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1 INTRODUCTION 1

Abstract

Papers 1 through 3 Thomson IIT [2026¢,a,b] established temporal torque memory, Aether
tomography, and a QMU-native definition of temporal-torque density. The present paper
develops the first numerical implementation of Aether tomography. Simulated temporal-torque
distributions are projected onto the celestial sphere to generate residual birefringence maps and
harmonic coefficients.

Forward modeling and inverse reconstruction procedures are developed for isotropic, dipolar,
quadrupolar, spiral, filamentary, and hierarchical temporal-torque organizations. The resulting
framework demonstrates that organized five-dimensional chronogeometric domains naturally
produce measurable residual birefringence signatures and provides a reproducible observational
pipeline for future cosmic microwave background polarization surveys.

1 Introduction

Paper 1 Thomson III [2026¢] established temporal torque memory as an organizing principle of
cosmic birefringence and introduced the five-dimensional chronogeometric manifold

(x7y7za7_va7—t)7 (1)

where 7, denotes forward-backward chronovibrational oscillation and 7; denotes left-right chronotor-
sional orientation.

Paper 1 decomposed the cosmic birefringence field into an isotropic universal component and a
residual component Minami and Komatsu [2020],

with
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Bo (3)

Paper 2 Thomson III [2026a] established Aether tomography as an inverse observational framework
in which residual birefringence maps are interpreted as projections of organized temporal-torque
domains,

550, 6) = r / 0 (x) ds. (4)
LOS
Paper 3 Thomson III [2026b] derived a native QMU expression for temporal-torque density,
F?
Ao’ (5)

Q=n

which is equivalent to
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(6)

The present paper develops the numerical and computational framework required to simulate
temporal-torque domains, project them onto residual birefringence maps, decompose them into
spherical harmonics, and reconstruct the underlying organized Aether structure.
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Figure 1: Conceptual relationship between five-dimensional chronogeometry, organized temporal-
torque domains, and residual cosmic birefringence maps. Chronovibration and chronotorsion define
the underlying chronogeometric structure; organized temporal-torque domains, €2;(x), project into
residual birefringence maps, 63(6, ¢).

2 Forward Simulation Framework

The fundamental simulated quantity is the temporal-torque density field,

Qt(X), (7)

defined over a spatial domain. The observable residual birefringence map is generated by line-of-sight
projection,

500.6) = [ Qu(x)ds. (8)

This defines the forward tomography operator,

T : u(x) — 0B(0, 9). (9)
A numerical implementation of the forward model requires the following elements:

a representation of ;(x) on a spatial grid or analytic domain,
a sky pixelization scheme for angular directions (6, ¢),
a line-of-sight integration rule,

-

an angular map of 63(6, ¢),
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5. optional noise, masking, and foreground residual models.

The resulting simulation pipeline is

Qt(X) — 55(97 d)) — Qg — Cva' (10)

Temporal-torque density
Qi (x)
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Figure 2: Forward and inverse computational structure of Aether tomography. A modeled temporal-
torque density field, €;(x), is projected into a residual birefringence map, decomposed into harmonic
observables, and used to reconstruct the organized temporal-torque domain.

2.1 Numerical Implementation

All simulations in the present work were implemented using HEALPix Gorski et al. [2005] sky
discretization with

Nsige = 64, (11)

corresponding to
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Npix = 12N2,, = 49152 (12)

S

equal-area sky pixels.

Temporal-torque density fields, €;(x), were specified analytically for dipole, quadrupole, spiral,
filamentary, and hierarchical domain models. The forward projection,

0B(0,9) =k Los 0(x) ds, (13)

was evaluated on each sky direction and expanded into spherical harmonics,

lm
Angular power spectra,
Cr= g3 lanml? (15)
L= 20+ 1 — Agm|
and handedness observables,
H =7 mlagm[*, (16)

were computed for all simulated sky maps.

3 Harmonic Representation

The residual birefringence map is expanded in spherical harmonics,
m
The angular power spectrum is defined as

__1 2
Cp= 201 ; |aem|” . (18)

The handedness observable is defined as

H=>> mlaml|”. (19)
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Dipole terms, £ = 1, quantify directional temporal-torque gradients. Quadrupole terms, £ = 2,
quantify paired organized domains. Higher-order modes quantify spiral, filamentary, and hierarchical
structure.

Under a parity-symmetric null model, H should vanish statistically after masking, foreground
residuals, and instrumental noise are accounted for. A persistent nonzero value of H across
independent datasets would indicate chronotorsional handedness.

4 Simulated Temporal-Torque Domains

This section defines the primary temporal-torque domain models used to generate simulated residual
birefringence maps.

4.1 Model I: Isotropic Baseline

The isotropic baseline is defined by

After subtracting the isotropic component, the residual map is

0p(0,9) = 0. (21)

This model provides the null residual comparison for all organized Aether simulations.

4.2 Model II: Dipole Organization

A dipole temporal-torque domain is represented by

Q:(0) = Qg cosb. (22)

This model predicts a dominant dipole harmonic,

aio 7'5 0. (23)

The dipole model represents a large-scale directional gradient in temporal-torque organization.

