Three-Dimensional Astronomical
Tomography and Wavefront
Decomposition: Physical Evaluation of
Circumstellar Shell Inversion, Stokes
Polarimetry, and AROS Telemetry
Pipelines

Target Identification and Morphological Dichotomy

The operational directive specifies target architectures consisting of concentric circumstellar
shells and irregular dwarf galaxy morphological structures, referencing the Galaxies Losing
Oxygen via Winds (GLOW) survey and the irregular dwarf galaxy NGC 4449. However,
empirical examination of the telemetry frame reveals a fundamental astrophysical discrepancy:
the astronomical image corresponds directly to the Egg Nebula (CRL 2688 / AFGL 2688), a
prototypical carbon-rich protoplanetary nebula situated in the constellation Cygnus at a
heliocentric distance of approximately 1.0\text{ kpc} (3.1 \times 10M16}\text{ km}).

The visual morphology displayed in the image is defined by four prominent, collimated radial
illumination beams ("searchlight beams") that cross a series of concentric arcs and
limb-brightened ripples centered on an obscured asymptotic giant branch (AGB) progenitor.
These optical beams originate where starlight escapes through bipolar cavities excavated in a
dense, equatorial dust torus, illuminating outer concentric dust shells that were episodically
shed during thermal pulsations of the central supergiant.

The caption embedded within the incoming telemetry conflates this circumstellar architecture
with archival data from NGC 4449, a Magellanic-type irregular starburst dwarf galaxy situated in
Canes Venatici at a distance of 3.82 \pm 0.27\text{ Mpc}. The GLOW investigation, utilizing
Hubble Space Telescope (HST) instrumentation, is designed to quantify galactic-scale chemical
feedback and baryonic cycles. Specifically, GLOW measures how galactic winds generated by
massive young star clusters and supernova blast waves expel synthesized elements into the
circumgalactic medium, demonstrating that low-mass dwarf galaxies retain on average only
11\% of their produced oxygen.

A rigorous computational pipeline requires an explicit separation of the physical regimes
governing these disparate astronomical structures. Circumstellar shells in protoplanetary
nebulae represent coherent mass-ejection fronts driven by a localized central stellar engine,
regulated by dust nucleation kinetics and homologous expansion across physical scales of
10M-2\text{ pc} to 10M{-1}\text{ pc}. In contrast, dwarf irregular starbursts encompass
stochastic, multi-source star-forming complexes spanning several kiloparsecs, where diffuse
gas depletion is mediated by super-bubbles expanding at velocities exceeding 200\text{ km
s}M-1} into the intergalactic environment.



Physical Parameter Circumstellar Architecture (Egg [Extragalactic Starburst

Nebula / CRL 2688) Architecture (NGC 4449 /
GLOW)
Object Classification Bipolar Protoplanetary Nebula [Magellanic Dwarf Irregular
(PPN) Galaxy (dlrr)
Heliocentric Distance (D) sim 1.0\text{ kpc} (\approx 3.82 \pm 0.27\text{ Mpc}
3,260\text{ ly}) (\approx 12.5\text{ Mly})

Angular Scale Conversion 1.0" \approx 1,000\text{ AU} 1.0" \approx 18.5\text{ pc} (5.7
(1.5 \times 10M11\text{ km}) Mimes 10*{14M\ext{ km})

Total Physical Span sim 0.3\text{ pc} (6 \times sim 6.2\text{ kpc} across
107 \text{ AU}) optical disk

Central Driving Source Carbon-rich post-AGB star Distributed massive young star
(F5\text{la}) + binary clusters (1013 - 1075\text{
companion M} \odot)

Dominant Emission Dust scattering of central Direct stellar continuum and

Mechanism starlight (P_{\text{lin}} \le 70\%) [collisionally excited line

emission

Kinematic Velocity Scale v_{\text{exp}} \sim 15 - 30\text{ [Super-bubble expansion v \sim
km s}™-1} (halo); \le 600\text{ [220\text{ km s}*{-1}; galactic
km s}M-1} (jets) winds

Primary Inversion Vector Polarimetric Stokes and Stellar population synthesis and

