
Three-Dimensional Z-Axis Tomography 
and Wave-Bifurcation Reconstruction in 
Circumstellar Shells and Galactic Wind 
Environments 
Photometric and Morphological Stratification in 
Low-Mass Starburst Systems 
Deconstructing two-dimensional optical projections into high-resolution three-dimensional depth 
vectors (Z-axis stratification) represents a critical challenge in modern observational 
astrophysics. In low-mass starburst dwarf galaxies and expanding circumstellar envelopes, 
line-of-sight spatial projection obscures the spatial distribution of mass ejections, interstellar 
shock fronts, and chemical enrichment patterns. Intense starburst activity in dwarf irregular 
systems drives energetic galactic winds fueled by localized supernova explosions and stellar 
wind momentum, ejecting vast quantities of synthesized heavy elements into the circumgalactic 
medium (CGM) and intergalactic medium (IGM). Accurately quantifying these dynamic 
mass-loss phenomena requires decoupling line-of-sight spatial projection effects from intrinsic 
three-dimensional geometric structures. 
The Galaxies Losing Oxygen via Winds (GLOW) survey provides a empirical foundation for 
analyzing these outflow geometries across nearby low-mass systems. Led by Dr. Kristen B. W. 
McQuinn, the GLOW census evaluated 37 gas-rich, star-forming dwarf galaxies within a 6 Mpc 
volume surrounding Earth, establishing a mean distance sample of 3.3 Mpc. Oxygen serves as 
the primary element for tracing chemical evolution because its nucleosynthetic production 
pathway in massive stars undergoing core-collapse supernovae is well-constrained. By 
cross-correlating stellar population histories with gas-phase and dust-phase abundances 
derived from multi-wavelength telemetry, the GLOW study established that dwarf galaxies lose 
the vast majority of the oxygen produced over their evolutionary lifetimes. 
Observational Parameter GLOW Census Range / Value NGC 4449 Specific Metric 
Sample Size 37 Low-Mass Star-Forming 

Galaxies 
Target Benchmark Archetype 

Distance Range 0.75 to 6.0 Mpc (Mean: 3.3 
Mpc) 

~3.7 Mpc (~12 Million 
Light-Years) 

Stellar Mass (\log M_*/M_\odot) 6.5 to 9.5 Intermediate High-Mass Dwarf 
Atomic Hydrogen Mass (\log 
M_{\text{HI}}/M_\odot) 

6.5 to 9.5 Highly Extended Gas Envelope 

Absolute Magnitude (M_B) -15.0 to -11.5 High Surface Brightness 
Starburst 

Gas-phase Oxygen Abundance 
(12 + \log(\text{O/H})) 

7.3 to 8.3 Sub-solar Metallicity Matrix 

Oxygen Retention Fraction 4% to 25% (Sample Mean: 
~11%) 

~11% Retained (~89% 
Ejected/Lost) 



Observational Parameter GLOW Census Range / Value NGC 4449 Specific Metric 
Primary HST Instrumentation ACS, WFC3, STIS, COS ACS / WFC3 Optical Imaging 
Filters Applied Optical / Far-UV Grisms F435W, F555W, F658N (H ), α

F814W 
Empirical findings from the GLOW project demonstrate that dwarf galaxies retain an average of 
only 11% of their synthesized oxygen, with 89% of the metal budget unaccounted for within the 
galaxy's stars, gas, and dust. Standard cosmological hydrodynamic simulations reproduce the 
overall mass-metallicity relation but consistently overpredict metal retention fractions in 
low-mass halos. Matching empirical observations to evolutionary models requires galactic 
outflows to carry away gas that is roughly twice as metal-rich as the ambient interstellar medium 
(ISM), while simultaneous fresh gas accretion onto the galaxy is suppressed by approximately 
40%. 
The dwarf irregular galaxy NGC 4449 acts as an observational benchmark within the GLOW 
framework. Located approximately 12 million light-years (3.7 Mpc) away in the constellation 
Canes Venatici, NGC 4449 subtends an angular diameter of 5.1 arcminutes, corresponding to a 
physical spatial scale of roughly 18,000 light-years. High-resolution imaging captured by the 
Hubble Space Telescope Advanced Camera for Surveys (ACS) reveals a complex structural 
array of blue-white massive star clusters interspersed with diffuse, pink H\alpha star-forming 
regions. Broad-band optical filters—including F435W (Blue), F555W (Green), F658N (H\alpha), 
and F814W (Near-Infrared)—trace spatial structures resulting from past tidal interactions and 
massive starburst activity. High-energy stellar winds and supernova shockwaves accelerate 
galactic-scale outflows, driving oxygen-enriched material out of the galactic disk into the 
circumgalactic environment. 

