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In strong gravitational lensing, the projected mass density (}./¥crit = k) and mapping of lens-source (6 - a(6) = ) move
the system to the high magnification regime, leading to the creation of arcs, rings, and multiple images. The present study
investigates the effect of these five parameters, namely 6., €1, €2, B and external shear (¥, 5) on the observable morphology
through controlled simulations of the type SIS and SIE. The work is a synthetic simulation only, and is not a direct dark-matter
detection. In addition to the recovered Einstein radius, residual norms, arc length, curvature radius, flux ratio, image separation,
source-position sweeps, shear sweeps, and noise sensitivity are added quantitative checks. The results reveal that morphology
in the simulated strong lensing system is dominated by the combined action of mass scale and projected density structure,

anisotropy, source position with respect to caustics, and phenomenological external shear.
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Introduction and Motivation

Gravitational lensing is the bending of light caused by the cur-
vature of spacetime by mass, away from a background source
of light. For strong lensing, the deflection is sufficiently large
to form highly magnified structures like Einstein rings, arcs
and multiple images '=. Lensing is sensitive to the total mass
distribution along line of sight, not just to the luminous emis-
sion, due to its response to the projected gravitational po-
tential. But a simulated test under control conditions which
changes idealized lens parameters is not a measurement of
dark matter nor is it proof that dark matter is not enough. This
revision is based on that distinction.

The present work has a methodological motivation. Several
coupled parameters have been shown to affect the image mor-
phology through strong-lens modelling in the literature: align-
ment of lens with the source, projected surface mass density,
mass ellipticity of the lens, source size, external perturbations,
PSF blurring, noise and model degeneracies®'°. Such effects
have been applied so far to observational data to derive galaxy
mass profiles®%11-13 substructure 416, or environmental ef-
fects in a sense that is limited to fitting the real data and com-
paring with physically motivated models'’!'. The gap to be
filled here is smaller: before real systems can be interpreted, a
simulation pipeline modeled at the student level should show,
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by using a set of controllable changes in lens geometry and
source location, what visible morphological changes occur;
and that such changes can be quantified rather than just visu-
ally inspected.

The new research question is: What is the change in the
geometry of the projected lens, position of the source plane,
and phenomenological morphology of external shear in a con-
firmed strong-lensing simulation, and what quantitative mea-
sures are used for this? This framing takes away the direct
dark-matter conclusions, and gives only the general argument
that the study of dark-matter is a reason for the importance of
accurate mass modelling.

Literature Review and Research Gap

The theory of lensing, including the lens equation, the Ein-
stein radius, critical curves, caustics, and magnification is
explained by the fundamentals of lensing theory3>. Kor-
mann et al. were able to produce isothermal elliptical lenses,
laying the foundations for going beyond spherical lenses®.
Strong lenses provided constraints on the total mass profiles
of early-type galaxies®%!!12 in the case of careful treat-
ment of the imaging, stellar dynamics and selection effects,
as shown by survey- and modelling studies like SLACS 3033
Further, substructure studies 4162324 and cluster-lens mod-
elling '7-19-27.28 reveal the need for statistical model compari-
son2326.29:34 a5 well as meticulous examination of the resid-
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Table 1

Theme in prior work

What is already established

How this study uses it

Spherical and elliptical lens models

SIS and SIE-type models reproduce basic rings, arcs, and image

multiplicity under idealized conditions 67 .

Uses SIS as a control and an SIE-type model as a controlled
anisotropic comparison.

Mass-density and alignment criteria

Strong lensing depends on projected surface density relative to critical
density, not only on source alignment >,

Adds the analytic SIS check k(< 6g) = 1 and recovered radius
test.

Real-data modelling

Observed systems require lens-light subtraction %112, PSF/noise
modelling '%!7-1%_ and statistical model comparison '4-16.

Limits the claim to synthetic morphology and gives a real-data
extension protocol.

Environmental terms

External shear is a phenomenological term that can absorb multiple
effects and is not automatically physical shear7-?2.

Reports 71, %, |7], shear angle, and compares shear in both SIS
and SIE.

