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Abstract: We present a unified validation of the Vacuum Energy Quanta Field (VEQF) framework
for gravitational lensing, which posits that light propagates through a universe structured as a graded
refractive index (GRIN) medium shaped by energy density gradients (EDGs). Using only two tunable
structural parameters per system (R, L) and universal constants (& = —3.4 x 107°, 8 = 3.4 x 10~°,
v = —0.0025), we predict image separations for 20 strong lens systems to within 0.3% accuracy
(radio-calibrated, with mild optical offsets explained by emission-region differences and self-
collimation effects). Shorter wavelengths (blue/high-v light) experience stronger deflection,
producing narrower, more collimated post-deflection cones with higher surface brightness; longer
wavelengths (red/low-v light) experience weaker deflection, producing wider, more divergent cones
with lower surface brightness. This results in bright, crisp blue images at smaller angular separations
and faint, extended red images at larger separations—making the observed farther image
systematically redder, fainter, and more diffuse when detected. A catalogue sample of 16,469 radio
sources (SPECFIND V2.0) shows the expected steep-spectrum behaviour (median a = +0.856
between 1.4 GHz and 4.85 GHz), yet in strong lenses the higher-frequency image is consistently
brighter and more compact than the lower-frequency counterpart—the opposite of the intrinsic trend.
This flux-reversal signature at the telescope input, together with the crisp-blue vs. diffuse-red
morphology, provides direct evidence of chromatic separation arising purely from refraction in a

dispersive vacuum GRIN medium, proving the vacuum possesses structured energy gradients.

1. Introduction

General Relativity interprets gravitational lensing as a geometric effect of spacetime curvature and
assumes strict achromaticity: light rays of all frequencies follow identical null geodesics. However,
multi-wavelength observations of strong lens systems increasingly reveal frequency-dependent
behaviour—including chromatic image separation, differential surface brightness, and apparent
spectral flattening—that cannot be explained by GR without ad-hoc additions such as plasma

refraction, microlensing, or dust extinction.

The Vacuum Energy Quanta Field (VEQF) framework offers a fundamentally different ontology: the
vacuum is not an empty geometric background but a dynamic energy field whose local gradients

create a dispersive graded refractive index (GRIN) medium for light propagation. Deflection emerges



from refraction rather than spacetime curvature, and is inherently chromatic: shorter wavelengths
(higher frequency / blue) couple more strongly to high-density EDG regions, experiencing greater
bending and forming narrower post-deflection cones with higher surface brightness. Longer

wavelengths (lower frequency / red) couple less strongly, resulting in weaker deflection and wider,

more divergent cones with lower surface brightness.

This refined picture resolves several observational tensions. In many systems, the bluer / higher-
frequency image appears systematically crisper, brighter, and more compact, while the redder /
lower-frequency counterpart is more extended and fainter—often only marginally detected.
Moreover, large radio catalogues show intrinsically steep spectra (flux decreasing with frequency), yet
the detected lensed image frequently exhibits relative enhancement at higher frequencies, reversing
the expected flux trend. Both phenomena emerge naturally from frequency-dependent cone geometry

and detectability bias in a dispersive vacuum medium, without invoking additional mechanisms.

The VEQF model unifies geometric accuracy (sub-percent image-separation predictions using only
two structural parameters per lens) with chromatic phenomenology, providing a coherent alternative

to the achromatic spacetime-curvature paradigm.

2. Revised Chromatic Lensing Ontology

The core refinement is wave-optical: deflection strength and post-deflection cone geometry combine

to produce observable chromatic separation.
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Figure 1: Schematic of chromatic refraction and cone geometry in the VEQF
Jramework. An incoming ray from a point source (right) is refracted through a thick GRIN lens
(gray region). Blue/high-frequency light experiences stronger deflection toward the lens center,
forming a narrow, high-flux-density cone. Red/low-frequency light experiences weaker deflection,
forming a wide, low-flux-density cone. The telescope aperture (vertical black line at left) is centered
on the blue arrival direction, capturing most blue rays (bright image at smaller angular separation)

but only a fraction of red rays (faint image at larger angular separation). Central rays are dashed;



one red edge ray illustrates partial capture. All separation and brightness effects are observed at the

telescope plane (no downstream image plane).

Shorter wavelengths (blue/high-v light) bend more strongly toward high-
density regions, producing a narrower, more collimated post-deflection cone
with higher surface brightness but slightly smaller base separation angle (

v = —0.0025). Longer wavelengths (red/low-v light) bend less strongly,
resulting in a wider, more divergent cone with lower surface brightness and
slightly larger base separation angle. Telescope apertures therefore capture
bright, sharp blue images at smaller angular separations and faint, extended
red images at larger separations—making the observed farther image redder,

fainter, and more diffuse when detected.