Radiative Transfer Inversion and Volumetric Depth 
Deconstructive Modeling 
Reconstructing full three-dimensional depth profiles (Z-axis stratification) from projected 
two-dimensional optical intensity distributions I(x, y) requires continuous radiative transfer 
inversion algorithms. In circumstellar environments surrounding evolved post-Asymptotic Giant 
Branch (post-AGB) stars, red supergiants, and yellow hypergiants, episodic mass-loss events 
generate nested concentric spherical or elliptical shells, punctuated by narrow searchlight 
ionization cones. Canonical archetypes include the Egg Nebula (CRL 2688), IRC +10216 (CW 
Leonis), and the Fried Egg Nebula (IRAS 17163-3907). 
Circumstellar 
Archetype 

Evolutionary Stage Measured Distance Morphological & 
Kinematic Features 

CRL 2688 (Egg 
Nebula) 

Post-AGB / 
Proto-Planetary 

~1.0 kpc Bipolar searchlight 
lobes, nested 
concentric arcs, 
point-symmetric 
molecular outflows 

IRC +10216 (CW 
Leonis) 

Carbon-Rich AGB Star ~130 pc Concentric dust shells, 
high density contrast 
(~100-1000), bipolar 
outflow cavities 

IRAS 17163-3907 Yellow Hypergiant ~1.2 kpc Multiple detached 



Circumstellar 
Archetype 

Evolutionary Stage Measured Distance Morphological & 
Kinematic Features 

(Fried Egg) (Post-RSG) circularly symmetric 
dust shells, red-shifted 
molecular spur 

NGC 4449 Outflow 
Cones 

Dwarf Irregular 
Starburst 

~3.7 Mpc High-contrast shell 
boundaries, diffuse 
ionization bubbles, 
galactic wind cones 

Mathematical deconstruction of optical projections relies on solving the line-of-sight 
monochromatic radiative transfer equation: 
I_\nu(x, y) = \int_{-\infty}^{+\infty} j_\nu(x, y, z) \exp\left( 
-\ta[span_38](start_span)[span_38](end_span)u_\nu(x, y, z) \right) dz 
where the localized monochromatic optical depth \tau_\nu(x, y, z) between an emitting element 
at coordinate depth z and the observer at z_0 is expressed as: 
\tau_\nu(x, y, z) = \int_{z}^{z_0} \alpha_\nu(x, y, z') dz' 
In this formulation, j_\nu(x, y, z) denotes the local volume emissivity, while \alpha_\nu(x, y, z) 
represents the local extinction coefficient, which incorporates dust grain opacity, grain size 
distribution functions, and local gas-to-dust mass ratios. 
De-projecting two-dimensional radial intensity profiles into three-dimensional volume density 
distributions \rho(x, y, z) treats spatial intensity variations as a phase-encoded temporal metric. 
Radial shell separation \Delta r corresponds directly to temporal interval spacing \Delta t = \Delta 
r / v_{\text{exp}}, where v_{\text{exp}} represents the intrinsic expansion velocity of the ejected 
material. Advanced numerical radiative transfer suites—including Magritte, SOC, and 
SHAPE—invert observed flux distributions to map three-dimensional spatial structures. 
To prevent numerical divergence during the reconstruction of faint structural features, dynamic 
noise-floor suppression via stochastic modeling is implemented prior to Z-axis volume 
rendering. This process establishes a local signal-to-noise baseline across the outer boundary 
zones of low surface brightness regions. High-frequency stochastic fluctuations and optical 
stray-light artifacts are culled before processing, ensuring that low-intensity spatial features 
represent true physical structures rather than instrumental background noise. 