Dark-matter inference Dark-matter conclusions require fitting real data

models with and without substructure/halos 22,

14-16,23,24

or comparing Removes unsupported dark-matter conclusions from the

abstract and conclusion.

uals 338 environmental correction terms 223940, PSF effects,

and systematic errors.

This literature inspires three changes in this manuscript.
First the lensing regime should be clearly identified, not as-
sumed. Second, the issue of source alignment needs to be
addressed in concert with the projected surface mass density
and critical density condition. Thirdly, a morphological claim
must be arrived at through the use of repeatable metrics, as
absence of visual similarity is insufficient to establish a mor-

phology.

Theory: Strong-Lensing Regime, Density, and Morphol-
ogy

Using lens equation, it is possible to map an angular posi-
tion of an image, denoted as 6, to a position on the source
plane, denoted as 8, which is given as a function of the de-
flection angle, denoted as o(0), as follows § = 6 - a(0). The
projected surface density is the ratio of the surface density,
that is, }'(8)/} crit. Hence, in a strong lensing configuration
alignment is not enough, it also needs to be a high projected
density that creates a critical curve. The analytic control is
k(< 6,) =1 for the SIS baseline. For this manuscript, 6, =
1.1 arcsec and AB = 0.05 arcsec / pixel, meaning that the ring
radius to expect is the ratio of these: 22 pixels.

Both 8 and x(0) are involved in controlling morphology.
The strength and angular structure of the lens mapping are
given by k(0), e, e; and ¥ = (¥1, 7») while the source align-
ment is given by the distance of the source to the caustic. The
SIE ellipticity amplitude is € = 1/ (e} +€3), the corresponding
axis-ratio proxy is q = (1 - €)/(1 + €), and the orientation is
¢ = 0.5 atan2(e;, e;). External shear is described by | v | =

(¥} +73) and ¢y = 0.5 atan2(p, 11).

Methods and Reproducibility

Simulations were reorganized on the basis of numeric parame-
ters instead of verbal parameters. The image plane used N x N
=160 x 160 pixels with pixel scale A8 = 0.05 arcsec pixel ~!.
The lens centre was fixed at (x_L, y_L) = (0, 0), and the mass

scale was 6, = 1.1 arcsec. The source was a circular Gaussian
of amplitude A = 1, and width o5 = 0.075 arcsec. The fiducial
source position, B = (By, By) = (0.07, 0.02) arcsec, was used
unless otherwise noted. The fiducial SIE-type model used e
=0.16 and e, = 0.05, corresponding to € = 0.168, q = 0.713,
and ¢, = 8.68 degrees.

The panel displayed was created using the observational-
degradation test with Gaussian PSF oPSF = 1.2 pixels, sky
background B_sky = 0.002 image-intensity units, Poisson gain
G = 1500, Gaussian read noise oread = 0.004, and random
seed 42. Sensitivity tests were then repeated with 30 different
random seeds and the mean + the standard deviation of each
metric was reported.

The ellipticity sweep used e; € {0.00, 0.08, 0.16, 0.24}
with e; = 0.05. This range is 0.05< € < 0.245 and 0 < q.
This covers a range of values of €: 0.05 < &€ < 0.245 and the
range of values of q: q > 0, or from near-circular to obviously
flattened projected mass structure. The source sweep used 3
€ {(0.00, 0.00), (0.06, 0.02), (0.14, 0.04), (0.26, 0.06)} arc-
sec. The shear sweep used | v | € {0.000, 0.020, 0.045, 0.060,
0.080} with fixed ¢y = 13.3 degrees.

Metrics

These quantitative metrics are used instead of interpreting the
data qualitatively: the recovered Einstein radius r., the arc
length L_arc, the mean curvature radius R_curv, the number
of recovered images N_img, the component flux ratio F; /F,,
maximum image separation Ar_max, L1 residual norm, L2
residual norm, maximum residual | R |max, the azimuthal
asymmetry A _az, and the reduced goodness of fit statistic x.
Residuals are calculated in the same manner as the image nor-
malization and analysis mask but with the difference being the
subtraction of I_SIS from I_SIE, R = I_SIE - I_SIS.

