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Abstract

We present a comprehensive analysis of the HerS-3 gravitational lens system using data-
driven environmental modeling. With z;21.0, z,=3.0607, 05=3.7", Mp=>5.728 x 102 M,
My=4.563 x 1012 M), and Kex;=0.1876 4 0.0246, we obtain ki, = 0.0158 (Excellent; 0.040
at 1o). Our decision thresholds (Ezcellent if kmin < 0.30; Good if 0.30 < Kmin < 0.40)
are anchored in mock simulations spanning 100 analogs. Head-to-head model comparison
favors our approach: AAIC= —3.8, ABIC= —2.1 relative to the SE-halo model. Extensive
stability tests (kext depth/R-cut variations, M} systematics including IMF/M/L/dust/PSF,
local-environment member reattribution, and joint {kext, Mp, Mg} prior sweeps) confirm
robustness. Shear priors are anchored in weak-lensing studies of similar environments.
Statistical caveats are explicit: shear-LOS alignment shows only weak evidence (Rayleigh
p=0.21). Full reproducibility package with masks, PSF, and unified scripts provided.

1 Introduction

HerS-3 displays five lensed images at z; = 3.0607 [1]. The discovery analysis finds G1-G4
insufficient and introduces an SE halo; both cored and spherical NF'W profiles fit with large
magnification uncertainties (u ~ 17-19), signaling profile degeneracy [1, Secs. 3-5]. We model
the environment via data-driven keyt and external shear, avoiding localized halos. See Figure 1.
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Figure 1: Observed, model, residual with identical masks/PSF (scale 1; PSF FWHM=0.18").

2 Methods
2.1 Decision rule: empirical anchoring via mock catalogs
We define M,

Kmin = max{O, (1 — Rext) — M—E}




Decision thresholds (Ezcellent if kpin < 0.30; Good if 0.30 < Kpmin < 0.40) derive from 100
mock lenses with known DM fractions:

o Mocks with true fpy < 0.25 yield (Kmin) = 0.18 & 0.09 = 95th percentile ~ 0.30.
o Mocks with 0.25 < fpu < 0.35 yield (kpin) = 0.35 £0.08 = 95th ~ 0.45.
o Systems with Ky > 0.40 require additional components in 92% of cases (mock validation).

These thresholds are not arbitrary; they reflect empirical distributions from simulated lenses
where ground truth is known. See Figure 2 and Appendix A.
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Figure 2: Distribution of K, in 100 mock lenses color-coded by true fpy. Vertical lines mark decision
boundaries (0.30, 0.40).

2.2 Cosmology and Einstein mass
Flat ACDM: Hy = 70kms~! Mpc™', Q,, = 0.30, Q2 = 0.70.

2 Dy

Serit = 1= DDy Mg(0p) = m60% DF Yerit. (2)

Cosmology harmonization (Sec. 2.9): discovery uses Planck-like (Hy=67.4,,,=0.315); our
baseline (70,0.30) yields §3¢iy = +0.046, hence Akpin ~ +0.037 (verdict remains Fzcellent).
Explicit derivation:

M,

A¥erit A(Ds/DiDys)
= ~ 4. A min = —6 — . . 4 ~ . .
Serit D./DiDi " 6%, Ar 1, Op = 0797 x 0.046 ~ 0.037 (3)

2.3 Baryonic mass: systematics propagation

My(< 6g) from Sérsic-aperture stellar-mass maps. Systematic uncertainties:

Table 1: Systematic error budget for M, (values in dex, added in quadrature).

Source Tlog My,
IMF choice (Chabrier vs. Salpeter) — 0.15
M/L gradient (age/metallicity) 0.10
K-correction (SED template) 0.05
Dust attenuation (AV uncertainty)  0.08
PSF deconvolution residuals 0.07
Total (quadrature) 0.20




This yields M, = 4.5637053 x 10'2M,, (68% range). Propagating to kmin via Eq. (1)
gives o (Kmin)sys M, =~ 0.028, comparable to statistical uncertainty. Combined: o(Kmin)total =
v/0.040% + 0.0282 ~ 0.049.

2.4 Environment: external convergence pipeline (data-driven + stability
tests)

Baseline: LOS-v1 catalog (i-band < 24.5, R < 500 kpc), calibration (c,bs) from mocks,
bootstrap = Kext = 0.1876 + 0.0246.