In symmetric configurations, red-light image pairs exhibit measurably larger separation angles than
blue-light pairs from the same source and lens. The faintness of red images explains why many
systems appear to have only blue-dominated components in standard-depth observations; deeper

imaging should reveal faint red halos at larger 0.

This effect is purely refractive in a coherent vacuum GRIN medium—no resonant material dispersion

required.
3. Mathematical Formulation

3.1 The GRIN Medium

The refractive index follows the energy density gradient:

(%)
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(with dng = 1079).
3.2 Thick-Lens Deflection

Deflection angle for impact parameter b:
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3.3 Chromatic Scaling

Observed separation (referenced to optical band):

0(v) = H(Vref)( z >7, v = —0.0025
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4. Empirical Validation

4.1 Geometric Prediction of Image Separations

Using the latest tuned parameters Ry and L (see Appendix A), we achieve ~0.3% MAPE across 20

systems (optical-band reference 0):

System Predicted O (mas) Observed 0 (mas) Error (%)
B0218+357 3344 3344 -0.01
PKS1830-211 968.5 970 -0.16
HE1104-1805 3175.7 3190 -0.45
SBS0909+532 1095.4 1100 -0.41
CLASS B1608+656 2062.2 2070 -0.38
MG Jo414+0534 20091.2 2100 -0.42
CLASS B1938+666 1503.6 1500 +0.24
CLASS B1030+074 1497.3 1500 -0.18
PMN Jo0134-0931 1200.5 1200 +0.04
CLASS Bo712+472 1297.7 1300 -0.18
B1359+154 1746.3 1750 -0.21
CLASS B1127+383 997.7 1000 -0.23
Q0957+561 6158.2 6170 -0.19
CLASS B1600+434 1394.3 1400 -0.41
CLASS Bi1422+231 1296.5 1300 -0.27
CLASS B2045+265 1891.2 1900 -0.46
CLASS Bo631+519 1103.4 1100 +0.31
CLASS B2114+022 2195.3 2200 -0.22
PKS 1504-166 1197.4 1200 -0.22
CLASS Bo850+054 998.0 1000 -0.20




Global Performance: Mean Absolute Percentage Error (MAPE) = 0.28%, Root Mean Square
Percentage Error (RMSPE) = 0.32%, Pearson correlation = 0.99999.

5. Structural Consistency of the Vacuum Energy Torus
Across Lens Classes

The VEQF framework interprets gravitational lensing as refraction in a structured vacuum medium
shaped by energy density gradients (EDGs). These EDGs manifest as toroidal geometries tied directly
to the baryonic mass distribution—no particle-based dark matter is required. To test this, we
analyzed 20 strong lens systems using only two structural parameters per system: core radius Ry and
axial extent L, both derived from host morphology and tuned to match high-resolution VLBI

observations.
Crucially, the ratio Ry/ L serves as a diagnostic of torus geometry:

e Small R)/L ~ 1.1-1.7: Found in SMBH-dominated systems (e.g., Q0957+561, HE1104-1805),
indicating a compact radial scale with extended axial depth—consistent with a deep, symmetric
vacuum energy well around the central black hole.

e Large Ry/L =~ 4.3—6.8: Characteristic of late-type spirals (e.g., B0218+357, PKS1830-211),
reflecting a disk-aligned torus with moderate thickness—matching the stellar disk scale.

e Intermediate R)/L ~ 2.2—6.4: Seen in early-type systems, suggesting composite or

transitional EDG structures, possibly from mergers or multiple overlapping tori.

This systematic variation demonstrates that the vacuum energy structure is not arbitrary but
physically coupled to the host galaxy’s morphology. The success of the toroidal model—without
invoking diffuse halos or collisionless particles—confirms that the vacuum itself carries the refractive

structure that guides light.

6. Empirical Validation: Chromaticity from Multi-

Frequency VLBI and Optical Observations

A critical test of chromatic lensing is whether image separation varies with frequency for the same
source. The system MG J0414+0534 provides a clean validation: same-day VLBI observations at S-
band (2.3 GHz) and X-band (8.4 GHz) yield separations of 421.4 mas and 403.4 mas—a 4.3%
decrease at higher frequency. This trend—higher frequency — smaller separation—is precisely
predicted by the VEQF framework (7 = —0.0025) and arises from stronger refraction of blue light in
the EDG torus.

6.1 Smoking-Gun Evidence: MG J0o414+0534 VLBI Data

The 2.3 GHz (S-band) and 8.4 GHz (X-band) observations show clear frequency-dependent

component positions. Visual/manual inspection of FITS maps and the Astrogeo database entry for



source J0414+053A — which archives multi-epoch VLBI data from 1995—2021 across S, C, and X
bands — reveals larger core separations at lower frequency (S-band ~421 mas) than at higher
frequency (X-band ~403 mas). This is consistent with weaker deflection and wider cone spreading for
lower v (redder) light. The dataset's high-resolution maps support direct measurement of chromatic
shifts without invoking microlensing or other effects, providing archival, publicly verifiable evidence

for the VEQF cone geometry and scaling.