Results

The SIS baseline includes the confirmation of a strong-lensing
configuration. Recovered Einstein-ring radius is 1o = 22.07
pixels, which is equivalent to 1.103 arcsec at AG = 0.05 arcsec
pixel~'. This is consistent with an input value of 6, = 1.1
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Table 2

Figure Model and lens parameters Source / perturbation parameters Validation or output
Figure 1 SIS; 6, = 1.1 arcsec; centre = (0,0). Circular Gaussian; = (0,0); o, = 0.075 arcsec; no | Equal-axis Einstein ring; recovered radius
shear. measured in pixels and arcsec.
Figure 2 SIS vs SIE-type; 6 fixed; SIE ¢; =0.16, Same circular source 8 = (0.07,0.02); same plotting | Controlled morphology comparison.
e =0.05,¢=0.713, ¢, = 8.68 deg. scale.
Figure 3 Same as Figure 2. Residual = normalized SIE — normalized SIS. L1, L2, maximum residual, fractional residual, and
asymmetry.
Figure 4 SIE-type sweep; 6, = 1.1; Source = (0.07,0.02); no shear. Arc length, mean radius, image count, flux ratio,
e; =[0.00,0.08,0.16,0.24], e; = 0.05. separation.
Figure 5 Fiducial SIE-type; 6, = 1.1; ¢; = 0.16; ¢ = 0.05. | Source 8 swept through four positions. Image multiplicity and flux-ratio response.
Figure 6 Fiducial SIE-type image. PSF 6 = 1.2 px; sky = 0.002; gain = 1500; read Observational degradation and noise robustness.
noise = 0.004; seed = 42.
Figure 7 SIS and SIE-type both tested with and without 71 =0.04; 15 = 0.02; | 7| = 0.0447; ¢, = 13.3 deg. Separates shear effects from ellipticity effects.
shear.
Figure 8 Fiducial SIE-type plus shear. Critical curve from det(A) = 0; caustic from Geometric explanation for arcs and source-
mapping curve to source plane. position dependence.

arcsec within 0.30% of the analytic control value of k(< 6,) =
1, confirming the baseline simulation to be consistent with the
analytic control. This was replotted with equal axis scaling
and ox = oy = 05 was assumed as circular.

SIS baseline: recovered Einstein ring

r = 22.1 px = 1.10 arcsec

y [arcsec]

0.4

0.0

X [arcsec]

Figure. 1 SIS baseline with equal axis scaling. The dashed circle
marks re = 22.07 pixels = 1.103 arcsec, confirming the 6. control.

The SIE-type model redistributes brightness into asymmet-
ric arcs when f3, 6., source brightness, source size, lens centre,
grid and PSF-free plotting scale are the same. The compari-
son no longer assumes a fixed ellipticity between SIS and SIE,
since the SIS is not elliptic so it does not contain any parameter
of ellipticity. Instead, SIS is treated as the circular reference,
while SIE introduces e; = 0.16 and e; = 0.05, giving € =0.168,
q=0.713, and ¢, = 8.68 degrees. Figure 3 shows the residual
map, which indicates that disagreement between the models
is only concentrated within the bright lensing regions and not
uniformly across the image plane. L1 = 1.757, L2 = 0.079,
fractional residual = 175.7%, | R Jmax = 0.0109 (maximum
absolute residual), and A_az = 1.89 (azimuthal asymmetry).
These amounts are only diagnostic values from the synthetic

SIS (same B)

SIE-type lens (e1=0.16, e2=0.05)

y [arcsec]
y [arcsec]

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
x [arcsec] x [arcsec]

Figure. 2 Controlled comparison of SIS and SIE-type morphology

under the same source configuration.

models and do not indicate that one model fits actual data.

Residual map: SIE - SIS

3 0.75

2 0.50

1 0.25

0 0.00
-1 -0.25
. -0.50
-3 -0.75

-3 -2 -1 0 1 2 3

x [arcsec]

y [arcsec]

Figure. 3 Residual map for the matched SIS and SIE-type simula-
tions.

The longer the high brightness arc, the closer the arc is to
linear and the greater its brightness. The higher the brightness
of the arc, the shorter its length will be. The more curved the
high brightness arc, the greater the mean radius of the resolved
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Table 3

Metric SIS baseline SIE-type model Interpretation

Arc length [arcsec] 5.86 1.00 Ellipticity concentrates emission into shorter, brighter arc segments.