4.3 Model III: Quadrupole Organization

A quadrupole temporal-torque domain is represented by

Q(0) = QoPa(cosb), (24)
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where

Py(cos ) = % (3 cos® 6§ — 1) . (25)

This model predicts a dominant quadrupole harmonic,

ano 75 0. (26)
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Figure 3: Schematic dipole and quadrupole residual birefringence maps. The dipole model produces
a dominant a1g coefficient, while the quadrupole model produces a dominant agy coefficient. These
low-order residuals represent the simplest organized temporal-torque domains.

The quadrupole model represents paired domains of opposing temporal-torque orientation.

4.4 Model IV: Spiral Organization

A spiral temporal-torque domain is represented by

Q(r, ¢) = Qocos (me — klnr), (27)

where )y is the temporal-torque amplitude, m is the spiral mode number, and & controls the radial
winding rate.

This model predicts spiral harmonic structure, phase asymmetry, and a possible nonzero handedness
statistic,

H 0. (28)

4.5 Model V: Filament Organization
A filamentary temporal-torque domain is represented by

2

N(x) = ZQZ exp (— 2(2:2> , (29)
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solid arms: positive residual handed winding

dashed arms: negative residual

Qu(r, ) = Qo cos (m¢ — klnr)

Figure 4: Schematic spiral temporal-torque domain. Solid and dashed logarithmic arms represent
opposite residual birefringence orientation. The handed winding produces phase-dependent harmonic
structure and may generate a nonzero handedness observable, H.

where (Q; is the temporal-torque strength of the ith filament, d; is distance from the filament axis,
and o; is the transverse width of the filament domain.

This model predicts elongated residual birefringence corridors and anisotropic multipole structure.

positive filament corridor

negative filament corridor

)

d?
Qt(x) = Z Q,L exp (—2 22

Figure 5: Schematic filament-induced residual birefringence corridors. Filamentary temporal-torque
domains project into elongated residual structures whose transverse width is controlled by ¢; and
whose strength is controlled by €2;.

4.6 Model VI: Mixed Hierarchical Organization

A hierarchical temporal-torque domain combines local, spiral, and filamentary components,

Qt (X> - Qlocal (X) + Qspiral(x) + Qﬁlament (X) (30)

This model predicts multi-scale residual organization,
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5&(& ¢) = 55100311(03 Qb) + 5Bspira1(07 Qb) + 5Bﬁlament (0, Qb) (31)

The hierarchical model is the most general simulation class considered in this paper.

large-scale dipole layer filament corridors

spiral domain

local domains

Qt (X) = Qlocal + Qspiral + Qﬁlament

Figure 6: Schematic mixed hierarchical temporal-torque organization. Large-scale dipole structure,
spiral organization, filamentary corridors, and local domains superpose to produce multi-scale
residual birefringence patterns.

5 Representative Numerical Results

Representative simulations were generated using normalized dimensionless amplitudes. The purpose
of this numerical stage is not to determine physical calibration constants, but to demonstrate
that distinct temporal-torque organizations produce distinguishable residual birefringence maps,
harmonic signatures, and reconstruction behavior.

For the simulations in this section, the normalized amplitude convention is

Qo =1, (32)

with the residual field scaled so that each simulated map has maximum absolute residual amplitude
equal to unity.

5.1 Low-Order Harmonic Results

The dipole model,

24(0) = cos b, (33)

produces a dominant £ = 1 harmonic. The quadrupole model,

Q:(6) = Px(cosb), (34)
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Figure 7: HEALPix Mollweide projections of simulated residual birefringence maps for dipole,
quadrupole, spiral, filamentary, and mixed hierarchical temporal-torque domains.

produces a dominant £ = 2 harmonic.

Table 1: HEALPix harmonic results for normalized temporal-torque simulations at Ngjqe = 64.

Model Dominant ¢ Dominant C, 2;21 Cy
Dipole 1 1.396484 1.396484
Quadrupole 2 0.502897 0.502897
Spiral 2 0.906473 0.965769
Filament 1 0.066119 0.268606
Hierarchical 1 0.486902 0.610519

The dipole and quadrupole simulations concentrate nearly all anisotropic power into their expected
multipoles. Spiral, filamentary, and hierarchical simulations distribute power more broadly, indicating
that organized temporal-torque domains can be distinguished by their harmonic power structure.

5.2 Idealized Reconstruction Result

An idealized reconstruction test was performed using the input model

Q4(0) = cosb + 0.4P>(cosb). (35)

The field was reconstructed using spherical harmonic coefficients through ¢ = 2. The normalized
reconstruction error was
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Figure 8: Normalized angular power spectra of the simulated HEALPix residual birefringence
maps. Dipole and quadrupole models exhibit sharply localized harmonic structure, whereas spiral,
filamentary, and hierarchical models distribute power across multiple angular scales.

€= W =214 x 10716, (36)

This is numerically consistent with exact recovery to machine precision for the idealized low-order
input model.