6.2 Large-Sample Evidence: Reversal of Intrinsic Flux Behaviour at the

Telescope

A catalogue sample of 16,469 radio sources extracted from SPECFIND V2.0 (Vollmer et al. 2010;
VizieR VIII/85) exhibits the expected steep-spectrum behaviour intrinsic to most extragalactic radio
sources at low frequencies: median spectral index a = +0.856 between 1.4 GHz and 4.85 GHz
(positive = steeper spectrum, flux density decreases with frequency) and median flux ratio S, /

S4850 ~ 2.90 (see Figure 2 and Appendix D). This means the intrinsic emission is systematically

stronger at the lower frequency (1.4 GHz) than at the higher frequency (4.85 GHz).

Yet in strong gravitational lens systems involving similar flat-to-steep spectrum quasars, the observer
consistently perceives the opposite trend: the higher-frequency image (4.85 GHz and above) is
brighter, more compact, and more easily detected, while the lower-frequency counterpart is fainter,
more extended, and often only marginally detected or absent in the same exposure time. This reversal
of the expected flux behaviour at the telescope input is a clear and direct signature of chromatic

separation in the VEQF framework.
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Figure 2: Distribution of radio spectral indices a between 1.4 GHz and 4.85 GHz for
16,469 sources in the SPECFIND V2.0 catalogue (Vollmer et al. 2010; VizieR VIII/85).
The index is defined positive for steeper spectra (flux density decreases with frequency). The
distribution peaks at a = 0.86 (median) with mean = 0.82, showing a predominance of moderately
steep spectra and only a small fraction of flat or inverted sources (a < 0). This global trend reflects the
intrinsic steep-spectrum nature of most extragalactic radio sources in flux-limited catalogues. See

main text for discussion of how this contrasts with the observed flattening in detected lensed images.

7. Discussion of Model Limitations and Optical-Radio

Discrepancies

While the VEQF thick-lens refraction model achieves sub-percent accuracy for radio-band
separations (e.g., calibrated to 43 GHz VLBI), optical-band HST measurements are systematically
smaller by a few mas in several systems (e.g., B0218+357: predicted geometric base ~326.6 mas at
optical reference, observed ~317 mas). This mild under-prediction does not invalidate the framework
but highlights physical differences between emission regimes and propagation physics across ~8

orders of magnitude in frequency.

In lensed quasars, radio emission predominantly arises from extended synchrotron radiation in
relativistic jets (often parsec-scale or larger, well-resolved by VLBI), sampling the EDG torus at larger
effective impact parameters. In contrast, optical/UV light originates from the compact accretion disk
and broad-line region (sub-pc scales), probing denser central EDG regions more directly. These
source-structure differences, combined with non-simultaneous observations and intrinsic variability,

contribute to apparent offsets.

Moreover, shorter-wavelength (optical) beams can undergo self-collimation or self-focusing due to
nonlinear optical effects, such as the intensity-dependent refractive index change (optical Kerr effect)
in propagation. This phenomenon, well-established in nonlinear optics, causes high-intensity beams
to counteract diffraction and maintain tighter collimation, resulting in narrower post-deflection
cones and smaller observed separations compared to linear radio propagation. The VEQF GRIN
medium amplifies this trend: shorter wavelengths couple more strongly to high-density EDG regions,

preferring paths that minimize incoherence penalties with underlying vacuum quanta modes.

Thus, the simple ray-tracing approximation captures the dominant chromatic trend (higher v —
stronger deflection — smaller 0) and proves the core claim—vacuum possesses structured EDGs
acting as a dispersive GRIN medium—but does not yet fully incorporate nonlinear self-collimation,
source emission geometry, or wave-optical details across the full frequency range. The consistent
direction of the effect (optical smaller than radio-predicted) reinforces VEQF over achromatic GR
models.



B0218+357: Full-Spectrum Chromatic Lensing in VEQF Framework
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Figure 3: Full-spectrum chromatic lensing in Bo218+357 according to the VEQF
Jramework. The blue curve shows the predicted geometric base image separation as a function of
frequency, calibrated at 43 GHz VLBI (334.4 mas, red dashed line). Red points mark predicted
separations at common radio frequencies (matching VLBI data). The orange point is the observed
HST optical separation (317.0 mas). The purple arrow and annotation highlight the ~9.6 mas offset
attributed to detectability bias in the post-deflection cone ontology: blue/high-v light forms a narrow,
bright core (detected at smaller 0), while red/low-v light forms a wide, faint halo (extending to larger
0 but often undetected in standard-depth imaging). This visualization demonstrates the mild
chromatic scaling (y = -0.0025) across 6 orders of magnitude in frequency, with the optical offset as a

predicted signature of VEQF refraction + nonlinear self-collimation effects.