Mean curvature radius [arcsec] 1.10 1.17 Both remain near the Einstein scale, but the SIE arcs shift outward slightly.

Resolved images 1 4 The thresholded SIE map separates into multiple bright components.

Peak intensity 1.000 0.979 Peak values are similar after normalization, but spatial distribution changes.

Total flux [arb. x arcsec?] 1.041 0.224 The selected source position gives less extended high-surface-brightness emission
in the SIE case.

Flux ratio Not applicable 2.20 SIE image components are unequal, unlike the nearly continuous SIS ring.

Max image separation [arcsec] Not applicable 2.57 Component separation provides a reproducible morphology descriptor.

parts and the greater the arc separation. It is consistent with the
more limited statement that ellipticity is a good morphology-
control parameter in the synthetic system.

€1=0.00, e2=0.05 €1=0.08, e2=0.05

1=0.16, e2=0.05

e1=0.24, e2=0.05

y larcsec]
y larcsec]

Figure. 4 Ellipticity sweep from near-spherical to strongly elliptical
SIE-type morphology.

Table 4
ey Arc length | Mean radius | Resolved Flux ratio | Max
images separation
0.00 4.04 1.12 2 5.49 1.58
0.08 2.07 1.14 4 1.96 2.35
0.16 1.00 1.17 4 2.20 2.57
0.24 0.75 1.26 4 3.06 2.82

The source-position sweep shows that this is important, but
not enough. When the source is moved, for the same set of
lens parameters, flux ratios and asymmetry change but the lens
size remains around the critical size. This mirrors the lens
mapping method used with caustics: small lens-plane move-
ments will have significant impact on the highlight of selected
high-magnification branches.

B=(0.00,0.00) B=(0.06,0.02) B=(0.14,0.04)

B=(0.26,0.06)

y larcsec]
¥ larcsec]

2 0 2 2 0 2 - 20 2
x [arcsec] X [arcsec] X [arcsec] x [arcsec]

Figure. 5 Source-position sweep for fixed SIE-type lens parameters.
The genericity of the smoothing demonstration was

changed to an observational degradation test, as a telescope.
The same gaussian PSF, sky term, poisson process, read noise

Table 5
Source 3 Arc Mean Images | Flux Max Asym-
[arcsec] length radius ratio sep. metry
(0.00, 0.00) 0.99 1.18 4 2.02 2.59 0.00
(0.06, 0.02) 1.05 1.18 4 2.31 2.58 1.21
(0.14, 0.04) 1.07 1.20 4 2.96 2.56 1.90
(0.26, 0.06) 1.34 1.26 4 3.88 2.47 2.00

and random seed displayed in the method table are used in the
displayed degraded panel. The degraded morphology cannot
be identified, but only the robustness of the synthetic feature
with respect to this specific toy noise model is concluded: no
instrument-specific exposure-time calculation is performed.

Native model PSF-convolved

PSF + sky + noise

¥ larcsec]
y laresec]
y larcsec]

-2 0 2 -2 0 2
x [arcsec] x [arcsec] x [arcsec]

Figure. 6 Native, PSF-convolved, and PSF+noise versions of the
fiducial SIE-type image.

External shear was tested in both SIS and SIE-type models
rather than just the SIE-type model. This prevents taking the
shear for granted when it may be due to ellipticity. The fidu-
cial shear values y; =0.04 and 5 = 0.02 give | ¥| = /(¥ + %)
=0.0447 and ¢y = 0.5 atan2(}», 71) = 13.3 degrees. This is a
phenomenological tidal perturbation that is utilized for sensi-
tivity testing and is not evidence for an envelope of dark matter
around it.

The geometry for the trends in morphology is provided
by the critical curves and caustics. The bright arcs are lo-
cated close to this critical curve in the image plane known as
det(A)=0. Plotting that curve on the source plane yields the
caustic curve and the source locations are plotted inside areas
which vary the relative magnification and image weights.