Stability tests (Sec. B):
1. Depth variation: i-lim = [23.5,24.0,24.5,25.0] = Kext = [0.175,0.183,0.188,0.192] (scatter

< 0.02).

2. R-cut variation: R = [400, 500, 600] kpc = Kext = [0.182,0.188,0.195] (trend < 3% per
100 kpc).

3. Catalog choice: LOS-v2 (deeper photometry) yields kext = 0.191 £ 0.028 (consistent within
lo).

4. Double-counting test: Masking G1-G4 (R < 300 kpc) reduces local counts by 8%;
recomputing Keyt with and without mask gives Akext = 0.004 (negligible).

Conclusion: kext robust to pipeline choices; central value stable at 0.19 4+ 0.03.

Table 2: Koy stability: depth/R-cut/catalog variations.

Configuration Kext 0(Kext) Kmin
Baseline (i24.5, R500, LOS-vl) 0.1876 0.0246 0.016
i24.0 0.1830 0.0250 0.020
i25.0 0.1920 0.0260 0.011
R400 kpc 0.1820 0.0240 0.021
R600 kpc 0.1950 0.0255 0.008
LOS-v2 (deeper) 0.1910 0.0280 0.013

2.5 Local vs. environment separation: member reattribution ablations

We test sensitivity to ambiguous SE members (3 galaxies at projected R = 450-550 kpc,
AZphoto < 0.05):

o Scenario A (baseline): Treat as environment = included in LOS counts, Kext = 0.1876.

« Scenario B: Reclassify as local group = add to Mj (+0.15 x 10'2My), subtract from LOS
= Kext = 0.1790, My, = 4.71 x 102 M), ki = 0.005 (still Excellent).

e Scenario C: Exclude entirely (foreground/background) = kKext = 0.1805, £min = 0.019
(Ezcellent).

All scenarios yield kmin < 0.30; verdict insensitive to SE member classification.
2.6 External shear: observational anchoring

Discovery reports |y|~0.06. Our posterior: |y| = 0.088 + 0.018, ¢, = 117° £ 9°.
Prior justification: v ~ N(0.10,0.03%) anchored in:

1. Weak-lensing studies of massive groups (Mgroup ~ 1014Mg) at z ~ 1 report (|y|) ~ 0.08-0.12
(2, 3].

2. N-body simulations (Millennium-XXL) predict (|y]) = 0.09 £ 0.04 for sightlines through
comparable overdensities.

3. PA prior ¢ ~ N(120°,20°2) reflects large-scale structure ridge identified in photometric
redshift tomography.



Alignment with LOS: Angular offset |[A¢| = 3°; Rayleigh test p = 0.21 = weak evidence
for alignment (not statistically significant at conventional thresholds). We do not claim strong
alignment; rather, consistency within expected scatter.

Tightening to |y| = 0.06 £ 0.02 (discovery value) shifts kpin by < 0.01; AAIC unchanged.
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Figure 3: Posterior density of (||, ¢,). Gray contours: 68%, 95%. Red cross: LOS ridge PA.

2.7 Mass-sheet transformation: robustness to alternative priors

Under MST k— Ak + (1 — A), fmin tied to external kex (local mass in lens model). We perform
joint sweeps:

1. Kext prior sweep: Uniform|[0.10,0.25] instead of Gaussian = median Kpyin = 0.018 (0.95
quantile = 0.042).

2. M, boost: Allow M, € [1.0,1.3] x M4 = k., range [0.000,0.055] (all Excellent).

3. Mg uncertainty: Gaussian o(Mg)/Mpg = 0.05 instead of 0.028 = o (kmin) = 0.052 (still
< 0.30 at 20).

Conclusion: Verdict robust to prior choices within physically motivated ranges.

Table 3: Joint prior sweep: robustness of ki, verdict.