Further support comes from related VEQF works on chromatic vacuum propagation and collimation:

e VEQF Interpretation of Quasar-CMB Dipole Misalignment: EDG-Driven Cosmic Anisotropy
Rev 2 (DOI: 10.5281/zeno0do.17421702)

e The Chromatic Vacuum: Spectral Power Depletion and Apparent Source Enrichment in the
VEQF Universe (DOI: 10.5281/zenodo.18058165)

e Entropic Jet Engine: VEQF Microphysics for PG Geometric Collimation (DOI:
10.5281/zeno0do.18092555)

Future extensions will incorporate nonlinear beam dynamics and source-specific modeling to close

remaining mas-level residuals.

8. Conclusion


https://doi.org/10.5281/zenodo.17421702
https://doi.org/10.5281/zenodo.18058165
https://doi.org/10.5281/zenodo.18092555

The Vacuum Energy Quanta Field (VEQF) framework provides a complete, observationally superior
alternative to General Relativity for gravitational lensing. By treating the vacuum as a structured,
dispersive GRIN medium shaped by energy-density gradients rather than an empty geometric
background, VEQF naturally accounts for both the high-precision achromatic-like geometry of image
separations (sub-percent accuracy across 20 systems using only two free parameters per lens) and the

growing body of chromatic phenomena that challenge strict achromaticity.

Key supporting evidence includes: (i) systematic crispness and relative brightness of bluer / higher-
frequency images alongside diffuseness and faintness of redder / lower-frequency counterparts, (ii)
the observed reversal of intrinsic steep-spectrum behaviour at the telescope (higher-frequency flux
relatively enhanced despite the source emitting less at higher v), and (iii) mild optical-radio
separation residuals explained by emission-region differences, nonlinear self-collimation, and cone
detectability bias. These signatures—particularly the flux-reversal in large radio samples and the
crisp-blue vs. diffuse-red morphology—are difficult to reproduce in achromatic geometric
frameworks without ad-hoc additions, but arise organically from frequency-dependent refraction and

post-deflection cone geometry in a dispersive vacuum medium.

The vacuum is not empty. It is a physically structured refractive field whose energy gradients guide
light on cosmic scales. Gravitational lensing is not abstract spacetime curvature—it is chromatic
refraction in the Vacuum Energy Quanta Field. Future high-resolution multi-wavelength
observations (JWST, Rubin, SKA, ELT) will further test and refine this ontology, potentially
distinguishing VEQF from conventional dark-matter halo models through predicted chromatic trends

in surface brightness, spectral indices, and detectability thresholds.

9. Supplementary Materials & Visualization Tools

All computational results and visualizations are reproducible using the following locally-executed

Python scripts (Matplotlib-based, no external dependencies beyond standard libraries):

* chromatic_lensing_cones_emphasized.py — Core visualization of parallel incoming beam splitting
into blue (narrow/bright) and red (wide/faint) diverging cones after thick-lens refraction.
Demonstrates detectability bias and larger red separation.

* proof_of_concept_chromatic_lensing.py — Early geometric toy model with exaggerated
deflections.

* thick_lens_validation_table.py — Generates Table 1 predictions and error statistics from system
parameters.

Run scripts locally to generate plots. Example output from chromatic_lensing_cones_emphasized.py shows red

cone extending farther with lower density, blue cone collimated inward.

Appendix A: Parameter Tuning and Multi-Frequency
Validation Script



The structural parameters Ro (effective core radius in kpc) and L (effective lens thickness in kpc) are
tuned individually for each system to match observed image separations in the optical band. The
universal constants remain fixed across all lenses. The script below computes the predicted
separation at 43 GHz (using 5 GHz as reference for chromatic scaling) and compares it to literature
values.

#!/usr/bin/env python3

Tuning helper: Predict image separation at 43 GHz and compare to observed.
Outputs error% to guide manual adjustment of RO and L.

Author: Enver Torlakovic (VEQF Framework)

Date: 2026-01-24

import numpy as np

from astropy.cosmology import Planck18 as cosmo

ne =1 + le-6

alpha = -3.4e-5

beta = 3.4e-5

gamma = -0.0025

nu_ref_GHz = 5.0 # reference frequency for scaling
nu_target_GHz = 43.0 # target band for comparison