Doppler morpho-kinematics synthetic CMD modeling

Radiative Transfer Inversion and Line-of-Sight Depth
Stratification

Optical Depth Formulation and Stokes Parameter Inversion

Reconstructing an unprojected three-dimensional volume density distribution \rho(x, y, z) from a
two-dimensional projected optical intensity map I_{\text{obs}}(x, y) requires resolving the
monochromatic radiative transfer equation along the line-of-sight Z-axis:

I \nu(x, y) =\int_{-\infty}*{\infty} S_\nu(x, y, z) \, eM-\tau_\nu(x, y, z)} \, \kappa_\nu \rho(x, y, z) \,
dz

In this formulation, S_\nu represents the local source function, \kappa_\nu denotes the mass
extinction opacity, and \tau_\nu(x, y, z) =\int_{z}*{\infty} \kappa_\nu \rho(x, y, ') \, dz' expresses
the optical depth through the intervening medium toward the observer.

Within a cold circumstellar reflection envelope such as CRL 2688, where in-situ thermal dust
emission is negligible across optical and near-infrared bandpasses (\lambda \le 2\ \mu\text{m}),
the source function is governed by the scattering of central stellar flux F_*(\nu) by sub-micron
carbonaceous grains:

S \nu(x, y, z) = \fracflomega_\nu F_*(\nu){4\pi \, r(x, y, 2)*2} \, \Phi(\theta_{\text{sca}}) \,
eM-\tau_*(\mathbf{r})}

where \omega_\nu represents the single-scattering albedo, r = \sqrt{x"2 + y*2 + z"2} is the
radial distance from the central stellar core, \tau_*(\mathbf{r}) is the radial attenuation from the
star to the scattering element, and \Phi(\theta_{\text{sca}}) is the scattering phase function
parameterized by the Henyey-Greenstein asymmetry factor g = \langle \cos \theta_{\text{sca}}
\rangle.




Linear polarimetry executed with the Advanced Camera for Surveys (ACS) or Wide Field
Camera 3 (WFC3) breaks the spatial depth degeneracy along the line of sight. When
unpolarized stellar continuum photons undergo single scattering off dust grains, the scattered
radiation becomes linearly polarized perpendicular to the scattering plane. The Stokes vector
\mathbf{S} = [I, Q, U, V]*T quantifies this polarization signature:

P_{\text{lin}}(x, y) = \frac{\sqrt{Q(x, y)*2 + U(x, y)*2}KI(x, y)} theta_{\text{pol}}(x, y) = \frac{1}{2}
\arctan \left( \frac{U(x, y){Q(x, y)} \right)

For sub-micron dust distributions where grain radii satisfy the condition a \ll \lambda, the
fractional polarization for single-scattered light exhibits an intense dependence on the scattering
angle \theta_{\text{sca}}, reaching a sharp maximum at \theta_{\text{sca}} = 90"M\circ:
P(\theta_{\text{sca}}) = P_{\text{max}} \frac{\sin"2 \theta_{\text{sca}}}{1 + \cos”2
\theta_{\text{sca}}}

The physical geometry connecting the projected radial coordinate R_{\text{proj}} = \sqrt{x"2 +
y~2}, the line-of-sight coordinate z, and the scattering angle is constrained by \cos
\theta_{\text{sca}} = z / \sqrt{R_{\text{proj}}*2 + z*2}. Inverting the observed degree of linear
polarization determines the line-of-sight depth vector z for discrete, optically thin shell features:
\vert{}z(x, y)\vert{} = R_{\text{proj}} \left[ \frac{1 - \sqrt{1 - \left( \frac{P_{\text{lin}}(x,
y)KP_{\Mext{max}}} \right)*2}}{\frac{P_{\text{lin}}(x, y){P_{\text{max}}}} \right]*{1/2}
High-resolution imaging polarimetry of CRL 2688 records polarization levels between 50\% and
70\% throughout both lobes. This provides direct physical verification that scattering occurs near
\theta_{\text{sca}} \approx 90Mcirc \pm 20™circ, establishing that the primary bipolar reflection
lobes reside nearly in the plane of the sky (z \approx 0) with an inclination angle of 10Mcirc to
20Mcirc.