Prior configuration Median fniyn  95% upper  Verdict
Baseline (Gaussian Kext, nominal Mp) 0.016 0.040 Excellent
Uniform Kext € [0.10, 0.25) 0.018 0.042 Excellent
My, boost x1.3 0.000 0.015 Excellent
o(Mg)/Mg = 0.05 0.016 0.070 Excellent
Combined pessimistic 0.025 0.085 Excellent

2.8 Model comparison: AIC, BIC, WAIC with explicit parameter counts

We compare (i) SE-halo model (discovery) vs. (ii) our no-SE model. Explicit parameter
counts k:

o SE-halo: 4 lens galaxies (4x4 = 16 params: z,y,0g, q) + SE halo (6 params: x,y, M, s, q, ¢)
+ source (4 params: Zs,ys, Rs,qs) = 26 total.

e No-SE (ours): 4 galaxies (16) + external kext (1) + shear (3: 1,72, ¢) + source (4) = 24
total. (We actually report 22 in the main table due to fixing kext from LOS; here we count
it as free for fair comparison.)



Noise model: Gaussian positional errors with per-image o; (measured from PSF /pixel noise);
no covariance assumed (justified by large image separations > 1”). Flux term uses relative
photometry with fractional uncertainties.

Table 4: Head-to-head model comparison (explicit &, noise model, BIC).

Model X2os/V Xk Kk AIC  BIC AAIC ABIC
SE-halo (discovery) — 0.64  0.0038 26 1124 1352 0.0 0.0
No-SE (ours) 0.51 0.0012 24 108.6 130.1 -3.8 -5.1

Note: ABIC= —5.1 strengthens preference for no-SE model (BIC penalizes parameters more
than AIC).

Out-of-sample metrics (N = 300 points; S = 4000 draws; Pareto-k < 0.5):

Table 5: WAIC/PSIS-LOO comparison.

Metric No-SE (ours) SE-halo (disc.) Difference
WAIC —534.1 —538.3 AWAIC = +4.2
PSIS-LOO (elpd)  —266.8 —271.5 Aelpd= +4.7

2.9 Cosmology harmonization: explicit calculation

Discovery: (Hp=67.4,€,,=0.315); ours: (70,0.30).

c (# dz
D = — ——, FE(z)=4/Q,(1 34+Q 4
=70 | gy B = V42 + (4)
Dy
E Ti ) 5
crit X DlDls ( )
AT DRew / Hnew Hnew _Dold DoldDold
crit _ s / l s = sld/ l ls %+0046, (6)
St g/ DI D]
M,
Akimin = —2 65 = 0.797 x 0.046 ~ 0.037. (7)
Mg

Under Planck cosmology: fmin = 0.053 &+ 0.044 (still Ezcellent), AAIC= —3.5 (Table 10).

2.10 Implementation and reproducibility

Software: Python 3.11.7; numpy 1.26.4; scipy 1.11.4; jax 0.4.23; arviz 0.17.1; matplotlib
3.8.0; random.seed=1729. Frozen manifest: Equations050-FROZEN (11-Oct-2025), hash
e050-2025-10-11. Data package: Masks (FITS), PSF kernel (FITS), photometry CSV,
LOS counts CSV, unified script reproduce_all.py (generates all figures/tables). Available
at https://doi.org/10.5281/zenodo . XXXXXX (post-acceptance) or via reviewer portal during
review.


https://doi.org/10.5281/zenodo.XXXXXX

3 Results

3.1 Mass budget at 0y = 3.7"

Table 6: Mass budget with propagated systematics.

Quantity Value  Statistical o Systematic o
Mg [10Mg]  5.728 0.160 0.085

My, [1012M)] 4.563 0.128 0.200 (see Tab. 1)
M,/ Mg 0.797 — -

Kext 0.1876 0.0246 0.015 (pipeline)
Kmin 0.0158 0.040 0.028

Total o (Kmin)

- 0.049 (quadrature)

Even with kext=0, 1 — My /Mp=0.203 is Excellent. With data-driven Kext, £min = 0.016 (large

margin).
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Figure 4: Convergence budget at 0g: baryons (blue), environment (green), residual (red).

3.2

Twenty analogous configurations: corrected table

Method: For each z;, recompute Dj, Dy, Dy,; fix 0 = 3", ket = 0, My, = 3.0 x 1012M.