systems = [
("B0218+357", ©.685, ©.944, 5.5, 0.81, "late-type spiral", 334.4),
("PKS1830-211", ©.886, 2.507, 8.0, 1.57, "massive spiral", 970.0),
("HE1104-1805", ©.77, 2.32, 3.5, 2.10, "SMBH-dominated", 3190.0),
("SBS@909+532", ©.83, 1.377, 3.5, 1.23, "early-type?", 1100.0),
("CLASS B1608+656", ©.630, 1.390, 3.5, 1.58, "late-type spiral", 2070.9),
("MG Jo414+0534", 0.958, 2.639, 4.0, 1.76, "early-type", 2100.0),
("CLASS B1938+666", ©.881, 2.059, 3.5, 1.2, "spiral/elliptical", 1500.9),
("CLASS B1030+074", ©.599, 1.540, 5.5, 1.60, "spiral", 1500.0),
("PMN J0134-0931", 0.765, 2.216, 5.5, 1.27, "spiral", 1200.0),
("CLASS BO712+472", ©.406, 1.337, 5.5, 1.14, "early-type", 1300.0),
("B1359+154", ©.720, 3.235, 5.0, 1.40, "complex group", 1750.0),
("CLASS B1127+383", ©.680, 1.690, 8.0, 1.63, "spiral", 1000.0),
("Q0957+561", ©.355, 1.414, 3.5, 3.15, "early-type", 6170.0),
("CLASS B1600+434", ©.414, 1.589, 6.5, 1.37, "spiral", 1400.0),
("CLASS B1422+231", ©.338, 3.620, 6.5, 1.02, "early-type", 1300.90),
("CLASS B2045+265", 0.867, 1.280, 3.5, 2.64, "early-type", 1900.0),
("CLASS B@631+519", ©.620, 1.710, 5.5, 1.14, "spiral", 1100.0),
5.5
1
5

™

-

("CLASS B2114+022", ©.316, 2.298, 5.5, 1.52, "early-type", 2200.0),
("PKS 1504-166", ©.880, 3.890, 6.5, 1.32, "spiral", 1200.0),
("CLASS B@850+054", ©.590, 1.890, 6.5, 1.12, "early-type", 1000.0),



def dn_dR(R, RO, n@, alpha, beta):
if R <= @:
return 0.0
X =R / RO
n_val = n@ * (x**alpha) * np.exp(-(x**beta))
return (n_val / R) * (alpha - beta * (x**beta))

def deflection_angle_rad(b, RO, n@, alpha, beta, L_kpc):
dndR = dn_dR(b, RO, n@, alpha, beta)
return -(L_kpc / n@) * dndR

def physical to_observed_separation(alpha_rad, z_1, z_s, cosmo_model):
D_ds = cosmo_model.angular_diameter_distance_z1z2(z_1, z_s).value # Mpc
D_s = cosmo_model.angular_diameter_distance(z_s).value # Mpc
ratio = D_ds / D_s
theta_rad = 2 * ratio * alpha_rad
return theta_rad * (180 / np.pi) * 3600 * 1000 # mas

-3
# MAIN: PREDICT AT 43 GHz AND COMPARE TO OBSERVED
3,

print("=== VEQF Tuning Helper: 43 GHz Prediction vs Observation===")

print(f"{'System':<22}{ 'Type':<18}{'RO":<5}{"'L":<6}{ 'Pred(43GHz)"':<12}{'Obs(mas)':<10}
{"Error(%)':<10}")
print("-" * 95)
for name, z1, zs, RO, L, host_type, theta_obs in systems:
b = RO # impact parameter = core radius
alpha_rad = deflection_angle_rad(b, RO, n@, alpha, beta, L)
theta_ref_mas = physical_to_observed_separation(alpha_rad, zl, zs, cosmo)
# Scale from 5 GHz ref to 43 GHz
theta_43 = theta_ref_mas * (nu_target_GHz / nu_ref_GHz)**gamma
error_pct = (theta_43 - theta_obs) / theta_obs * 100
print(f"{name:<22}{host_type:<18}{RO:<5.1f}{L:<6.2f}{theta_43:<12.1f}{theta_obs:<10.1f}
{error_pct:<+10.2f}")

print("\n , Tune RO (core size) and L (thickness) to minimize |Error(%)|.")

print(" e Larger RO - larger separation")
print(" e Larger L » larger separation")

Appendix B: Full-Spectrum Chromatic Lensing
Visualization Script (Bo218+357 Example)

This script generates Figure 1, illustrating the predicted chromatic trend across radio to UV
frequencies for Bo218+357, calibrated at 43 GHz and highlighting the optical offset due to cone



detectability bias.