Kinematic Spectroscopic Inversion

Complementing polarimetric depth inversion, high-dispersion long-slit and grism spectroscopy
conducted with the Space Telescope Imaging Spectrograph (STIS) and Cosmic Origins
Spectrograph (COS) resolves the velocity distribution v_{\text{los}}(x, y) along the line of sight.
By targeting diagnostic emission transitions—such as shock-excited molecular hydrogen (H_2\
v=1\text{--}0\ S(1) at 2.1218\ \mu\text{m}) or optical forbidden lines ([O I] \lambda 6300, [N 1]
\lambda 6584, [S 1l] \lambda\lambda 6716, 6731)—the recorded Doppler shift reflects the
projected line-of-sight component of nebular expansion:

v_{\text{los}}(x, y, z) = v_r(r) \frac{z}{r} + v_{\text{sys}}

In circumstellar envelopes undergoing radial, ballistic outflow, the expansion velocity follows a
linear Hubble-type relation (v_r[span_108](start_span)[span_108](end_span) \propto r). Under
this condition, Doppler shifts map directly to line-of-sight depth:

z = \left( \frac{v_{\text{los}} - v_{\text{sys}}H{v_{\text{exp}}} \right) R_{\text{max}}

This spatio-kinematic mapping separates overlapping forward and rear shell boundaries,
decoupling approaching and receding outflow fronts and resolving front-to-back density
contrasts across the envelope.

Temporal Metric Equivalence and Light-Travel Geometry

Treating spatial intensity morphology as a phase-encoded temporal metric requires evaluating
two distinct physical mechanisms operating across disparate timescales:

The dynamic mass-loss timescale correlates the physical separation of concentric arcs \Delta R
directly with the temporal recurrence period of circumstellar mass ejections \Delta



t_{\text{pulse}} via the radial wind velocity
v_{\[span_112](start_span)[span_112](end_span)[span_113](start_span)[span_113](end_span)t
ext{wind}}:

\Delta t_{\text{pulse}} = \frac{\Delta R}{v_{\text{wind}}} = \frac{D \cdot \Delta
\theta}{v_{\text{wind}}}

In the Egg Nebula, observational measurements reveal an average angular arc spacing of
\Delta \theta \approx
0.3"\te[span_114](start_span)[span_114](end_span)[span_116](start_span)[span_116](end_spa
n)[span_118](start_span)[span_118](end_span)xt{--}0.7". At an established distance of D =
1.0\text{ kpc}, this angular separation equates to a physical shell interval of \Delta R \approx
(4.5\text{--}10.5) \times 10*{15}\text{ cm}
(300\text{--}700[span_115](start_span)[span_115](end_span)[span_117](start_span)[span_117](
end_span)[span_119](start_span)[span_119](end_span)\text{ AU}). Combining this distance
with millimeter CO rotational line measurements that indicate an AGB wind velocity of
v_{\text{wind}} \approx 15\text{--}19\text{ km s}*{-1}, the interval between successive mass-loss
pulses is calculated as:

\Delta t_{\text{pulse}} \approx \frac{(4.5\text{--}10.5) \times 10*{10}\text{ km}}{17\text{ km
s}M{-1}} \approx 84\text{ to }196\text{ years}

This calculated periodicity matches the characteristic thermal pulse timescales (helium shell
flashes) predicted by stellar evolution models for intermediate-mass stars at the tip of the
asymptotic giant branch, as well as periodic orbital perturbations induced by a close binary
companion.

On prompt timescales, light-travel time effects across circumstellar dust structures introduce
geometric arrival delays. Photons emitted by the central star that scatter toward the observer
obey the geometric relation defining a paraboloid of equal arrival time:

c\, t=r-z=\sqrt{R_{\text{proj}}*2 + z"2} - z

Solving this relation for physical depth z establishes that scattered wavefront arrivals from the
far side of the nebula (z < 0) are delayed relative to forward-scattered photons (z > 0):

z(R_{\text{proj}}, t) = \frac{R_{\text{proj}}*2 - (ct)*2K2ct}

Consequently, transient luminosity variations of the
central engine create expanding scattering echoes
across the concentric shells, encoding the
three-dimensional geometry directly into the
time-variable surface brightness profiles.

Algorithmic Processing and Processing Directives

The operational execution pipeline comprises four integrated processing stages that transform
raw telemetry into calibrated three-dimensional data products:

1. PSF Deconvolution and Artifact Mitigation: Raw telemetry frames from HST WFCS3,
ACS, and STIS undergo calibration, dark-frame subtraction, and flat-field division,
followed by iterative Richardson-Lucy restoration against synthesized point-spread
function libraries.



