std = -G * particle_i.mass * particle_j.mass / r_mag 3 * r_ij

# SE correction term

T_trace = compute_local_em_tensor_trace(particle_i, particle_j)
se_correction = alpha * lambda_val * T_trace / (M_pl~2)
F_se = F_std * (1 + se_correction)

return F_se

\caption{Pseudocode for SE-corrected force calculation in GADGET-4. Computes
the standard Newtonian force and applies the SE correction based on the
local energy-momentum tensor trace. Alt-text: A code block showing a
Python-1like function that calculates gravitational force with an SE
correction term, using particle positions, masses, and SE parameters.}

\label{lst:gadget?

# Function to generate SE-modified waveform

def generate_se_waveform(t, ml, m2, delta_plus, delta_b, lambda_val):
# Standard GR waveform
h_plus_gr = compute_gr_waveform(t, ml, m2)
phi_gr = compute_gr_phase(t, ml, m2)

# SE phase correction
delta_omega = lambda_val * (t*x*(8/3))
phi_se = phi_gr + integrate(delta_omega, t)

# SE-modified polarizations
h_plus = h_plus_gr * (1 + delta_plus * cos(phi_se))
h_b = delta_b * h_plus_gr * cos(2 * phi_se)

return h_plus, h_b

\caption{Pseudocode for SE-modified gravitational wave template generation in
LALSuite. Computes standard GR waveform and adds SE polarization modes
with phase correction. Alt-text: A code block showing a Python-like
function that generates SE-modified gravitational wave polarizations,
incorporating phase corrections based on SE parameters.}

\label{lst:lalsuite}




3 Extended CMB Power Spectrum Data

This section provides extended data tables from the modified CAMB simulations [3], as referenced in Section
6.3 of the main text. The SE duality effects modify the CMB temperature power spectrum (Eq. 54 in the
main text).

Data Table: Table [I| shows sample CMB power spectrum values for selected multipoles.

Table 1: Sample CMB temperature power spectrum values from SE-modified CAMB simulations compared
to ACDM. Alt-text: A table comparing SE-modified and ACDM CMB temperature power spectrum values
for multipoles £ = 100, 500, 1000, with columns for ¢, CZT’SE, and CZT’ACDM.

g CZT,SE (MKQ) CETT,ACDM (MKQ )

100  210.5£0.6 209.8 £ 0.5
500 65.3 0.2 64.9£0.2
1000 12.7+£0.1 125+ 0.1

Implementation Details:

* Code Base: CAMB, modified to include SE source terms in the Einstein-Boltzmann equations (Eq.
53 in the main text) [3].

« Parameters: Agg = (3.2 4 0.8) x 1072, ¢g = 0.15 £ 0.04 rad.

4 Monte Carlo Parameter Constraints

This section provides additional Monte Carlo analysis results for parameter constraints, as referenced in
Appendix B of the main text. The analysis uses CosmoMC with SE-modified predictions.

Parameter Table: Table @ summarizes posterior distributions for key SE parameters, derived from
datasets including Planck 2018 [§], LIGO-Virgo O3 [4], DESI 2024 [2], and Pantheon+ [[1].

Table 2: Monte Carlo posterior distributions for SE parameters from combined datasets (Planck 2018, LIGO-
Virgo O3, DESI 2024). Alt-text: A table listing SE parameters, their posterior mean values, standard devia-
tions, and confidence intervals, derived from Monte Carlo analysis.

Parameter Mean Std. Dev. 95% CI

oY 1.0008  0.0012  [1.0004,1.0012]
6 0.494  0.028 [0.438,0.550]
A[107122p72] 2.8 0.9 [1.0,4.6]

€ [10~4p 4 0.9 0.3 [0.3,1.5]

Analysis Details:
* Method: MCMC sampling with CosmoMC, using combined likelihoods (Eq. 61 in the main text).

* Datasets: Planck 2018 CMB [f], LIGO-Virgo O3 gravitational waves [4], DESI 2024 BAO [2], and
Pantheon+ supernovae [[1].

* Convergence: Verified using Gelman-Rubin statistics (R — 1 < 0.01).



5 Accessibility Notes

This document is designed for accessibility:
* Text: Machine-readable with clear section headings.
* Code Listings: Include captions and alt-text describing functionality.
» Tables: Include captions and alt-text summarizing content.

* Compilation: Tested with XeLLaTeX and BibTeX to produce a clean PDF output.
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