4 | NHSJS Reports

© The National High School Journal of Science 2026



SIS, no shear SIS + shear
3
2
— — 1
o o
g : ( \
2 g 0
A &
> > -1
-2
-3
-2 0 2 -2 0 2
X [arcsec] x [arcsec]
SIE, no shear SIE + shear

y larcsec]
y [arcsec]
o

3
2
1
-1
-2
-3 .
-2 0 2

X [arcsec]

-2 0 2
X [arcsec]

Figure. 7 SIS and SIE-type morphology with and without the same
external shear field.

Table 6
17l Angle Arc Mean Images | Flux Max sep.
[deg] length radius ratio
0.000 13.3 1.00 1.17 4 2.20 2.57
0.020 13.3 1.09 1.17 4 2.40 2.54
0.045 13.3 1.19 1.16 4 2.19 2.46
0.060 13.3 1.25 1.16 4 2.27 2.44
0.080 13.3 1.34 1.14 4 1.98 2.39

Image plane with critical curve

Source-plane caustic and B positions

det(A)=0 contour

By larcsec]

7 xfarsea e tarcsed]
Figure. 8 Critical curve in the image plane and corresponding
source-plane caustic with source positions.

Sensitivity and Error Analysis

For the degraded fiducial SIE-type image, a 30-seed noise
test was conducted with the fixed PSF and noise model. The
degraded-image arc length was L_arc = 1.422 + 0.035 arcsec,
the mean curvature radius was R_curv = 1.178 + 0.003 arcsec,

the number of resolved images was N_img = 4.0 + 0.0, and
the maximum separation was Ar_max = 2.578 £ 0.011 arcsec.
The limited nature of the reported morphology trends in syn-
thetic data is highlighted by the small scatter, which indicates
that the morphology trends are stable under the stated noise
model. Explicit limitations are the main ones. I believe the
most glaring errors in the simulation are that it does not ac-
count for a real lens system, it does not directly compare a
baryon-only model to a baryon-plus-halo model, it does not
perform a full Bayesian calculation of evidence, and it does
not include full telescope-specific calibration. It shouldn’t be
taken as an observation of the dark-matter, but rather used as
a controlled morphology experiment.

Procedure for Applying the Framework to Real Lenses

The procedure for applying this to real systems would involve:
(1) Identifying a strong-lens candidate with calibrated imag-
ing; (2) subtracting or jointly modeling the light from the lens
galaxy; (3) building a PSF model using stars or telescope char-
acterization; (4) estimating the sky, read noise, exposure time
and pixel covariance; (5) specifying source-light and lens-
mass families; (6) fitting a baseline model; (7) fitting alter-
native models that include ellipticity, shear, substructure and
extended halo components; (8) comparing image positions,
flux ratios, residual maps, x2, Bayesian evidence and poste-
rior predictive checks; and (9) reporting parameter uncertain-
ties and systematic tests. Finally, one can compare extended
halo or substructure models with simpler luminous-mass or
smooth models, and then make a statistical decision.

Discussion

Limitedly, the revised results are in agreement with the other
literature: the shape of the lens is sensitive to the geometry of
the mass-model®1°, the shape of the caustic, the position of
the source 11217.27.28 anq the terms of the environment 81,
The study does not attempt to beat the published models or
confirm an inference on dark matter. Rather, it shows exam-
ples of preliminary controls that need to be in place before any
real data is used in a simulation pipeline. Most notably, arc
length, radius, image multiplicity, flux ratios, residual struc-
ture, and noise stability are now all used to measure changes
in ellipticity and shear in the new quantitative tables. This is
directly relevant to the need for a numerical standard that is
repeatable, in addition to just a description of figures.

Conclusion

The manuscript is a revised version of the strong lensing mor-
phology simulation which is controlled and quantitatively val-
idated. As for the baseline, the analytic density regime check
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was added withk(< 6,) = 1 and the recovered Einstein-ring
radius r. = 1.103 arcsec, which is consistent with the adopted
Einstein-ring radius 6, = 1.1 arcsec. Explicitly stating what
is fixed, and reporting q, ¢, residual norms, arc-length met-
rics, source-sweep metrics, shear-sweep metrics and noise-
sensitivity errors clarifies the SIS/SIE-type comparison. The
end point is intentionally limited — the study shows how the
synthetic strong-lensing morphology depends on 6, k(0), 3,
e1, €2, and . No observational evidence or dark-matter infer-
ence is claimed.
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