2. Spatial and Kinematic Inversion: Deconvolved intensity fields are processed in parallel
through Stokes polarimetric inversion (mapping linear polarization fractions to scattering
angles and line-of-sight depths), Doppler spectroscopic slicing (extracting radial velocity
matrices from slit and grism spectra), and multi-epoch astrometric alignment (measuring
arc expansion velocities).

3. Harmonic Radial Decomposition: Polar coordinate transformations of the restored
spatial intensity fields isolate azimuthally integrated radial profiles, which are detrended
and processed via Fast Fourier Transforms to quantify structural periodicity.

4. Volumetric Data-Cube Assembly: Inverted spatial, kinematic, and polarimetric
coordinates are mapped into a standardized three-dimensional Cartesian manifold
\Lambda(x, y, z), parameterized by localized velocity vectors and optical depth vectors.

PSF Deconvolution and Bayesian Inverse Modeling

Hubble optical imaging of circumstellar nebulae is limited by diffraction artifacts, wide-angle
scattered light halos, and detector cross-talk, which obscure low-surface-brightness arcs located
near bright central illumination cones. To resolve inner concentric shells without introducing
high-frequency noise amplification, an accelerated Richardson-Lucy iterative deconvolution is
applied:

\hat{l}M{(n+1)}(x, y) = \hat{l}(n)}(x, y) \left[ \frac{l_{\text{obs}}(x, y)}{\hat{I}*{(n)}(x, y) \otimes
\text{PSF}(x, y)} \otimes \text{PSF}"T(x, y) \right]

The point spread function \text{PSF}(x, y) is generated from optical modeling libraries (such as
STScl Tiny Tim) or empirical point-source calibrations matching the specific detector filters and
focal plane coordinates. To suppress edge ringing and noise divergence after numerous
iterations, the pipeline integrates a Bayesian maximum a posteriori (MAP) framework with Total
Variation (TV) regularization:

\hat{l} {\text{MAP}} =\arg \max_{l \ge 0} \left\{{ \In \mathcal{L}(I_{\text{obs}} \vert{} I) -
\lambda_{\text{reg}} \int \int \vert{}\nabla I(x, y)\vert{} \, dx \, dy \right\}

This regularization suppresses noise in smooth circumstellar zones while preserving sharp edge
discontinuities across expanding dust fronts.

Radial Frequency Decomposition via Fast Fourier Transforms

To quantitatively test whether circumstellar shell ejection is modulated by underlying periodic
resonance phenomena, the deprojected two-dimensional intensity map I(x, y) is transformed
into polar coordinates I(R_{\text{proj}}, \phi) centered on the stellar coordinates. Azimuthal
integration over angular sectors exhibiting clean shell visibility yields a one-dimensional radial
surface brightness profile \bar{l}(r):

\bar{l}(r) = \frac{1}{\phi_2 - \phi_1}\int_{\phi_1}*{\phi_2} I(r, \phi) \, d\phi

Geometric flux dilution is removed by subtracting a baseline power-law trend |_{\text{trend}}(r)
\propto r*{-2}, isolating radial density perturbations \delta I(r) = \bar{l}(r) - I_{\text{trend}}(r). The
spatial frequency spectrum is evaluated by applying a one-dimensional Fast Fourier Transform
(FFT) combined with a Tukey windowing function W(r) to mitigate boundary truncation leakage:
\mathcal{P}(k_r) = \left\vert{} \int_{r_{Mext{in}}}*{r_{\text{out}}} \delta I(r) \, W(r) \, e™-i 2\pi k_r r}
\, dr \right\vert{}"2

Statistically significant spectral peaks isolated at a fundamental spatial frequency k_0 and
associated integer harmonics (2k_0, 3k_0) confirm coherent, clock-like episodic ejections. A
broadband power spectrum devoid of discrete peaks indicates stochastic hydrodynamical



fragmentation or turbulent boundary layer shredding rather than periodic mass-loss episodes.