Phase-Resolved Spectroscopic Tomography and 
High-Dispersion Kinematics 
Resolving overlapping velocity fields along the observer's line of sight requires spatially 
resolved, high-dispersion spectroscopy. Integrating the Space Telescope Imaging Spectrograph 
(STIS) and the Cosmic Origins Spectrograph (COS) aboard the Hubble Space Telescope 
provides the spectroscopic telemetry needed to decouple complex kinematic matrices across 
concentric shell boundaries and galactic wind boundaries. 
STIS provides high-spatial-resolution long-slit and echelle spectroscopy across optical and 
ultraviolet wavelengths (115\text{ nm} to 1000\text{ nm}). The instrument's Charge-Coupled 
Device (CCD) and Multi-Anode Microchannel Array (MAMA) detectors—used alongside 
high-dispersion gratings like G750M, E140M, and E230M—map localized line-of-sight Doppler 
velocity gradients across narrow spatial slits. COS complements STIS by offering high 
sensitivity in the far-ultraviolet (FUV; 85\text{ nm} to 175\text{ nm}) using its G130M, G160M, 



and G140L holographic gratings, tracing diagnostic outflow lines such as \text{O\,VI}\ 
\lambda\lambda 1032, 1038 and \text{Ly}\alpha profiles. 
The observed line-of-sight radial velocity v_r(x, y) represents the vector projection of the true 
three-dimensional velocity field \vec{v}(x, y, z) onto the line of sight: 
v_r(x, y) = v_x \sin i \cos \phi + v_y \sin i \sin \phi + v_z \cos i 
where i denotes the inclination angle of the system's structural symmetry axis relative to the line 
of sight, and \phi is the azimuthal position angle. For bi-symmetric expanding shells, the velocity 
matrix is parameterized as: 
v(r, \theta, \phi) = v_{\text{esc}}(r) \cos\theta \sin\phi 
where v_{\text{esc}}(r) = \sqrt{2 G M(r) / r} represents the local escape velocity within an 
ionization-bounded volume. Systematically stepping the STIS long-slit across concentric shell 
boundaries decouples overlapping blue-shifted (approaching) and red-shifted (receding) 
emission components, isolating forward mass outflows from interior boundary backflows. 
Thermodynamic ages along the Z-axis depth coordinate are determined via quantum state 
interferometric algorithms. Micro-fluctuations in localized plasma temperatures are mapped by 
cross-correlating continuous spectral energy distributions (SEDs) across target structural 
intersections. By enforcing strict energy-conservation constraints during three-dimensional 
volume assembly, the pipeline calculates localized electron temperatures (T_e) and densities 
(n_e), establishing a thermodynamic timeline for ejected matter along the line of sight. 

Polarimetric Wavefront Bifurcation and Multi-Epoch 
Baseline Synthesis 
Polarimetric imaging offers a direct diagnostic for determining dust grain properties, spatial 
scattering geometries, and three-dimensional depth profiles within bipolar ionization searchlight 
cones and circumstellar shells. The Advanced Camera for Surveys (ACS) Wide Field Channel 
(WFC) and Wide Field Camera 3 (WFC3) utilize specialized linear polarizing filter sets—POL0V, 
POL60V, and POL120V—oriented at relative spatial angles of 0^\circ, 60^\circ, and 120^\circ to 
measure linear polarization vectors. 
Linear polarization states are characterized using the Stokes vector formulation \mathbf{S} = [I, 
Q, U, V]^T, where I represents total intensity, Q and U describe linear polarization along 
orthogonal and 45^\circ-rotated axes, and V measures circular polarization. Individual Stokes 
parameters are calculated from three polarized intensity images (I_0, I_{60}, I_{120}): 
I = \frac{2}{3} \left( I_0 + I_{60} + I_{120} \right) Q = \frac{2}{3} \left( 2I_0 - I_{60} - I_{120} \right) 
U = \frac{2}{\sqrt{3}} \left( I_{60} - I_{120} \right) 
From these parameters, the degree of linear polarization P and the polarization position angle 
\theta_{\text{pol}} are derived: 
P = \frac{\sqrt{Q^2 + U^2}}{I} \theta_{\text{pol}} = \frac{1}{2} \arctan\left( \frac{U}{Q} \right) 
Operational Vector Primary Instrument 

Setup 
Mathematical 
Derivation / Variable 

Physical Diagnostic 
Output 

Vector A: 
Spectroscopic 
Tomography 

STIS (G750M, E140M) 
& COS (G130M, 
G160M) 

v_r(x,y) = v_x \sin i \cos 
\phi + v_z \cos i 

Decoupled line-of-sight 
Doppler velocity 
gradients & 
outflow/backflow 
matrices 

Vector B: Polarimetric ACS/WFC3 (POL0V, P = \sqrt{Q^2 + U^2} / I 3D dust scattering 



Operational Vector Primary Instrument 
Setup 

Mathematical 
Derivation / Variable 

Physical Diagnostic 
Output 

Bifurcation POL60V, POL120V) optical depth profiles 
\tau(z) & 
single-scattering 
surfaces 