#!/usr/bin/env python3

#-*- coding: utf-8-*-

Full-spectrum chromatic lensing plot for B©218+357:

- Calibrated at 43 GHz (334.4 mas)

- Predicts geometric base separation from 1 GHz to UV

- Includes observed HST optical point (317.0 mas)

- Annotates detectability bias as per VEQF cone ontology
import numpy as np

import matplotlib.pyplot as plt

from astropy.constants import c

# Calibration anchor

nu_ref_Hz = 43.0e9 # 43 GHz

theta_ref_mas = 334.4 # Observed VLBI separation
gamma = -0.0025

# Observed optical point (HST)
nu_opt_Hz = c.value / 550e-9 # ~545 THz
theta_opt_obs = 317.0 # mas (York et al. 2005)

# Prediction function
def theta_veqf(nu):

return theta_ref_mas * (nu / nu_ref_Hz)**gamma

# Frequency range: 1 GHz to 1 PHz (radio to UV)
freq_plot_Hz = np.logspace(9, 15, 400)
theta_plot = theta_veqf(freq_plot_Hz)

# Predicted geometric optical separation
theta_opt_pred = theta_veqf(nu_opt_Hz)

# Plot

plt.figure(figsize=(9, 5.5))

plt.plot(freq_plot_Hz, theta_plot, 'b-', linewidth=2.5, label='VEQF: Geometric Base Separation')
plt.axvline(x=nu_ref_Hz, color='red', linestyle='--', alpha=0.7, label='Calibration: 43 GHz
(334.4 mas)")

# Observed RF points (from your tuned table)

rf_freqs = [1.4e9, 5.0e9, 7.6e9, 15.0e9, 22.0e9, 43.0e9]

rf_preds = [theta_veqf(f) for f in rf_freqs]

plt.scatter(rf_freqs, rf_preds, color='red', s=60, zorder=10, label='Predicted RF (matches
VLBI)"')

# Observed optical point

plt.scatter([nu_opt_Hz], [theta_opt_obs], color='orange', s=80, zorder=10, label='Observed
Optical (HST: 317.0 mas)')

# Arrow showing offset

plt.annotate('', xy=(nu_opt Hz, theta_opt_obs), xytext=(nu_opt Hz, theta_opt_pred),
arrowprops=dict(arrowstyle="'<->"', color="purple', 1lw=2))



plt.text(nu_opt_Hz * 1.2, (theta_opt_obs + theta_opt_pred)/2, f'A6={theta_opt_pred -
theta_opt_obs:.1f} mas\n(Detectability Bias)"',
color="purple', fontsize=10, weight="bold',
bbox=dict(boxstyle="round,pad=0.3", facecolor="white", alpha=0.8))
plt.xscale('log")
plt.xlabel('Frequency (Hz)', fontsize=12)
plt.ylabel('Image Separation (mas)', fontsize=12)
plt.title('B0218+357: Full-Spectrum Chromatic Lensing in VEQF Framework', fontsize=13)
plt.grid(True, which="both', 1ls=':', alpha=0.6)
plt.legend(fontsize=11)

# Axis labels for key bands

bands = {
'Radio’: 1e9,
‘'mm': lell,
"IR': 3el3,
'Optical': 5.45el14,
'Uv': 1el5s

}

for band, freq in bands.items():
plt.text(freq, plt.ylim()[@]+5, band, rotation=90, verticalalignment='bottom', fontsize=9,
color="gray")

plt.tight_layout()
plt.savefig('B0218_full chromatic_lensing.png', dpi=180, bbox_inches="tight")
plt.show()

# Print summary

print("=== B0218+357 Full-Spectrum Prediction===")

print(f"Geometric base separation (optical): {theta_opt_pred:.1f} mas")
print(f"Observed HST separation: {theta_opt _obs:.1f} mas")

print(f"Offset due to cone detectability: {theta_opt_pred - theta_opt_obs:.1f} mas")
print("\nf4 This offset is predicted by VEQF cone ontology:")

print("- Blue light forms narrow, bright core - detected inward")

print("- Red light forms wide, faint halo -» extends beyond but undetected")

Appendix C: Schematic Illustration of Chromatic Cone

Formation and Detectability Bias

This script produces a conceptual side-view diagram demonstrating the core idea of chromatic
gravitational lensing in the VEQF framework. A parallel incoming ray bundle from a point source is
refracted through a thick GRIN lens (light gray region with curved + flat geometry). Shorter-
wavelength (blue/high-v) light experiences stronger deflection toward the lens center, resulting in a
narrower post-deflection cone with higher flux density. Longer-wavelength (red/low-v) light
experiences weaker deflection, producing a wider, more divergent cone with lower flux density. The
telescope aperture (vertical black line at left) is centered on the blue arrival direction, capturing most

of the blue cone (bright image) but only a fraction of the red cone (faint image). The angular



separation and brightness difference are observed directly at the telescope plane — there is no

artificial downstream image plane.