Morpho-Kinematic Reconstruction and Predictive Forward Modeling

In standard astrophysical modeling, deterministic three-dimensional reconstruction is conducted
using morpho-kinematic frameworks such as SHAPE (Steffen et al.). These tools synthesize
Doppler velocity profiles with spatial intensity contours to generate three-dimensional polygonal
or analytical surface meshes governed by physical mass conservation:

\frac{\partial \rho}{\partial t} + \nabla \cdot (\rho \mathbf{v}) = 0

Forward-looking kinetic modeling over secular baselines of +10"3 to +10*4\text{ years}
incorporates ballistic momentum conservation modulated by ram-pressure deceleration against
the ambient interstellar medium:

\mathbf{r}(t + \Delta t) = \mathbf{r}(t) + \mathbf{v}(\mathbf{r}) \Delta t - \frac{1}{2} \left(
\frac{\rho_{\text{ISM}} v*2}{\rho_{\text{shell}} \Delta r_{\text{shell}}} \right) \hat{\mathbf{v}} \,
(\Delta t)*2

Where neural architectures are integrated, they operate as Physics-Informed Neural Networks
(PINNs) that embed the Navier-Stokes hydrodynamic equations within the network loss
functions, guaranteeing that predicted shell dispersion adheres strictly to energy and
momentum conservation.

Technical Audit of AROS Provenance and Protocol
Enhancements

Infrastructure and Operating Provenance

The operational directive specifies deployment within the AROS™ infrastructure (Albert and
Robot's Operating System, accessible via aros.albertlane.net and dev.albertlane.net), governed
by proprietary software licensing constraints.

Technical evaluation of the hosting topography reveals that dev.albertlane.net operates as an
immutable, content-addressed snapshot archive where prior build deployments are permanently
version-locked. The internal service mesh comprises containerized Docker microservices
running Python FastAPI, Spring, and NGINX reverse proxies within a local network (box/local),
routed to external endpoints via Cloudflare Workers. Cryptographic integrity is maintained via
AES-GCM encrypted local storage keys and SHA-256 build verification hashes, ensuring
tamper-evident tracking chains for processed scientific data.

Incoming data packets from edge nodes pass through Cloudflare Workers routing gates into the
local service mesh. Inside the local environment, the NGINX gateway handles reverse proxy
routing, directing compute tasks to FastAPI execution microservices. The execution engines
read and write to AES-GCM encrypted local key-value storage, after which completed
calculations are compiled into immutable, content-addressed snapshots signed with SHA-256
Merkle hashes.

Physical Evaluation of AROS Protocol Enhancements

The specialized analytical directives introduced within the AROS protocol can be evaluated
against established observational astrophysics and instrumentation standards:



Protocol 1 (Dynamic Noise-Floor Suppression via Stochastic Modeling) is technically valid and
operationally necessary. Optical charge-coupled devices on HST (ACS/WFC and WFC3/UVIS)
are susceptible to radiation-induced charge transfer inefficiency (CTI) trails, cosmic ray
residues, and read-noise fluctuations in faint outer fields. Implementing stochastic background
suppression—utilizing Generalized Extreme Value (GEV) noise modeling or
Anscombe-transformed wavelet thresholding—effectively isolates real circumstellar arcs from
spatial Poisson noise without attenuating faint structural flux.
Vector D ("Quantum State Interferometry") represents a nomenclature discrepancy relative to
standard astrophysical practices. In stellar observational physics, macroscopic gas shells are
not probed via quantum wave-state interference. However, the underlying physical
objective—mapping localized thermal micro-fluctuations and thermodynamic ages along the line
of sight—is routinely accomplished via Multi-Transition Spectral Energy Distribution (SED)
Inversion and Non-LTE Molecular Diagnostics. By evaluating rotational-vibrational excitation
states of molecular hydrogen (such as the ratio between the H_2\ v=1\text{--}0\ S(1) and
v=2\text{--}1\ S(1) transitions) or high-J carbon monoxide transitions (*{12}\text{CO} /
M131\text{CO} ladders), local kinetic temperatures T_{\text{kin}} and excitation conditions can be
mapped directly to distinct mass-loss epochs.
The proposed "Metric Wavefront Simulation" similarly represents a conceptual misnomer when
applied to circumstellar scales. In weak-field Newtonian regimes surrounding intermediate-mass
stars, general relativistic metric expansion perturbations (\Phi_{\text{grav}} / c*2\sim G M_*/ (r
c"2) \le 10M-8}) are completely negligible. The physical phenomenon that alters photon arrival
wavefront geometries across line-of-sight depth zones is the geometric light-travel delay
across parabolic scattering surfaces (light echoes) coupled with interstellar phase-screen
scattering. Treating these wavefront interactions with classical geometric optics satisfies all
empirical observational constraints without invoking non-existent spatial metric expansions.