Vector C: Multi-Epoch 
Baseline 

Archival HST Optical 
Telemetry (Multi-Year) 

D = v_{\text{exp}} / 
(\kappa \, \dot{\theta} \, 
\sin\theta_{\text{inc}}) 

Sub-pixel expansion 
proper motion vectors 
\dot{\theta} & 
expansion parallax 
distances 

Vector D: Quantum 
State Interferometry 

Cross-Correlation SED 
Analytics (AROS 
Vector) 

Localized Plasma SED 
Matching 

Micro-fluctuations in 
plasma temperature 
T_e & thermodynamic 
age along Z-axis 

Unpolarized light emitted by a central stellar core becomes linearly polarized when scattered by 
dust grains in surrounding circumstellar lobes. Because the degree of linear polarization P 
depends directly on the scattering angle \Theta (peaking near \Theta \approx 90^\circ for 
Rayleigh-like dust grains), spatial maps of P(x, y) constrain the three-dimensional locus of 
scattering sites along the line of sight z. Combining measured Stokes vectors with theoretical 
grain models—such as the THEMIS grain framework incorporating silicon carbide (SiC), 
amorphous carbon, and core-shell silicates—allows optical depth profiles \tau(z) to be inverted, 
resolving spatial depth along the Z-axis independently of velocity-derived metrics. 
Calibrating absolute physical scale and elapsed cosmic time requires multi-epoch temporal 
baseline synthesis. Comparing archival Hubble Space Telescope observations acquired over 
multi-year to multi-decade baselines resolves sub-pixel spatial displacements (proper motions) 
of individual arcs, shell boundaries, and nebular knots. 
The angular expansion rate \dot{\theta} = \frac{d\theta}{dt} (in 
\[span_178](start_span)[span_178](end_span)[span_180](start_span)[span_180](end_span)text
{arcsec yr}^{-1}) derived from cross-correlating multi-epoch image frames relates directly to the 
intrinsic physical expansion velocity v_{\text{exp}} (in \text{km s}^{-1}) and distance D (in 
parsecs) through the expansion parallax formulation: 
D = \frac{v_{\text{exp}}}{\kappa \, \dot{\theta} \, \sin\theta_{\text{inc}}} 
where \kappa \approx 4.74047\text{ km s}^{-1}\text{ yr arcsec}^{-1}\text{ pc}^{-1} is the kinematic 
unit conversion factor, and \theta_{\text{inc}} represents the inclination angle of the structural 
expansion axis. Image cross-correlation techniques across multi-epoch datasets minimize 
systematic positional uncertainties when measuring low surface brightness features. Combining 
radial expansion velocities v_r from spectroscopic tomography with angular expansion rates 
\dot{\theta} establishes both an independent geometric distance D and a calibrated timeline of 
historical mass-loss acceleration over 10^2 to 10^4\text{ years}. 

Algorithmic Inversion, Wavefront Dynamics, and 
Volumetric Data Synthesis 
Transforming observational telemetry into a calibrated three-dimensional volume requires a 
sequential algorithmic pipeline. Point-spread function (PSF) deconvolution is applied first to 



eliminate optical diffraction smearing in high-contrast core regions. Iterative Richardson-Lucy 
deconvolution uses empirical PSF models generated via the TinyTim software library: 
O^{(k+1)}(\vec{x}) = O^{(k)}(\vec{x}) \cdot \left[ P^*(-\vec{x}) \star \left( \frac{I(\vec{x})}{(P \star 
O^{(k)})(\vec{x})} \right) \right] 
where I(\vec{x}) is the observed optical intensity distribution, O^{(k)}(\vec{x}) is the reconstructed 
object estimate at iteration k, P(\vec{x}) represents the empirical point-spread function, and \star 
denotes spatial convolution. 
Processing Phase Mathematical Tool / Algorithm Processing Objective & 

Operational Result 
Phase 1: PSF Deconvolution Iterative Richardson-Lucy 

Scheme 
Eliminates diffraction smearing 
in bright core regions using 
empirical TinyTim PSF libraries. 

Phase 2: Radial Decomposition Fast Fourier Transform (FFT) Computes spatial power 
spectrum P(k) to isolate 
harmonic frequencies in shell 
spacing. 

Phase 3: Stochastic Culling Dynamic Noise-Floor Model Suppresses 
low-surface-brightness 
background artifacts prior to 
Z-axis rendering. 

Phase 4: Wavefront Simulation Counter-Propagating Wave 
Metric 

Models metric expansion 
distortions on photon arrival 
geometries across line-of-sight 
depth. 