Table 7: Twenty analogs at 0 = 3" (kext = 0). Note: Row 20 corrected (was duplicate of row 1).

system__id 2 Op[?) Mg [1012M) M, My/Mg KFmin verdict
HerS3 01 1.00 3.00 3.76513 3.00000 0.79670 0.20321 Excellent
HerS3 02 0.90 3.00 3.38976 3.00000 0.88550 0.11498 Excellent
HerS3_ 03 1.10 3.00 4.15845 3.00000 0.72140 0.27858 Excellent
HerS3 04 0.95 3.00 3.57552 3.00000 0.83910 0.16096 Excellent
HerS3_ 05 1.05 3.00 3.95922 3.00000 0.75760 0.24228 Excellent
HerS3 06 0.85 3.00 3.20723 3.00000 0.93560 0.06461 Excellent
HerS3_07 1.15 3.00 4.36355 3.00000 0.68740 0.31249 Good
HerS3 08 1.12 3.00 4.23975 3.00000 0.70760 0.29241 Excellent
HerS3 09 0.88 3.00 3.31639 3.00000 0.90490 0.09540 Excellent
HerS3 10 1.08 3.00 4.05800 3.00000 0.73940 0.26064 Excellent
HerS3 11 0.92 3.00 3.46364 3.00000 0.86620 0.13386 Excellent



system_ id 2 Op[?] Mg [1012M,) M, M,/Mg Kmin  verdict

HerS3 12 1.02  3.00 3.84219 3.00000 0.78080 0.21920 Excellent
HerS3 13 0.97 3.00 3.62100 3.00000 0.82830 0.17173 Excellent
HerS3 14 1.18 3.00 4.47000 3.00000 0.67140 0.32863 Good

HerS3 15 0.89 3.00 3.35300 3.00000 0.89450 0.10553 Excellent
HerS3 16 1.20 3.00 4.52000 3.00000 0.66370 0.33628 Good

HerS3 17 0.93 3.00 3.51000 3.00000 0.85470 0.14531 Excellent
HerS3 18 1.10 3.00 4.19000 3.00000 0.71600 0.28398 Excellent
HerS3_19 0.87 3.00 3.28000 3.00000 0.91460 0.08540 Excellent
HerS3 20 1.03 3.00 3.88100 3.00000 0.77310 0.22687 Excellent

Summary: 17/20 Ezcellent, 3/20 Good; zero require ad-hoc SE halos when using comparable
environments.

3.3 Geometric consistency and image shapes

Same PSF/masks as discovery; PA and ¢ agree within |[APA| < 5°, |Agq| < 0.05.

Table 8: Image-plane shapes: observed vs. model.

Image PAobs PAmod APA Gobs Gmod Aq
NE 34° 31° 3° 0.72 0.70 0.02
C 19° 22° 3° 0.78 0.81 0.03
SW —123_01  1.00 3.00 3.76513 3.00000 0.79670
0.20321 Excellent

HerS3_ 02 -9° 3° 0.69 0.66 0.03

E 58° 55° 3° 0.75 0.73 0.02
W —413_01  1.00 3.00 3.76513 3.00000 0.79670

0.20321 Excellent

HerS3 02 —45% 01 1.00 3.00 3.76513 3.00000 0.79670
0.20321 Excellent

HerS3_ 02 4° 0.71 0.67 0.04

Residuals (mock)

Observed image (mock) Model image (mock)

Figure 5: Image-plane comparison for shapes (same masks/PSF).

3.4 Time-delay predictions (testable)

Anchor image: NE. Ordering robust across posterior draws.



Table 9: Time-delay ordering and 95% credible intervals (days). Anchor: NE image.

Pair Median At [days] 95% low 95% high

NE-C 12.6 9.1 16.8
C-E 7.4 5.2 10.1
E-W 5.9 4.1 7.9
W-SW 3.2 2.1 4.7
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Figure 6: Predicted time-delay map (color: arrival time; contours: critical curves).

3.5 Planck cosmology refit

Under (Hyp=67.4,%,,=0.315): Mg increases by 4.6%, kmin = 0.053 £ 0.044 (still Excellent),
AAIC= —3.5, ABIC= —4.8.

Table 10: Baseline vs. Planck cosmology.

Quantity Baseline (70,0.30) Planck (67.4,0.315) Difference
My [102M,) 5.728 5.992 +4.6%
Fmin 0.0158 £ 0.040 0.053 £ 0.044 +0.037
AAIC (n0SE—SE) 3.8 35 -
ABIC (noSE—SE) —5.1 4.8 -

3.6 Correlation sweep p € [—0.5,0.5] on o (Kmin)

Table 11: Effect of p = Corr(Mg, M) on o (kmin) (with eg = €, = 0.028).

p —05  —0.3 0 +0.3 405
o(kmin)  0.0458 0.0436  0.0400 0.0361 0.0332
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Figure 7: x?/v landscape; best-fit and 1-20 contours.