Table 2: Idealized HEALPix reconstruction example for €;(0) = cos @ + 0.4P(cos ) using ¢ < 2.

Quantity Value
N, side 64
Reconstruction limit <2

Relative reconstruction error  2.14 x 1016
Percent reconstruction error  2.14 x 10~14%

6 Inverse Reconstruction

Aether tomography is the inverse problem,

Qu(x) =T [68(0,9)]. (37)



6 INVERSE RECONSTRUCTION 11
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Figure 9: Conceptual Aether tomography reconstruction pipeline. Hidden temporal-torque orga-
nization generates residual birefringence maps that are decomposed into spherical harmonics and
subsequently inverted to reconstruct the underlying chronogeometric domains.
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Because line-of-sight projection compresses three-dimensional temporal-torque structure into a
two-dimensional sky map, the inversion is generally not unique. Reconstruction therefore requires
priors, regularization, or model comparison.

A practical reconstruction pipeline may be written as

68(0, ¢) — agm — N(x), (38)

where (x) denotes the reconstructed temporal-torque density field.

The reconstruction may be posed as an optimization problem,
O = arg min 7% = 8Bous® + AR(S)] - (39)
t

R(£)) is a regularization functional and A is a regularization parameter.

Possible reconstruction methods include:

1.
2.
3.
4.
d.
6.

harmonic inversion,
maximume-likelihood fitting,

Bayesian reconstruction,

template matching,
machine-learning-assisted classification,
hierarchical model comparison.

750 Reconstructed: Q; 750 Residual error

Figure 10: Idealized HEALPix reconstruction example. Left: input temporal-torque domain.
Center: reconstructed temporal-torque field. Right: reconstruction residual. The reconstruction
reproduces the original low-order domain to machine precision.
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7 Noise, Masking, and Foreground Residuals

Real residual birefringence maps contain instrumental noise, sky masking, and foreground residuals.
A more realistic observed residual map is represented by

6Bobs(0, ¢) = M (0, 8) [0Burue (0, ) +1(0,0) + £(0,9)], (40)

where M (0, ¢) is the sky mask, n(6, ¢) is instrumental noise, and f(6, ¢) represents foreground
residuals.

The reconstruction objective is therefore

Qu(x) = T [0Bobs(8, )], (41)

subject to uncertainty from masking, projection degeneracy, noise, and foreground contamination.

A robust detection of organized temporal-torque domains requires persistence across independent
surveys, frequency channels, masking choices, and reconstruction methods.

8 Observational Pipeline

The complete observational pipeline is

Qu(x) — 680, ¢) — agm — Co, H — Qy(x). (42)

The same structure may be applied to Planck Planck Collaboration [2020], ACT ACT Collaboration
et al. [2024], LiteBIRD LiteBIRD Collaboration et al. [2023], Simons Observatory Simons Observatory
Collaboration et al. [2019], and future full-sky polarization surveys.

The essential observational products are:

calibrated polarization maps,

residual birefringence maps,

EB and T'B spectra,

multi-frequency foreground separation,
Galactic masks,

harmonic coefficients,

NSO W=

reconstructed temporal-torque templates.

9 Predictions

The numerical Aether tomography framework predicts:
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Figure 11: Complete observational pipeline for Aether tomography. Calibrated CMB polarization
maps are processed into residual birefringence maps, harmonic observables, and reconstructed
temporal-torque templates that can be compared across independent surveys.
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1. the isotropic component remains
1
Bo = 62
statistically significant low-order residual multipoles,
spiral harmonic signatures in organized galactic domains,
elongated birefringence corridors from filamentary domains,
nonzero handedness statistics from chronotorsional asymmetry,

multi-scale residual organization from hierarchical temporal-torque domains,

N otk N

recoverable temporal-torque templates across independent polarization surveys.

10 Falsification Criteria

The numerical Aether tomography framework is falsified if:

residual birefringence maps remain statistically isotropic after systematic corrections,
no stable low-order harmonic organization is observed,

handedness statistics remain consistent with zero across independent datasets,

spiral and filament simulations fail to reproduce residual structure,

reconstructed temporal-torque templates fail to persist across independent surveys,

ANl O

residual maps cannot be distinguished from noise, masking artifacts, or foreground contamina-
tion.

11 Discussion and Future Directions

The present paper demonstrates that Aether tomography is computationally implementable. Papers 1
through 3 Thomson IIT [2026c,a,b] established the theoretical foundation: temporal torque memory,
residual birefringence tomography, and the QMU-native definition of temporal-torque density.
Paper 4 now provides the numerical framework required to simulate and reconstruct organized
temporal-torque domains.

The next paper in the series will investigate filamentary chronogeometry and large-scale Aether
organization from first principles. That work will derive predicted filament statistics and connect
simulated temporal-torque corridors to observed large-scale structure.

A later observational paper will develop specific detection strategies using LiteBIRD-era polarization
maps, high-resolution ground-based surveys, and possible laboratory analog systems.
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