Phase 5: Predictive Kinematics Topological Neural Network Projects spatial drift and shell 
fragmentation over extended 
baselines of +10^3 to +10^4 
years. 

Phase 6: Volumetric Synthesis Data Cube \Lambda(x, y, z, 
\lambda, P) Assembly 

Unifies spatial, spectral, and 
polarimetric data into an 
explorable 3D volumetric 
manifold. 

Following spatial deconvolution, azimuthally averaged radial intensity profiles I(r) are evaluated 
using one-dimensional and two-dimensional Fast Fourier Transforms (FFT) to extract spatial 
frequency power spectra P(k): 
P[span_112](start_span)[span_112](end_span)(k) = \left\vert{} \int_{0}^{\infty} I(r) e^{-i 2\pi k r} dr 
\rig[span_113](start_span)[span_113](end_span)ht\vert{}^2 
Dominant peaks in the spatial power spectrum P(k) identify primary harmonic frequencies in 
shell spacing \Delta r = 1/k_{\text{peak}}, testing whether episodic mass-loss events are 
governed by periodic stellar pulsations, thermal pulses, or binary orbital interactions near 
periastron. 
Metric wavefront simulation algorithms model counter-propagating wave interactions to account 
for light-travel-time distortions across large spatial depths. As an expanding spatial metric alters 
photon arrival wavefronts across disparate line-of-sight depth zones, geometric phase 
corrections are applied to align the reconstructed spatial coordinates. 
Outputs from Vectors A, B, and C are subsequently ingested into a topological neural network 
for forward kinematic modeling. By evaluating non-linear hydrodynamic equations and structural 



velocity gradients, the network projects the spatial drift, shell degradation, and fragmentation 
dynamics of ejected matter over extended temporal baselines from +10^3 to 
+10^4\[span_117](start_span)[span_117](end_span)text{ years}. 
The pipeline synthesizes all derived spatial, spectral, and polarimetric data into a unified, 
explorable three-dimensional manifold designated Data Cube \Lambda(x, y, z, \lambda, 
[span_118](start_span)[span_118](end_span)P). Data Cube \Lambda maps spatial position 
coordinates (x, y, z), line-of-sight velocity components (\lambda), and linear polarization 
parameters (P) into a continuous volumetric space. The processed volumetric data cube is 
packaged into an authenticated telemetry stream for transmission to central repositories, 
ensuring data sovereignty and integrity across operational processing nodes. 

Conclusions and Strategic Recommendations 
Synthesizing multi-instrument observational vectors with radiative transfer inversion provides a 
robust methodology for reconstructing circumstellar shells and extragalactic outflows in three 
dimensions. Applied to starburst dwarf galaxies such as NGC 4449 within the GLOW 
framework, this approach clarifies how energetic galactic winds transport synthesized heavy 
elements from galactic disks into the surrounding circumgalactic medium. Establishing that 
dwarf galaxies retain an average of only 11% of their synthesized oxygen resolves longstanding 
discrepancies between empirical metal inventories and theoretical models of galaxy evolution. 
Similarly, combining phase-resolved spectroscopic tomography, polarimetric wavefront 
bifurcation mapping, and multi-epoch expansion parallax decouples spatial projection 
ambiguities along the line of sight (Z-axis stratification). This pipeline transforms static 
two-dimensional optical images into calibrated three-dimensional volumetric manifolds. 
Based on these findings, the following actions are recommended for future observational 
programs: 

1.​ Schedule high-dispersion STIS long-slit mapping sweeps across the major axis outflow 
cones of NGC 4449 to measure localized radial velocity gradients and map spatial escape 
velocity contours. 

2.​ Execute multi-epoch polarimetric imaging using ACS/WFC3 filter combinations (POL0V, 
POL60V, POL120V) on high-contrast circumstellar archetypes (e.g., CRL 2688, IRAS 
17163-3907) to refine three-dimensional dust optical depth inversions. 

3.​ Apply iterative Richardson-Lucy deconvolution and FFT frequency analyses to archival 
Hubble imaging datasets to construct historical timelines of episodic mass-loss events 
spanning 10^2 to 
10^4\t[span_234](start_span)[span_234](end_span)[span_235](start_span)[span_235](en
d_span)[span_236](start_span)[span_236](end_span)ext{ years}. 

4.​ Ingest unified spectroscopic, polarimetric, and multi-epoch datasets into topological neural 
networks to project structural drift and hydrodynamic fragmentation in expanding galactic 
winds. 
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