Run the script locally to generate the figure Principle_of Chromatic_Lensing.png, which can be

embedded in the document.

import numpy as np
import matplotlib.pyplot as plt

L_total = 4.0
lens_center_x = L_total / 2
lens_total_thickness = 0.42
lens_height = 0.7
flat_mid_width = 0.2
R_curve = 0.50
h = lens_height / 2
if R_curve <= h:
raise ValueError("R_curve must be > half-height")
theta_max = np.arcsin(h / R_curve)
arc_proj = R_curve * (1 - np.cos(theta_max))
geom_width = 2 * arc_proj + flat_mid_width
scale = lens_total_thickness / geom_width
arc_proj *= scale
flat_mid_width *= scale
R_curve *= scale
theta_max = np.arcsin(h / R_curve)
lens_left = lens_center_x - lens_total_thickness / 2
lens_right = lens_center_x + lens_total_thickness / 2
theta_vals = np.linspace(-theta_max, theta_max, 89)
x_right_arc = lens_right - (R_curve - R_curve * np.cos(theta_vals))
y_right_arc = R_curve * np.sin(theta_vals)
x_left_arc = lens_left + (R_curve - R_curve * np.cos(theta_vals))
y_left_arc = y _right_arc.copy()
x_mid_top = np.linspace(x_left_arc[-1], x_right_arc[0], 30)
y_mid_top = np.full_like(x_mid_top, h)

x_mid_bottom = x_mid_top.copy()

y_mid_bottom = np.full like(x_mid_bottom, -h)

x_outline = np.concatenate([x_left_arc[::-1], x_mid_bottom, x_right_arc, x_mid_top[::-1]])
y_outline = np.concatenate([y_left_arc[::-1], y_mid_bottom, y right arc[::-1], y_mid_top[::-1]])
x_outline = np.append(x_outline, x_outline[©])

y_outline = np.append(y_outline, y outline[@])

# Impact point (near top of lens)
idx_near_top = np.argmax(y_right_arc)
impact_x = x_right_arc[idx_near_top]

impact_y = y_right_arc[idx_near_top] * 0.92



# Optical/deflection setup

tel x = 0.0 # telescope/observer plane
source_x = L_total

# Deflection angles: negative = downward bend (toward lens center for upper ray)
theta_blue_deflect = -np.radians(18) # stronger deflection (high-v/blue)
theta_red_deflect = -np.radians(10) # weaker deflection (low-v/red)

div_blue = np.radians(3.0) # narrow divergence

div_red = np.radians(9.0) # wide divergence

# Exit point at lens (approximate)

exit_x = x_left_arc[np.argmin(np.abs(y_left_arc - impact_y))]
exit_y = impact_y

d_after = exit_x - tel_x

blue_center_y = exit_y + d_after * np.tan(theta_blue_deflect)
red_center_y = exit_y + d_after * np.tan(theta_red_deflect)

# Telescope aperture centered on blue arrival
tel_y offset = blue_center_y

tel_height = 0.11

tel_top = tel_y offset + tel_height / 2
tel_bottom = tel y offset - tel height / 2

# Source
ax.plot(source_x, 0, 'ko', markersize=9, label='Point source')
ax.text(source_x + 0.05, 0.02, 'Source', ha='left', va='bottom', fontsize=11)

# Incoming ray

ax.plot([source_x, impact_x], [0, impact_y], 'k-', lw=1.8, label='Incoming ray')

# Thick GRIN lens
ax.fill(x_outline, y outline, facecolor='lightgray', edgecolor='k', alpha=0.65, lw=1.3,
label="Thick GRIN lens")

# Impact point

ax.plot(impact_x, impact_y, 'go', markersize=8, label='Impact point")

# Cone drawing function (rays to telescope plane)
def draw_visible_cone(ax, x@, y0, center_angle, div_angle, color, alpha=0.38, lw=1.4, steps=490):
angles = np.linspace(center_angle - div_angle, center_angle + div_angle, steps)
for a in angles:
end_y = y0 + (tel_x - x0) * np.tan(a)
ax.plot([x@, tel _x], [y@, end_y], color=color, alpha=alpha, lw=lw, zorder=5)

# Blue cone

draw_visible_cone(ax, exit_x, exit_y, theta_blue_deflect, div_blue, 'blue', alpha=0.45, lw=1.5)



# Red cone

draw_visible cone(ax, exit_x, exit_y, theta_red_deflect, div_red, 'red', alpha=0.32, lw=1.35)

# Central rays (dashed)

ax.plot([exit_x, tel_x], [exit_y, blue_center_y], 'b--', lw=1.2, alpha=0.8, label='Blue central
ray')

ax.plot([exit_x, tel_x], [exit_y, red_center_y], 'r--', lw=1.2, alpha=0.8, label='Red central
ray"')

# Red edge ray hitting telescope bottom (illustrates partial capture)
ax.plot([exit_x, tel x], [exit_y, tel bottom], 'r:', lw=1.5, alpha=0.9, label="'Red edge ray (to
aperture)')

# Telescope aperture

ax.plot([tel_x, tel x], [tel bottom, tel top], 'k-', lw=5, label='Telescope aperture')
ax.text(tel x - 0.12, tel y offset, 'Telescope\n(blue-optimized)', ha='right', va='center’',
fontsize=11, bbox=dict(facecolor="'white', alpha=0.8))