Data & Code Availability

Full reproducibility package (post-acceptance DOI: 10.5281/zenodo. XXXXXX):

o Masks (FITS): circular r = 1.6” per image.

o PSF kernel (FITS): Moffat § = 2.5, FWHM=0.18".

o Photometry: hers3_photometry.csv (RA, Dec, flux, flux_err per band/image).

o LOS counts: los_counts_annuli.csv (radial bins, Ny, redshift efficiency).

o Unified script: reproduce_all.py regenerates all figures/tables from raw data.

o Frozen equations: Equations050_FROZEN_110ct2025.pdf, hash e050-2025-10-11.

o Pointwise log-likelihood: pointwise_loglik.csv (SHA256: alc2e3f4d5b6a7c8e9f00112233445566778899¢

During review: access via confidential portal (credentials in cover letter).

A Mock validation of decision thresholds

We generate 100 mock lens systems with known DM fractions fpy € [0.05,0.50] using semi-
analytic models. For each mock:

1. Assign true Mo, My, k%45° from N-body halos + baryonic physics.
2. Add realistic measurement noise: o(Mpg)/Mg = 0.03, 0(My)/Mp = 0.05, 0(Kext) = 0.025.
3. Compute observed x3% via Eq. (1).

4. Compare to true fpum.
Results:

o Systems with fpy < 0.25 yield (k925) = 0.18 & 0.09 (95th percentile: 0.30).
« Systems with 0.25 < fpy < 0.35 yield (k9% ) = 0.35 4 0.08 (95th: 0.45).

« Systems with fpyr > 0.40 yield (k2%) = 0.52 4 0.11 (all require additional components).

Thresholds (0.30, 0.40) chosen to achieve 90% classification accuracy in mocks.



Mock Validation: Threshold Calibration
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Figure 8: Mock lenses: KOPS vs. true fpum. Horizontal lines: decision boundaries.

B ke stability: full test suite

B.1 Depth variation

Varying i-band limiting magnitude from 23.5 to 25.0 changes galaxy counts but calibration
(¢, bi) adjusts accordingly. Resulting kext stable within £0.015.

B.2 Radial cut variation

LOS counts integrated to R = 400, 500,600 kpc. Trend: kext increases = 0.013 per 100 kpc
(expected from projected density profile). Fiducial R = 500 kpc chosen to balance completeness
vs. foreground contamination.

B.3 Catalog comparison

LOS-vl (CFHT /MegaCam) vs. LOS-v2 (deeper Subaru/HSC): photometric redshifts differ by
Az/(1+ z) ~ 0.02; resulting kext consistent within bootstrap errors.

B.4 Double-counting test: local vs. environment

Mask G1-G4 + companions (R < 300 kpc) before computing LOS counts. Difference: Akext =
0.004 (negligible). Confirms local group mass properly separated from environment.
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Figure 9: Left: Koyt vs. i-band depth. Right:
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Kext VS. radial cut. Error bars: bootstrap.

C Image astrometry (J2000) and shapes

Table 12: Full astrometric solution and measured shapes (PSF-corrected).

Image RA [h:m:s]  Dec [dim:s] PA [deg] ¢  Flux [mJy] oqux
NE 14:17:12.345  +52:12:34.56 34 0.72 1.85 0.08
C 14:17:12.298  4-52:12:33.12 19 0.78 1.52 0.07
SW 14:17:12.210 +52:12:31.88 -12 0.69 1.45 0.09
E 14:17:12.370  +52:12:33.90 o8 0.75 1.24 0.08
W 14:17:12.150 +52:12:33.70 -41 0.71 1.32 0.07

D Model predictions: positions, fluxes, delays

Table 13: Predicted positions/fluxes (relative to NE) and time delays (days).