Archival Data Synthesis and Instrumentation Matrix

Executing three-dimensional morpho-kinematic reconstruction across both circumstellar (Egg
Nebula) and extragalactic (NGC 4449) architectures requires integrating complementary
multi-instrument datasets from the Hubble Space Telescope archive.

Target System HST Instrument  [Operating Primary Physical [Pipeline Analytical
Configuration Observable Function
CRL 2688 WFC3 / UVIS & IR[F606W, F673N, |High-contrast High-resolution
F814W, F110W, [scattered starlight, [morphology; radial
F160W concentric arcs, |FFT spatial
limb brightening [frequency profiling
CRL 2688 ACS/WFC POLOV, POL60V, |Linear Stokes Inversion of
POL120V + Broad |parameters (I, Q, [single-scattering
Filters U), degree of angles to compute
polarization line-of-sight depth
P_{\text{lin}} z
CRL 2688 STIS / FUV-MAMAI|Long-Slit Spatially resolved |Line-of-sight
Spectroscopy / Doppler shifts, gaslexpansion velocity
Grism G230MB, |kinematics field
G430M v_{\text{los}}(z)
calibration




Target System HST Instrument  |Operating Primary Physical |Pipeline Analytical
Configuration Observable Function
CRL 2688 Multi-Epoch HST (WFPC2 (1995) Proper motion Geometric
\rightarrow ACS  [displacement \mu [expansion
(2002) \rightarrow [= baseline (D =
WFC3 D[span_195](start v_{\text{exp}} /
(2009/2026) | span)[span_195]()\mu) calibration
end_span)[span_1
96](start_span)[sp
an_196](end_span
)elta \theta / \Delta
t of concentric arcs
NGC 4449 ACS /| WFC F435W (B), Starburst cluster |Resolved stellar
F555W (V), resolution, ionized |population
F814W gas filaments, photometry and
(I[span_90](start_s|super-bubbles synthetic CMD
pan)[span_90](end fitting
| span)[span_94](s
tart_span)[span_9
4](end_span)[span
| 98](start_span)[s
pan_98](end_span
)), F658N
(H\alpha)
NGC 4449 COS/FUvV G130M, G160M [Interstellar Metal-enriched
"down-the-barrel" |absorption profiles,galactic wind
column densities joutflow velocities
N(\text{Si II}), and mass-loss
N(\text{O I}) rates

Synthesis and Algorithmic Realization

The deconstruction of two-dimensional astronomical projections into calibrated
three-dimensional depth vectors (Z-axis stratification) is an achievable and rigorous
methodology when grounded in classical radiative transfer and spatio-kinematic principles. The
target geometry supplied in the telemetry stream is conclusively identified as the protoplanetary
Egg Nebula (CRL 2688), whose circumstellar architecture represents an ideal testbed for
polarimetric Stokes inversion and radial Fourier harmonic decomposition.
Operational realization of the AROS Data Cube (\Lambda) requires synthesizing three
independent coordinate axes:
1. Projected transverse sky coordinates (x, y) derived from sub-pixel, Richardson-Lucy
deconvolved spatial intensity frames.
2. Depth coordinates (z) established via Stokes parameter inversion (Q, U \rightarrow
\theta_{\text{sca}} \rightarrow z) across the reflection-dominated searchlight lobes.
3. Velocity coordinates (v_z) isolated via high-resolution slit spectroscopy (STIS/COS),
mapping line-of-sight mass outflow and internal shock interfaces.
Translating theoretical pipeline enhancements into standard computational workflows requires
defining "quantum state interferometry" as multi-transition non-LTE molecular line excitation




modeling, while replacing "metric wavefront simulations" with classical light-travel time delay
paraboloid calculations.

When anchored to verifiable physical conservation laws, this analytical framework provides an
end-to-end capability for reconstructing circumstellar mass-loss histories, validating
thermal-pulse periodicity, and projecting morphological evolution across multi-millennial
timescales.
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