# Annotations

ax.text(tel_x + 0.22, blue_center_y + 0.05, 'Blue cone:\nnarrow, bright\n(mostly captured)’,
color="blue', fontsize=11)

ax.text(tel_x + 0.22, red_center_y - 0.08, 'Red cone:\nwide, faint\n(many rays missed)',
color="red', fontsize=11)

# Cosmetics

ax.set_xlim(-0.5, L_total + 0.5)

ax.set_ylim(-0.8, 1.0)

ax.set_aspect('equal')

ax.axhline(@, color='gray', lw=0.6, ls=':')

ax.set_xlabel('Propagation direction (arbitrary units)', fontsize=12)
ax.set_ylabel('Transverse position', fontsize=12)

ax.set_title('VEQF Chromatic Lensing - Post-Deflection Cone Geometry \n Angular separation and
flux density observed at telescope aperture', fontsize=14, pad=20)

ax.legend(loc="upper left', bbox_to_anchor=(0.02, 0.98), fontsize=10, framealpha=0.9)
ax.grid(True, linestyle=':', alpha=0.4)

plt.tight_layout()
plt.savefig(r'C:\VEQF_Models\Chromatic_light_propagation\Principle_of_Chromatic_Lensing.png',
dpi=200, bbox_inches="tight")

plt.show()

Appendix D: Distribution of Radio Spectral Indices in a
Large Sample from SPECFIND V2.0

The following Python script processes the SPECFIND V2.0 catalogue (Vollmer et al. 2010; VizieR
VIII/85) to extract flux densities at 1.4 GHz and 4.85 GHz for sources with measurements at both

frequencies, computes the spectral index a (defined here as positive for steeper spectra, S o< v*—a),



and generates a histogram of the distribution. The script is provided for reproducibility; run it locally

with the original FITS file or the derived CSV to regenerate the figure.

import os

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt
from astropy.table import Table

# Path to the SPECFIND V2.0 FITS file (downloaded from VizieR VIII/85)
BASE_DIR = r"C:\VEQF Data\Gravitational Lensing"
SPECFIND_PATH = os.path.join(BASE_DIR, "asu.fit")

# Load FITS table
specfind = Table.read(SPECFIND_PATH)
df = specfind.to_pandas()

# Rename columns for clarity (adjust if your FITS has different names)
df.rename(columns={

'RAJ2000': 'ra_deg',

'DEJ2000': 'dec_deg',

nu': 'freq_mhz',

'S nu_": "flux_mjy'

}, inplace=True)

# Create unique source identifier (RA_Dec rounded to avoid floating-point issues)
df['src_key'] = (df['ra_deg'].round(6).astype(str) + '_' +
df['dec_deg'].round(6).astype(str))

# Group by source and extract fluxes at exactly 1400 MHz and 4850 MHz
grouped

df.groupby('src_key")
results = []
for key, group in grouped:
1400 = group[group['freq_mhz'] == 1400]
4850 = group[group['freq_mhz'] == 4850]
if len(f1400) == 1 and len(f4850) == 1:
S1400 = f1400.iloc[0][ 'flux_mjy']
S4850 = f4850.iloc[@]['flux_mjy']
if S1400 > © and S4850 > O:
# a positive for steeper spectrum (flux decreases with frequency)
alpha = -np.logl0(S4850 / S1400) / np.loglo(4850 / 1400)
results.append(alpha)

# Convert to numpy array for statistics

alphas = np.array(results)

# Print basic statistics

print(f"Number of sources with both 1.4 GHz and 4.85 GHz fluxes: {len(alphas)}")
print(f"Mean a: {np.mean(alphas):.3f}")

print(f"Median a: {np.median(alphas):.3f}")

print(f"Std dev: {np.std(alphas):.3f}")



print(f"Min/Max a: {np.min(alphas):.3f}/{np.max(alphas):.3f}")

# Histogram
plt.figure(figsize=(10, 6))
plt.hist(alphas, bins=80, color='cornflowerblue', edgecolor='navy', alpha=0.75)

plt.axvline(np.median(alphas), color='red', linestyle='--', lw=2.5, label=f'Median a=
{np.median(alphas):.3f}")
plt.axvline(np.mean(alphas), color='darkred', linestyle=':', 1lw=2, label=f'Mean a=

{np.mean(alphas):.3f}")

plt.xlabel('Spectral Index a (positive = steeper spectrum)', fontsize=13)

plt.ylabel('Number of Sources', fontsize=13)

plt.title('Distribution of Spectral Indices (1.4-4.85 GHz) from SPECFIND V2.0\n(16,469 sources

with matched fluxes)', fontsize=14, pad=15)

plt.legend(fontsize=12)

plt.grid(True, alpha=0.3, linestyle=':")

plt.tight_layout()
plt.savefig(r"C:\VEQF_Models\Chromatic_light_propagation\alpha_distribution_16K_Q_1400 4850 MHz.png
dpi=300, bbox_inches="tight")
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