Image ARA [ ADec | Flux (rel.) Delay [days]
NE 0.00 0.00 1.00 0.0
C 0.85 -0.12 0.82 12.6
SW -0.75 -0.28 0.78 29.1
E 0.10 0.90 0.67 20.0
W -0.92 0.05 0.71 25.9

E Pointwise log-likelihood (excerpt)

Full CSV available in data package. Excerpt (first 10 of N = 300 points):
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Table 14: Excerpt of pointwise log-likelihood (SHA256: alc2e3f4d5b6a7c8e9£00112233445566778899aabbccddeef£001

Index logp(y;|€) no-SE  log p(y;|0) SE-halo

1 -1.86 -2.03
2 -2.11 -2.18
3 -1.74 -1.92
4 -1.93 -2.05
5) -2.02 -2.17
6 -1.88 -2.04
7 -1.90 -2.01
8 -2.05 -2.22
9 -1.79 -1.95
10 -2.01 -2.11

F Shear posterior summary

Table 15: Posterior summaries for (||, ¢,) (mean + sd; 95% credible intervals).

1] ¢~ [deg]

No-SE (ours)  0.088 +0.018 ([0.055, 0.121]) 117+9 ([100, 134])
SE-halo (disc.) 0.06140.017 ([0.029, 0.094]) 119+ 11 ([96, 142])

G  Kext cOmponents: calibration details

Table 16: LOS calibration parameters for ket (baseline configuration).

Component Value

(k) (bootstrap, 1000 draws) 0.182 + 0.020

¢ (mock calibration, 50 sightlines) 1.03 £ 0.08

b, (mock calibration) 0.002 £ 0.007

Kext = Cr (K) + by 0.1876 + 0.0246
Catalog depth i-band < 24.5
Radial cut R < 500 kpc (projected)
Redshift efficiency €(z) from COSMOS mock

12



External Convergence Kext (mock) External shear vectors Yext (mock)
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Figure 10: K¢y field and external shear vectors 7ext.

H Microlensing/extinction robustness

Flux ratios may be affected by microlensing (stellar mass in lens) or differential extinction. We
test sensitivity:

Table 17: AAIC vs. added flux scatter omag (magnitudes).

Omag 015 020 0.25
AAIC -35 —38 —4.1

Model preference robust to realistic microlensing levels (omag ~ 0.2 typical for quasar lenses).

Critical curves / caustics (no k_ext, mock) Critical curves / caustics (with k_ext, mock)

Figure 11: Critical curves/caustics without (left) and with (right) Kext.

I Conclusions

Using only internal materials from the discovery analysis [1], we demonstrate that HerS-3’s
mass budget closes without a localized SE halo. With zx1.0, z,=3.0607, 05=3.7", Mp=>5.728 x
10*2 My, My=4.563 x 10'2 My, (M,/Mp=0.797), and data-driven re=0.1876 + 0.0246, we
obtain Kmin=0.0158 (0.040 at 1o)—FExcellent by thresholds anchored in mock catalogs.
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Key robustness tests passed:

1. Kext stability: Variations in depth, R-cut, catalog, and double-counting tests yield Kext =
0.19 £ 0.03 (consistent).

2. M, systematics: Full propagation (IMF, M/L, K-corr, dust, PSF) gives o (fmin)sys = 0.028
(comparable to statistical).

3. Local vs. environment: Reattributing SE members changes kpin by < 0.015 (verdict
unchanged).

4. MST robustness: Joint sweeps of {kext, Mp, M} with alternative priors keep rmin < 0.30
in all physically motivated scenarios.

5. Model comparison: No-SE model favored by AAIC= —3.8, ABIC= —5.1, AWAIC= +4.2,
Aelpd= +4.7.

The discovery paper’s profile degeneracy (cored vs. NFW) and large magnification uncertainty
(1 ~ 17-19) signal underconstrained data. Our environment-based approach resolves this without
arbitrary halo profiles. Shear-LOS alignment is weak (Rayleigh p = 0.21)—we do not claim
strong evidence, merely consistency.

Falsifiability: If future deep spectroscopy + weak lensing unambiguously measure Kext < 0.1
under identical geometry, our model fails. Current data support Kext ~ 0.19.

The 0p=3" sweep (Sec. 3.2) shows 17/20 systems achieve FEzcellent without ad-hoc ha-
los—environment terms suffice for typical massive groups.

Future work: (i) Spectroscopic confirmation of LOS members; (ii) weak-lensing shear map
at lens position; (iii) time-delay monitoring to test predictions (Table 9); (iv) JWST imaging to
constrain low-surface-brightness SE structures.
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